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Obtain measure of methane concentration from first sensor at height 012
above surface of fanafll
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GREENHOUSE GAS EMISSIONS CONTROL

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority under §
119(e) to U.S. Provisional Application Ser. No. 63/120,933
titled “GREENHOUSE GAS EMISSIONS CONTROL”
and filed on Dec. 3, 2020, U.S. Provisional Application Ser.
No. 63/239.814 titled “GREENHOUSE GAS EMISSIONS
CONTROL” and filed on Sep. 1, 2021, and U.S. Provisional
Application Ser. No. 63/244,542 titled “GREENHOUSE
GAS EMISSIONS CONTROL” and filed on Sep. 15, 2021,
cach of which 1s incorporated by reference herein in 1its
entirety.

FEDERALLY SPONSORED RESEARCH

This invention was made with government support under

SBIR Phase II Award No. 1632439 and SBIR Phase 1B
Award No. 1520346, awarded by the National Science
Foundation. The government has certain rights 1n the inven-
tion.

BACKGROUND

Landfills typically produce landfill gas as a result of
decomposition processes occurring in the waste, and meth-
ane 1s often a component of this landfill gas. In order to
reduce emissions of methane and other contaminants in
landfill gas, the landfill sites are typically capped with a
layer of cover material and gas extraction systems are
installed to pull landfill gas out before 1t can penetrate the
cover layer and escape. At larger sites, these gas extraction
systems can consist of a plurality of vertical and horizontal
wells drilled into the landfill, which are connected with
piping to one or more vacuum sources. The cover layer
prevents gas from freely escaping, while the vacuum in the
extraction wells pulls landfill gas into the collection system.
A conventional landfill gas extraction well typically has a
manual valve that adjusts the localized vacuum pressure in
that well, as well as a set of ports for sampling the gas
characteristics with a portable gas analyzer. Landfill gas 1s
most often disposed of 1n a flare, processed for direct use, or
used to power electricity generation equipment (such as
generators or gas turbines).

SUMMARY

According to some embodiments there 1s provided a
method performed by at least one controller for controlling
extraction of landfill gas from a landfill via a gas extraction
system comprising a plurality of wells, the method com-
prising: obtaining a concentration of a greenhouse gas
measured a distance above a surface of a region comprising,
the plurality of wells; determining whether the measure of
the concentration of the greenhouse gas 1s greater than a first
threshold; and 1n response to determining that the measure
of the concentration of the greenhouse gas 1s greater than the
first threshold, increasing a flow rate of landfill gas being
extracted from at least one well of the plurality of wells.

Some embodiments provide for a control system {for
controlling extraction of landfill gas from a landfill via a gas
extraction system comprising a plurality of wells, the control
system comprising: at least one controller configured to:
obtain a concentration of a greenhouse gas measured a fixed
distance above a surface of a region comprising the plurality
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2

of wells; determine whether the concentration of the green-
house gas 1s greater than a first threshold; and 1n response to
determining that the concentration of the greenhouse gas 1s
greater than the first threshold, increase a flow rate of landfill
gas being extracted from at least one well of the plurality of
wells.

Some embodiments provide for at least one non-transitory
computer-readable storage medium having executable
instructions encoded thereon, that, when executed by at least
one controller, cause the at least one controller to perform a
method for controlling extraction of landfill gas via a gas
extraction system comprising a plurality of wells, the
method comprising: with the at least one controller: obtain-
ing a concentration of a greenhouse gas measured a distance
above a surface of a region comprising the plurality of wells;
determining whether the concentration of the greenhouse
gas 1s greater than a first threshold; and 1n response to
determining that the concentration of the greenhouse gas 1s
greater than the first threshold, increasing a tlow rate of
landfill gas being extracted from at least one well of the
plurality of wells.

BRIEF DESCRIPTION OF THE DRAWINGS

Various aspects and embodiments will be described with
reference to the following figures. It should be appreciated
that the figures are not necessarily drawn to scale. For
purposes of clarity, not every component may be labeled in
every drawing. In the drawings:

FIG. 1 1s a sketch illustrating a landfill gas extraction
system, according to some embodiments.

FIG. 2 shows an example control system for landfill gas
extraction, according to some embodiments.

FIG. 3 shows another example control system for landfill
gas extraction, according to some embodiments.

FIG. 4 1s a block diagram illustrating an 1n situ control
mechanism for landfill gas extraction, according to some
embodiments.

FIG. 5A 1s a block diagram of an example gas extraction
system having a plurality of wells, according to some
embodiments.

FIG. 5B 1s a block diagram illustrating further aspects of
the example gas extraction system of FIG. SA, according to
some embodiments.

FIG. 6A 1s a flowchart of an illustrative process for
emissions-based control of landfill gas extraction, according
to some embodiments.

FIG. 6B 1s a flowchart of an illustrative process for
emissions-based control of landfill gas extraction using a
measure of mass flow rate, according to some embodiments.

FIG. 6C 1s a flowchart of another illustrative process for
emissions-based control of landfill gas extraction using a
measure of mass tlow rate, according to some embodiments.

FIG. 7 1s a flowchart of another illustrative process for
emissions-based control of landfill gas extraction, according
to some embodiments.

FIGS. 8A-8B are flowcharts of example processes for
selecting one or more wells to adjust during emissions-based
control of landfill gas extraction, according to some embodi-
ments.

FIG. 9A illustrates an example system for monitoring a
liguid level of a gas extraction well, according to some
embodiments.

FIG. 9B illustrates another example system for monitor-
ing a liqud level of a gas extraction well, according to some
embodiments.
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FIG. 9C 1s a flowchart of an example process for moni-
toring a liquid level of a gas extraction well during emis-
sions-based control of landfill gas extraction, according to
some embodiments.

FIG. 10 1s a flowchart of an example process for moni-
toring a valve position of a gas extraction well during
emissions-based control of landfill gas extraction, according
to some embodiments.

FIG. 11 1s a block diagram of an exemplary computer
system 1n which aspects of the present disclosure may be
implemented, according to some embodiments.

DETAILED DESCRIPTION

I. Introduction

Decomposition processes of landfill waste typically pro-
duce landfill gas as a by-product. The landfill gas produced
comprises a mixture ol harmful gasses, including green-
house gasses such as methane and carbon dioxide, for
example. If left unchecked, such harmiul gasses may rise,
penetrating a cover layer at a surface of the landfill, and
being emitted into the atmosphere, resulting 1n bad odors
and pollution to the environment.

In order to mitigate greenhouse gas emissions from a
landfill, landfill gas that has accumulated underneath a
surface of the landfill may be extracted via a plurality of gas
extraction wells before the landfill gas 1s able to penetrate
the cover layer of the landfill and be emitted mto the
atmosphere. To eflectively prevent greenhouse gases present
in the landfill gas from being emitted into the atmosphere
while also preventing underground fires and other hazardous
conditions which result from extracting not only landfill gas
from the landfill but also pulling oxygen from the atmo-
sphere underneath the cover layer of the landfill, the flow
rate at which landfill gas i1s extracted from the landfill may
be precisely controlled.

Conventional techniques adjust tlow rates of landfill gas
extraction based on characteristics, such as gas composition,
of the landfill gas being extracted from the landfill itself. For
example, extracted landfill gas having a high methane con-
centration may indicate that the flow rate 1s too low to
adequately prevent landfill gas from escaping the landfill
and being emitted into the atmosphere. While such conven-
tional techniques are eflective in reducing greenhouse gas
emissions to some extent, they only allow for indirect
mitigation of greenhouse gas emissions and may therefore
lack the precision necessary to eflectively prevent green-
house gas emissions entirely.

The inventors have recognized that greenhouse gas emis-
sions from a landfill may be more effectively reduced via a
gas extraction technique based directly on characteristics of
the greenhouse gas emissions themselves. Accordingly, in
some embodiments, characteristics of greenhouse gas emis-
sions at a landfill are measured directly and such measure-
ments are used to control extraction of landfill gas from the
landfill. For example, in some embodiments, landfill gas
extraction flow rates may be controlled based on a measure
of mass flow rate of a greenhouse gas being emitted from the
landfill and/or a measure of a concentration of a greenhouse
gas measured a fixed distance above a surface of the landfill.
In this way, the technology developed by the mventors and
described herein provides for more precise reduction (e.g.,
with a smaller margin of error) of greenhouse gas emissions
from a landfill, thereby preventing pollution and bad odors.

Accordingly, the mventors have developed a method,
which may be performed by at least one controller, for
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4

controlling extraction of landfill gas from a landfill via a gas
extraction system comprising a plurality of wells, the
method comprising: (1) obtaining a measure of a mass flow
rate of a greenhouse gas (e.g., methane, carbon dioxide)
being emitted from the landfill above a surface of a region
comprising the plurality of wells ({or example, at least once
per day, at least once per hour, etc.); (2) determining whether

the measure of mass flow rate 1s greater than a first threshold
(e.g., 0.00004 kg/min, 0.00005 kg/min, 0.00010 kg/main,

0.000004 kg/min, 0.000005 kg/min, 0.00001 kg/min, 0.0
kg/min per meter squared of landfill surface area for meth-
ane, 0.00004 kg/min, 0.00005 kg/min, 0.00010 kg/min,
0.000004 kg/min, 0.000005 kg/min, 0.00001 kg/min, 0.0
kg/min per meter squared of landfill surface area for carbon
dioxide); and (3) in response to determining that the measure
ol mass flow rate 1s greater than the first threshold, increas-
ing a tlow rate of landfill gas being extracted from the at least
one well of the plurality of wells (for example, by increasing
a degree to which a valve of the at least one well 1s open
and/or by increasing a vacuum applied to the plurality of
wells).

In some embodiments, obtaiming the measure of mass
flow rate of the greenhouse gas comprises obtaining the
measure ol mass flow rate using at least one sensor, for
example, at least one ground-based optical sensor, at least
one aenal optical sensor, which may be mounted to an aerial
vehicle (e.g., an autonomous drone).

In some embodiments, the method further comprises,
before increasing the flow rate of the landfill gas being
extracted from the at least one well: (1) obtaining a measure
of a liquid level 1n the at least one well; and (2) determining
whether the measure of the liquid level 1n the at least one
well 1s less than a liquid level threshold (e.g., 10% or more,
25% or more, 50% or more of a perforated section of the at
least one well). In some embodiments, the method further
comprises (3) when 1t 1s determined that the measure of the
liquid level 1n the at least one well 1s less than the liquid level
threshold, increasing the flow rate of the landfill gas being
extracted from the at least one well. In some embodiments,
the method further comprises (4) transmitting an alert when
it 1s determined that the measure of the liquid level 1n the at
least one well 1s not less than the liquid level threshold.

In some embodiments, the method further comprises,
obtaining, from a pressure sensor, a measure of pressure 1n
tubing disposed 1n the at least one well, the tubing having an
opening at a first end for receiving liquid 1n the at least one
well. In some embodiments, determiming the measure of the
of the liquid level comprises determining the measure of the
liquid level based on the obtained measure of pressure 1n the
tubing. In some embodiments, the method further com-
prises, when it 1s determined the measure of the liquid level
1s not less than the liquid level threshold, transmitting an
alert.

In some embodiments, increasing the flow rate of landfill
gas being extracted from the at least one well comprises
increasing a flow rate of landfill gas being extracted from a
subset of the plurality of wells, wherein the subset of the
plurality of wells comprises one or more of the plurality of
wells extracted landfill gas having an oxygen concentration
below a second threshold (e.g., 5% oxygen, 1% oxygen, 0%
oxygen). In some embodiments, increasing the tlow rate of
landfill gas being extracted from the at least one well
comprises: (1) identifying a subset of wells based on their
respective measured concentrations of a constituent gas
(e.g., oxygen, balance gas) (e.g., wells having a measured
concentration of the constituent gas among the bottom 50%,
the bottom 20%, etc., of measured concentrations of the
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constituent gas for wells 1n the plurality of wells); and (2)
increasing a flow rate of landfill gas being extracted from the
subset of the plurality of wells.

In some embodiments, the method further comprises, (1)
before increasing the flow rate of the landfill gas being
extracted from the at least one well, determiming whether the
degree to which the at least one well 1s open 1s less than a
threshold degree (e.g., 80% open, 85% open, 90% open,
95% open, 100% open), and (2) increasing the tlow rate of
landfill gas being extracted from the at least one well 1n
response to determining that the degree to which the valve
of the at least one well 1s open 1s less than the threshold
degree. In some embodiments, the method further comprises
maintaining a position of the valve in response to determin-
ing that the measure of mass flow rate of the greenhouse gas
1s not greater than (e.g., less than, less than or equal to) the
first threshold.

According to some aspects, there 1s provided a control
system for controlling extraction of landfill gas from a
landfill via a gas extraction system comprising a plurality of
wells, the control system comprising: at least one controller
configured to: (1) obtain, for example, at least once per day,
at least once per hour, a measure of mass flow rate of a
greenhouse gas (e.g., methane, carbon dioxide) being emat-
ted from the landfill above a surface of a region comprising,
the plurality of wells; (2) determine whether the measure of
mass flow rate 1s greater than a first threshold (e.g., 0.00004
kg/min, 0.00005 kg/min, 0.00010 kg/min, 0.000004 kg/min,
0.000005 kg/min, 0.00001 kg/min, 0.0 kg/min per meter
squared of landfill surface area for methane, 0.00004
kg/min, 0.00005 kg/min, 0.00010 kg/min, 0.000004 kg/min,
0.000005 kg/min, 0.00001 kg/min, 0.0 kg/min per meter
squared of landfill surface area for carbon dioxide); and (3)
in response to determimng that the measure of mass tlow
rate 1s greater than the first threshold, increasing a tlow rate
of landfill gas being extracted from the at least one well of
the plurality of wells (e.g., by increasing a degree to which
a valve, for example, a remotely located valve remotely
controlled by the at least one controller) of the at least one
well 1s open and/or increasing a vacuum applied to the
plurality of wells).

In some embodiments, the system further comprises at
least one sensor configured to obtain the measure of mass
flow rate of the greenhouse gas, for example, at least one
ground-based optical sensor, at least one aerial optical
sensor, which may be mounted to an aerial vehicle (e.g., an
autonomous drone).

In some embodiments, the system further comprises a
sensor (e.g., a pressure sensor) configured to obtain a
measure of a liquid level 1n the at least one well, and the at
least one controller 1s further configured to, before increas-
ing the tlow rate of the landfill gas being extracted from the
at least one well, (1) obtain the measure of a liquid level 1n
the at least one well; and (2) determine whether the measure
of the liguid level 1n the at least one well 1s less than a liquid
level threshold (e.g., 25% or more of the a perforated section
of the at least one well). In some embodiments, the at least
one controller 1s turther configured to (3) when 1t 1s deter-
mined that the measure of the liquid level 1n the at least one
well 1s less than the liquid level threshold, increase the flow
rate of the landfill gas being extracted from the at least one
well. In some embodiments, the at least one controller 1s
turther configured to (4) transmit an alert when it 1s deter-
mined that the measure of the liquid level 1n the at least one
well 1s not less than the liquid level threshold.

In some embodiments, increasing the tflow rate of landfill
gas beimng extracted from the at least one well comprises
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increasing a flow rate of landfill gas being extracted from a
subset of the plurality of wells, wherein the subset of the
plurality of wells comprises one or more of the plurality of
wells extracted landfill gas having an oxygen concentration
below (e.g., less than, less than or equal to) a second
threshold (e.g., 5% oxygen, 1% oxygen, 0% oxygen). In
some embodiments, increasing the flow rate of landfill gas
being extracted from the at least one well comprises: (1)
identifying a subset of wells based on their respective
measured concentrations ol a constituent gas (e.g., oxygen,
balance gas) (e.g., wells having a measured concentration of
the constituent gas among the bottom 50%, the bottom 20%,
etc., of measured concentrations of the constituent gas for
wells 1n the plurality of wells); and (2) increasing a flow rate
of landfill gas being extracted from the subset of the plurality
of wells. In some embodiments, the system further com-
prises at least one sensor configured to measure a concen-
tration of at least one constituent gas in the landfill gas being
extracted from the at least one well.

In some embodiments, the at least one controller 1s further
configured to, (1) before increasing the flow rate of the
landfill gas being extracted from the at least one well,
determine whether the degree to which the at least one well
1s open 1s less than a threshold degree (e.g., 80% open, 85%
open, 90% open, 95% open, 100% open), and (2) increase
the tlow rate of landfill gas being extracted from the at least
one well 1n response to determining that the degree to which
the valve of the at least one well 1s open 1s less than the
threshold degree. In some embodiments, the at least one
controller 1s further configured to maintain a position of the
valve 1n response to determining that the measure of mass
flow rate of the greenhouse gas 1s not greater than (e.g., less
than, less than or equal to) the first threshold.

Some embodiments provide for at least one non-transitory
computer-readable storage medium having executable
instructions encoded thereon, that, when executed by at least
one controller, cause the at least one controller to perform a
method for controlling extraction of landfill gas via a gas
extraction system comprising a plurality of wells, the
method comprising: with the at least one controller: obtain-
ing a measure of mass flow rate of a greenhouse gas being
emitted from the landfill above a surface of a region com-
prising the plurality of wells; determining whether the
measure ol mass flow rate 1s greater than a first threshold;
and 1n response to determining that the measure of mass tlow
rate 1s greater than the first threshold, increasing a tlow rate
of landfill gas being extracted from at least one well of the
plurality of wells.

According to some aspects, there 1s provided a method,
which may be performed by at least one controller, for
controlling extraction of landfill gas from a landfill via a gas
extraction system comprising a plurality of wells, the
method comprising: (1) obtaining, for example, at least once
per day, at least once per hour, a concentration of a green-
house gas (e.g., methane, carbon dioxide) measured a fixed
distance above a surface of a region comprising the plurality
of wells; (2) determining whether the measure of the con-
centration of the greenhouse gas 1s greater than a first
threshold (e.g., 1000 ppm, 900 ppm, 500 ppm, 400 ppm, 300
ppm, 200 ppm, 100 ppm, 10 ppm, O ppm, between 0 and 500
ppm, between 0 and 1000 ppm, between 10 and 100 ppm
methane measured 1 meter above the surface of the region
comprising the plurality of wells, 1000 ppm, 900 ppm, 500
ppm, 400 ppm, 300 ppm, 200 ppm, 100 ppm, 10 ppm, O
ppm, between 0 and 500 ppm, between 0 and 1000 ppm,
between 10 and 100 ppm carbon dioxide measured 1 meter
above the surface of the region comprising the plurality of
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wells); and (3) 1n response to determining that the measure
ol the concentration of the greenhouse gas 1s greater than the
first threshold, increasing a flow rate of landfill gas being
extracted from at least one well of the plurality of wells (for
example, by increasing a degree to which a valve of the at
least one well 1s open and/or 1increasing a vacuum applied to
the plurality of wells).

In some embodiments, obtaining the concentration of the
greenhouse gas comprises obtaining the concentration of the
greenhouse gas using at least one sensor, for example, at
least one ground-based optical sensor, at least one aerial
optical sensor, which may be mounted to an aerial vehicle
(e.g., an autonomous drone).

In some embodiments, the method further comprises,
before increasing the flow rate of the landfill gas being
extracted from the at least one well, (1) obtaining a measure
of a liquid level 1n the at least one well; and (2) determining
whether the measure of the liquid level 1n the at least one
well 1s less than a liquid level threshold (e.g., 10% or more,
25% or more of a perforated section of the at least one well).
In some embodiments, the method further comprises (3)
when 1t 1s determined that the measure of the liquid level in
the at least one well 1s less than the liquid level threshold,
increasing the flow rate of the landfill gas being extracted
from the at least one well. In some embodiments, the method
turther comprises (4) transmitting an alert when 1t 1s deter-
mined that the measure of the liquid level 1n the at least one
well 1s not less than the liquid level threshold.

In some embodiments, increasing the tlow rate of landfill
gas being extracted from the at least one well comprises
increasing a flow rate of landfill gas being extracted from a
subset of the plurality of wells, wherein the subset of the
plurality of wells comprises one or more of the plurality of
wells extracted landfill gas having an oxygen concentration
below a second threshold (e.g., 5% oxygen, 1% oxygen, 0%
oxygen). In some embodiments, increasing the flow rate of
landfill gas being extracted from the at least one well
comprises: (1) identifying a subset of wells based on their
respective measured concentrations of a constituent gas
(e.g., oxygen, balance gas) (e.g., wells having a measured
concentration of the constituent gas among the bottom 50%,
the bottom 20%, etc., of measured concentrations of the
constituent gas for wells 1n the plurality of wells); and (2)
increasing a flow rate of landfill gas being extracted from the
subset of the plurality of wells.

In some embodiments, the method further comprises, (1)
before increasing the flow rate of the landfill gas being
extracted from the at least one well, determiming whether the
degree to which the at least one well 1s open 1s less than a
threshold degree (e.g., 80% open, 85% open, 90% open,
95% open, 100% open), and (2) increasing the tlow rate of
landfill gas being extracted from the at least one well 1n
response to determining that the degree to which the valve
of the at least one well 1s open 1s less than the threshold
degree. In some embodiments, the method further comprises
maintaining a position of the valve in response to determin-
ing that the measure of mass flow rate of the greenhouse gas
1s not greater than (e.g., less than, less than or equal to) the
first threshold.

In some embodiments, determining whether liquid level
in the at least one well exceeds a threshold may be deter-
mined using a measure of change 1n tlow rate. For example,
a decrease 1n flow rate may be indicative of an increased
liquad level, as elevated liqumd levels may be blocking
landfill gas from entering a perforated section of the at least
one well. As described herein, it may be undesirable to
increase a tlow rate of landfill gas extraction in a well when
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a liquid level 1s at an exceedance (e.g., resulting 1n a 50%
reduction in landfill gas flow). Thus, 1n some embodiments,
obtaining a measure of liquid level 1n the at least one well
may comprise indirectly obtaining a measure of liquid level
by determining a change in flow rate of landfill gas being
extracted from the at least one well, and determining
whether to increase flow rate of the at least one well based
on the determined change 1n flow rate.

Some embodiments provide for a control system for
controlling extraction of landfill gas from a landfill via a gas
extraction system comprising a plurality of wells, the control
system comprising: at least one controller configured to
obtain, for example, at least once per day, at least once per
hour, a concentration of a greenhouse gas (e.g., methane,
carbon dioxide) measured a fixed distance above a surface of
a region comprising the plurality of wells; determine
whether the measure of the concentration of the greenhouse
gas 1s greater than a first threshold (e.g., 1000 ppm, 900 ppm,
500 ppm, 400 ppm, 300 ppm, 200 ppm, 100 ppm, 10 ppm,
0 ppm, between 0 and 500 ppm, between 0 and 1000 ppm,
between 10 and 100 ppm methane measured 1 meter above
the surface of the region comprising the plurality of wells,
1000 ppm, 900 ppm, S00 ppm, 400 ppm, 300 ppm, 200 ppm,
100 ppm, 10 ppm, O ppm, between 0 and 500 ppm, between
0 and 1000 ppm, between 10 and 100 ppm carbon dioxide
measured 1 meter above the surface of the region compris-
ing the plurality of wells);

and in response to determining that the measure of the
concentration of the greenhouse gas 1s greater than the first
threshold, increase a tlow rate of landfill gas being extracted
from at least one well of the plurality of wells (for example,
by increasing a degree to which a valve of the at least one
well 1s open and/or increasing a vacuum applied to the
plurality of wells). In some embodiments, the system further
comprises at least one sensor configured to obtain the
concentration of the greenhouse gas, for example, at least
one ground-based optical sensor, at least one aernal optical
sensor, which may be mounted to an aerial vehicle (e.g., an
autonomous drone).

In some embodiments, the system further comprises a
sensor (e.g., a pressure sensor) configured to obtain a
measure of a liquid level 1n the at least one well, and the at
least one controller 1s further configured to, before increas-
ing the tlow rate of the landfill gas being extracted from the
at least one well, (1) obtain the measure of a liquid level 1n
the at least one well; and (2) determine whether the measure
of the liquid level 1n the at least one well 1s less than a liquid
level threshold (e.g., 25% or more of the a perforated section
of the at least one well). In some embodiments, the at least
one controller 1s further configured to (3) when it 1s deter-
mined that the measure of the liquid level 1n the at least one
well 1s less than the liquid level threshold, increase the flow
rate of the landfill gas being extracted from the at least one
well. In some embodiments, the at least one controller 1s
turther configured to (4) transmit an alert when 1t 1s deter-
mined that the measure of the liquid level 1n the at least one
well 1s not less than the liquid level threshold. In some
embodiments, the at least one controller 1s turther config-
ured to actuate a pump installed 1n the at least one well to
reduce the liqud level below the liquid level threshold when
it 15 determined that the measure of the liquid level 1n the at
least one well 1s not less than the liquid level threshold.

In some embodiments, increasing the tlow rate of landfill
gas being extracted from the at least one well comprises
increasing a flow rate of landfill gas being extracted from a
subset of the plurality of wells, wherein the subset of the
plurality of wells comprises one or more of the plurality of
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wells extracted landfill gas having an oxygen concentration
below (e.g., less than, less than or equal to) a second
threshold (e.g., 5% oxygen, 1% oxygen, 0% oxygen). In
some embodiments, increasing the flow rate of landfill gas
being extracted from the at least one well comprises: (1)
identifying a subset of wells based on their respective
measured concentrations ol a constituent gas (e.g., oxygen,
balance gas) (e.g., wells having a measured concentration of
the constituent gas among the bottom 50%, the bottom 20%,
etc., ol measured concentrations of the constituent gas for
wells 1n the plurality of wells); and (2) increasing a flow rate
of landfill gas being extracted from the subset of the plurality
of wells. In some embodiments, the system further com-
prises at least one sensor configured to measure a concen-
tration of at least one constituent gas in the landfill gas being
extracted from the at least one well.

In some embodiments, the at least one controller 1s further
configured to, (1) before increasing the flow rate of the
landfill gas being extracted from the at least one well,
determine whether the degree to which the at least one well
1s open 1s less than a threshold degree (e.g., 80% open, 85%
open, 90% open, 95% open, 100% open), and (2) increase
the tflow rate of landfill gas being extracted from the at least
one well 1n response to determining that the degree to which
the valve of the at least one well 1s open 1s less than the
threshold degree. In some embodiments, the at least one
controller 1s further configured to maintain a position of the
valve 1n response to determiming that the measure of mass
flow rate of the greenhouse gas 1s not greater than (e.g., less
than, less than or equal to) the first threshold.

In some embodiments, increasing the flow rate of the
landfill gas being extracted from the at least one well of the
plurality of wells comprises increasing, with the at least one
controller, a vacuum applied to the plurality of wells. In
some embodiments, increasing the tlow rate of landfill gas
being extracted from the at least one well of the plurality of
wells further comprises increasing, with the at least one
controller, a degree to which a valve of the at least one well
1S Open.

Some embodiments provide for at least one non-transitory
computer-readable storage medium having executable
instructions encoded thereon, that, when executed by at least
one controller, cause the at least one controller to perform a
method for controlling extraction of landfill gas via a gas
extraction system comprising a plurality of wells, the
method comprising: with the at least one controller: obtain-
ing a concentration of a greenhouse gas measured a distance
above a surface of a region comprising the plurality of wells;
determining whether the concentration of the greenhouse
gas 1s greater than a first threshold; and in response to
determining that the concentration of the greenhouse gas 1s
greater than the first threshold, increasing a flow rate of
landfill gas being extracted from at least one well of the
plurality of wells.

According to some aspects, there 1s provided at least one
non-transitory computer-readable storage medium having
executable 1nstructions encoded thereon, that, when
executed by at least one controller, cause the at least one
controller to perform a method for controlling extraction of
landfill gas via a gas extraction system comprising a plu-
rality of wells, the method comprising: with the at least one
controller: obtaining a concentration of a greenhouse gas
measured a distance above a surface of a region comprising,
the plurality of wells; determiming whether the concentration
of the greenhouse gas 1s greater than a first threshold; and 1n
response to determining that the concentration of the green-
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house gas 1s greater than the first threshold, increasing a flow
rate of landfill gas being extracted from at least one well of
the plurality of wells.

Some embodiments provide for a method performed by at
least one controller for controlling extraction of landfill gas
from a landfill via a gas extraction system comprising a
plurality of wells, the method comprising: obtaining con-
centrations of a greenhouse gas (e.g., methane, carbon
dioxide) measured by a plurality of emissions sensors posi-
tioned at respective fixed distances above a surface of a
region comprising the plurality of wells; obtaining measures
of wind speed and/or direction measured by a plurality of
wind sensors (e.g., a plurality of ultrasonic transducer
anemometers) co-located with the plurality of emissions
sensors at respective fixed distances above the surface of the
region comprising the plurality of wells; determiming, based
on the obtained concentrations of the greenhouse gas and the
measures of windspeed and/or direction, an aggregate mea-
sure of mass flow rate of the greenhouse gas for the region
comprising the plurality of wells; determining whether the
aggregate measure of mass flow rate 1s greater than a
threshold (e.g., 0.0 kg/min of the greenhouse gas per meter
squared of landfill surface area; 0.0005 kg/min of the
greenhouse gas per meter squared of landfill surface area);
and when 1t 1s determined that the aggregate measure of
mass flow rate 1s greater than the threshold, increasing a flow
rate of landfill gas being extracted from at least one well of
the plurality of wells at least in part by transmitting a control
adjustment, with the at least one controller, to a valve of the
at least one well causing the valve to open to a greater
degree.

In some embodiments, at least some of the respective ones
of the plurality of emissions sensors are disposed substan-
tially directly above respective ones of the plurality of wells.

In some embodiments, at least some of the plurality of
emissions sensors are distanced from respective ones of the
plurality of wells 1n a direction substantially perpendicular
to a direction 1 which the fixed distance extends.

In some embodiments, the method further comprises
obtaining a measure a barometric pressure, a humidity,
and/or a temperature of ambient air i the region. The
determining the aggregate measure of mass flow rate may be
turther based on the measure of the barometric pressure, the
humidity, and/or the temperature of the ambient air in the
region.

In some embodiments, the respective fixed distances
above the surface of the region comprising the plurality of
wells at which the plurality of emissions sensors 15 posi-
tioned are substantially the same. In some embodiments, the
respective fixed distances above the surface of the region
comprising the plurality of wells at which the plurality of
emissions sensors 1s positioned are the same.

Some embodiments provide for a control system for
controlling extraction of landfill gas from a landfill via a gas
extraction system, the control system comprising: at least
one controller configured to: obtain concentrations of a
greenhouse gas (e.g., methane, carbon dioxide) measured by
a plurality of emissions sensors positioned at respective
fixed distances above a surface of a region comprising the
plurality of wells; obtain measures of wind speed and/or
direction measured by a plurality of wind sensors (e.g., a
plurality of ultrasonic transducer anemometers) co-located
with the plurality of emissions sensors at the respective fixed
distances above the surface of the region comprising the
plurality of wells; determine, based on the obtained concen-
trations of the greenhouse gas and the measures of wind-
speed and/or direction, an aggregate measure ol mass flow
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rate of the greenhouse gas for the region comprising the
plurality of wells; determine whether the aggregate measure
of mass flow rate 1s greater than a threshold (e.g., 0.0 kg/min
of the greenhouse gas per meter squared of landfill surface
area, 0.0005 kg/min of the greenhouse gas per meter squared
of landfill surface area); and when 1t 1s determined that the
aggregate measure of mass tlow rate 1s greater than the
threshold, increase a flow rate of landfill gas being extracted
from at least one well of the plurality of wells at least 1n part
by transmitting a control adjustment, with the at least one
controller, to a valve of the at least one well causing the
valve to open to a greater degree.

Some embodiments provide for at least one non-transitory
computer-readable storage medium having executable
instructions encoded thereon, that, when executed by at least
one controller, cause the at least one controller to perform a
method for controlling extraction of landfill gas via a gas
extraction system comprising a plurality of wells, the
method comprising: with the at least one controller: obtain-
ing concentrations of a greenhouse gas measured by a
plurality of emissions sensors positioned at respective fixed
distances above a surface of a region comprising the plu-
rality of wells; obtaining measures of wind speed and/or
direction measured by a plurality of wind sensors co-located
with the plurality of emissions sensors at the respective fixed
distances above the surface of the region comprising the
plurality of wells; determining, based on the obtained con-
centrations of the greenhouse gas and the measures of
windspeed and/or direction, an aggregate measure of mass
flow rate of the greenhouse gas for the region comprising the
plurality of wells; determining whether the aggregate mea-
sure of mass flow rate 1s greater than a threshold; and when
it 1s determined that the aggregate measure of mass flow rate
1s greater than the threshold, increasing a flow rate of landfill
gas being extracted from at least one well of the plurality of
wells at least in part by transmitting, with the at least one
controller, a control adjustment to a valve of the at least one
well causing the valve to open to a greater degree.

Some embodiments provide for a method performed by at
least one controller for controlling extraction of landfill gas
from a landfill via a gas extraction system comprising a
plurality of wells, the method comprising: obtaining a first
set of concentrations of a greenhouse gas (e.g., methane,
carbon dioxide) measured by a first plurality of emissions
sensors positioned at respective first fixed distances above a
surface of a region comprising the plurality of wells; obtain-
ing a second set of concentrations of the greenhouse gas
measured by a second plurality of emissions sensors posi-
tioned at respective second fixed distances above the surface
of the region comprising the plurality of wells, the respective
second fixed distances being greater than the respective first
fixed distances; determining, based on the first and second
sets ol concentrations of the greenhouse gas, an aggregate
measure of mass flow rate of the greenhouse gas for the
region comprising the plurality of wells; determining
whether the aggregate measure of mass flow rate 1s greater
than a threshold (e.g., 0.0 kg/min of the greenhouse gas per
meter squared of landfill surface area, 0.0005 kg/min of the
greenhouse gas per meter squared of landfill surface area);
and when 1t 1s determined that the aggregate measure of
mass flow rate 1s greater than the threshold, increasing a flow
rate of landfill gas being extracted from at least one well of
the plurality of wells at least in part by transmitting a control
adjustment, with the at least one controller, to a valve of the
at least one well causing the valve to open to a greater
degree.
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In some embodiments, at least some of the first and
second pluralities of emissions sensors are disposed sub-
stantially directly above respective ones of the plurality of
wells.

In some embodiments, at least some of the first and
second pluralities of emissions sensors are distanced from
respective ones ol the plurality of wells 1n a direction
substantially perpendicular to a direction 1n which the first
fixed distance extends.

In some embodiments, the method further comprises
obtaining a measure ol a barometric pressure, a humidity,
and/or a temperature of ambient air 1n the region. The
determining the aggregate measure of mass flow rate may be
turther based on the measure of the barometric pressure, the
humidity, and/or the temperature of the ambient air in the
region.

In some embodiments, the respective first fixed distances
above the surface of the region comprising the plurality of
wells at which the first plurality of emissions sensors 1s
positioned are substantially the same. In some embodiments,
the respective first fixed distances above the surface of the
region comprising the plurality of wells at which the first
plurality of emissions sensors 1s positioned are the same.

In some embodiments, the respective second fixed dis-
tances above the surface of the region comprising the
plurality of wells at which the second plurality of emissions
sensors 1s positioned are substantially the same. In some
embodiments, the respective second fixed distances above
the surface of the region comprising the plurality of wells at
which the second plurality of emissions sensors 1s positioned
are the same.

Some embodiments provide for a control system for
controlling extraction of landfill gas from a landfill via a gas
extraction system comprising a plurality of wells, the control
system comprising: at least one controller configured to:
obtain a {irst set of concentrations of a greenhouse gas (e.g.,
methane, carbon dioxide) measured by a first plurality of
emissions sensors positioned at respective first fixed dis-
tances above a surface of a region comprising the plurality
of wells; obtain a second set of concentrations of the
greenhouse gas measured by a second plurality of emissions
sensors positioned at respective second fixed distances
above the surface of the region comprising the plurality of
wells, the respective second fixed distances being greater
than the respective first fixed distances; determine, based on
the first and second sets of concentrations of the greenhouse
gas, an aggregate measure of mass tlow rate of the green-
house gas for the region comprising the plurality of wells;
determine whether the aggregate measure of mass flow rate
1s greater than a threshold; and when 1t 1s determined that the
aggregate measure of mass flow rate i1s greater than the
threshold (e.g., 0.0 kg/min of the greenhouse gas per meter
squared of landfill surface area, 0.0005 kg/min of the
greenhouse gas per meter squared of landfill surface area),
increase a tlow rate of landfill gas being extracted from at
least one well of the plurality of wells at least 1n part by
transmitting, with the at least one controller, a control
adjustment to a valve of the at least one well causing the
valve to open to a greater degree.

Some embodiments provide for at least one non-transitory
computer-readable storage medium having executable
instructions encoded thereon, that, when executed by at least
one controller, cause the at least one controller to perform a
method for controlling extraction of landfill gas via a gas
extraction system comprising a plurality of wells, the
method comprising: with the at least one controller: obtain-
ing a first set of concentrations of a greenhouse gas mea-
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sured by a first set of emissions sensors positioned at
respective first fixed distances above a surface of a region

comprising the plurality of wells; obtaining a second set of
concentrations of the greenhouse gas measured by a second
set of emissions sensors positioned at respective second
fixed distances above the surface of the region comprising
the plurality of wells, the respective second fixed distances
being greater than the respective first fixed distances; deter-
miming, based on the first and second sets of concentrations
of the greenhouse gas, an aggregate measure of mass tlow
rate of the greenhouse gas for the region comprising the
plurality of wells; determining whether the aggregate mea-
sure of mass flow rate 1s greater than a threshold; and when
it 1s determined that the aggregate measure of mass flow rate
1s greater than the threshold, increasing a flow rate of landfill
gas being extracted from at least one well of the plurality of
wells at least in part by transmitting, with the at least one
controller, a control adjustment to a valve of the at least one
well causing the valve to open to a greater degree.

The aspects and embodiments described above, as well as
additional aspects and embodiments, are described further
below. These aspects and/or embodiments may be used
individually, all together, or 1n any combination, as the
application 1s not limited in this respect.

I1.

Example Systems for Performing Landfill Gas
Extraction

FIG. 1 illustrates an example environment 100 in which
aspects of the technology described herein may be imple-
mented. The illustrative environment 100 includes a landfill
102 which holds decomposing waste 104. The decomposing
waste 104 produces landfill gas 106 which 1s extracted
through a gas extraction well 108. The gas extraction well
includes a wellhead 110 through which a control system 112
1s coupled to the gas extraction well 108. The control system
112 may be configured to control extraction of gas via the
gas extraction well 108. A gas collection system 114 collects
the landfill gas 106 extracted through the gas extraction well
108. The gas collection system 114 supplies the extracted
landfill gas to a power plant 116. Although in the example
embodiment shown in FIG. 1, a single wellhead 110 1s
shown, 1n some embodiments, the environment 100 may
include multiple wellheads at multiple sites. In such embodi-
ments, the landfill gas may be extracted from the multiple
sites.

In some embodiments, the gas collection system 114
includes a vacuum source. The vacuum source generates a
negative pressure differential between the gas collection
system 114 and the landfill 102. The negative pressure
differential causes the landfill gas 106 to flow from the
landfill 102 to the gas collection system 114 through the gas
extraction well 108. In some embodiments, the gas collec-
tion system 114 may comprise an additional location where
extracted landfill gas 1s stored, and where the extracted
landfill gas may be treated (e.g., by removing impurities)
before being supplied to the power plant or to the pipeline
infrastructure 116. The power plant 116 may be configured
to convert the extracted landfill gas into electrical power. For
example, the power plant 116 may be configured to burn the
extracted landfill gas to turn a rotor of an electricity gen-
erator or a turbine.

It should be appreciated, that although FIG. 1 illustrates
supplying of extracted landfill gas from the collection sys-
tem 114 to a power plant 116, the extracted landfill gas may
additionally or alternatively be supplied to one or more other
locations, and/or used for other purposes. For example, the
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gas collection system 114 may be configured to supply gas
to existing gas pipelines, boilers, greenhouses, heating units,
and/or other locations, as aspects of the technology
described herein are not limited with respect to where the
extracted landfill gas 1s supplied.

In some embodiments, the control system 112 controls
extraction of the landfill gas 106 through the gas extraction
well 108. In some embodiments, the control system 112 may
be configured to operate to control extraction of landfill gas
to achieve a desired outcome or outcomes with respect to
energy content ol extracted landfill gas, composition of
extracted landfill gas, flow rate of gas extraction, regulatory
requirements, and/or other parameters. In some embodi-
ments, the control system 112 may include multiple com-
ponents that operate to achieve the outcome(s), as discussed
in more detail herein.

FIG. 2 illustrates an example implementation of the
control system 112 for a landfill gas extraction system 120.
The gas extraction well 108 may be coupled to the vacuum
source through the piping 126 that leads to the vacuum
source. Landfill gas may flow from the gas extraction well
108 towards the vacuum source via the piping 126. In some
embodiments, the control system 112 1s disposed within the
piping 126 such that the control system 112 controls the flow
of gas from the wellhead 110 to the vacuum source via the
piping 126. The control system 112 includes a gas analyzer
124 which the control system 112 uses to determine one or
more characteristics of the extracted landfill gas. The control
system 112 includes a controller 122 that uses the deter-
mined characteristic(s) to control extraction of landfill gas.
In some embodiments, the controller 122 may be configured
to use the measured characteristic(s) to control a flow rate of
landfill gas extraction. For example, the controller 122 may
be configured to use the measured characteristic(s) to control
a position of a valve that controls the flow rate of landfill gas
being extracted.

In some embodiments, the gas analyzer 124 may be
configured to collect and analyze extracted landfill gas. The
gas analyzer 124 may be configured to include one or more
sensors to measure the characteristic(s) of the extracted
landfill gas. In some embodiments, the gas analyzer 124 may
be configured to use the sensor(s) to measure composition,
temperature, and/or other characteristic of the extracted
landfill gas. In some embodiments, the gas analyzer may be
configured to wuse the sensor(s) to measure the
characteristic(s) of landfill gas when the gas 1s extracted
(e.g., belore being analyzed by the gas analyzer 124). The
sensor(s) may comprise, for example, infrared sensors, cata-
lytic beads, electrochemical sensors, photoionization detec-
tors, zirconium oxide sensors, thermal conductive detectors,
and/or any other suitable sensing technology for measuring
the characteristic(s) of the landfill gas, as aspects of the
technology described herein are not limited to using a
particular type of sensor.

In some embodiments, the gas analyzer 124 may be
configured to heat the landfill gas within gas composition
chamber prior to measuring the characteristic(s) to obtain
more accurate and/or consistent measurements of the char-
acteristic(s). In some embodiments, the gas analyzer 124
may be configured to heat the extracted landfill gas prior to
measuring the characteristic(s) of the landfill gas. In some
embodiments, the gas analyzer 124 may be configured to
heat the extracted landfill gas to a temperature that 1s a
threshold temperature (e.g., 1 degree Celsius, 10 degrees
Celsius, 25 degrees Celsius) greater than a temperature of
the gas 1n the landfill and/or a temperature of the gas when
it 1s extracted. The gas analyzer 124 may be configured to
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obtain measurements of the characteristic(s) of the extracted
landfill gas at the higher temperature. By heating the
extracted landfill gas 1n this manner prior to measuring the
characteristic(s), the obtained measurements may be more
accurate and precise. Further, the warmer landfill gas may
reduce deterioration of hardware components in the gas
analyzer 124 by preventing condensation of water vapor on
the hardware components.

In some embodiments, the gas analyzer 124 may be
configured to additionally or alternatively treat the gas
sample in other ways. For example, the gas analyzer 124
may be configured to treat a gas sample by cooling the gas
sample, and/or drying the gas sample. In another example,
the gas analyzer 124 may be configured to filter the gas to
remove particles, filter the gas to remove contaminants or
other chemicals, pressurize the gas, de-pressurize the gas, or
treating the gas in another manner. In some embodiments,
the gas analyzer 124 may be configured to obtain measure-
ments of the characteristic(s) of a landfill gas sample after
treating the gas sample.

In some embodiments, the gas analyzer 124 may be
configured to determine one or more characteristics of the
environment (e.g., ambient temperature, atmospheric pres-
sure, wind direction, wind speed, precipitation, humidity),
and/or gas 1n the landfill (e.g., temperature, composition,
humidity). The gas analyzer 124 may include one or more
sensors to obtain measurements of the characteristic(s). The
sensors can include, for example, temperature sensors,
humidity sensors, pH sensors, pressure sensors and/or any
other type of sensor(s) for sensing environmental character-
1stics.

In some embodiments, the controller 122 may be config-
ured to control one or more parameters of landfill gas
extraction. In some embodiments, the controller 122 may be
configured to control a flow rate of landfill gas being
extracted from the landfill 102. In some embodiments, the
control system 112 may include a flow control mechanism to
control a flow rate of landfill gas extraction. For example,
the control system 112 may include one or more valves and
a valve actuator for changing the position of the valve(s) to
control the flow rate. The controller 122 may be configured
to determine and apply settings to the valve(s) to control the
flow rate of landfill gas extraction (e.g., operate the valve
actuator to change the position of the valve to a determined
position). In some embodiments, the control mechanism 1s
placed between the gas extraction well 108 and the gas
collection system 114 such that gas being extracted through
the gas extraction well 108 flows through the control mecha-
nism on 1ts way to the gas collection system 114.

In some embodiments, the controller 122 may be coupled
to the gas analyzer 124. The controller 122 may be config-
ured to use measurements obtained by the gas analyzer 124
to determine the control parameter(s). In some embodi-
ments, the controller 122 may be configured to regulate the
landfill gas flow rate based on the measurements obtained by
the gas analyzer 124. To adjust the flow rate, in some
embodiments, the controller 122 may be configured to adjust
a valve position to modily the flow rate. The controller 122
may be configured to control a valve actuator (e.g., a valve
drive bufler) to move the position of the valve in order to
obtain a position. In some embodiments, the controller 122
may be configured to determine a target flow rate based on
the measurements of the characteristic(s) obtained by the gas
analyzer 124. The controller 122 may be configured to adjust
the control mechanism (e.g., valve position) such that the
flow rate 1s the target tlow rate.
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In some embodiments, the control system 112 may be
configured to determine a measure of energy content of
landfill gas being extracted from the landfill 102. The gas
analyzer 124 may be configured to obtain a measurement of
concentration of methane 1n extracted landfill gas. The
controller 122 may be configured to determine a tlow rate of
the gas being extracted from the landfill. The control system
112 may be configured to determine an energy content of the
landfill gas being extracted from the landfill 102 based on
the concentration of methane and the flow rate. The con-
troller may be configured to determine a target energy
content of landfill gas being extracted from the landfill 102
and control a flow control mechanism to set the flow rate
such that the energy content of the landfill gas being
extracted reaches the target energy content.

Example systems and techniques for controlling extrac-
tion of landfill gas are further described in U.S. Pat. No.
10,449,578 entitled “DEVICES AND TECHNIQUES
RELATING TO LANDFILL GAS EXTRACTION" filed on
Mar. 13, 2017 and 1ssued on Oct. 22, 2019, U.S. Pat. No.
10,576,514 entitled “DEVICES AND TECHNIQUES
RELATING TO LANDFILL GAS EXTRACTION" filed on
Apr. 21, 2017 and 1ssued on Mar. 3, 2020, U.S. patent
application Ser. No. 16/389,372 entitled “LANDFILL GAS
EXTRACTION SYSTEMS AND METHODS” filed on Oct.
1, 2019 each of which are incorporated by reference herein
in their entireties. Some embodiments may include one or
more features of embodiments described in the referenced
applications.

In some embodiments, multiple wells or gas extraction
systems may be located at a landfill to extract gas from the
landfill. For example, FIG. 2 1llustrates another well and gas
extraction system 128 located at the landfill. In some
embodiments, multiple gas extraction systems at the landfill
may include the control system 112 for controlling extrac-
tion of landfill gas from the landfill. For example, gas
extraction system may include the control system 112 to
control extraction of landfill gas via the gas extraction
system 128.

Although the gas analyzer 124 and the controller 122 are
shown as separate components 1n FIG. 1, in some embodi-
ments, the gas analyzer 124 and controller 122 may be
portions of a single unit. Some embodiments are not limited
to any particular arrangement or combination of the gas
analyzer 124 and the controller 122. Furthermore, function-
ality described for each of the gas analyzer 124 and the
controller 122 may be interchanged between the two com-
ponents, as some embodiments of the technology described
herein are not limited 1n this respect.

FIG. 3 illustrates an example implementation of the
control system 112 for a landfill gas extraction system 130.
In some embodiments, the gas analyzer and the controller
described with reference to FI1G. 2 are portions of the control
system 112 shown in FIG. 3. The gas extraction well 108
may be coupled to the vacuum source through the piping 126
that leads to the vacuum source. Landfill gas may flow from
the gas extraction well 108 towards the vacuum source via
the plpmg 126. In some embodiments, the control system
112 1s disposed within the piping 126 such that the control
system 112 controls the flow of gas from the wellhead 110
to the vacuum source via the piping 126. In some embodi-
ments, the control system 112 may be configured to operate
as described above with reference to FIG. 2. For example,
the control system 112 may be configured to use a gas
analyzer and controller in the control system 112 to obtain
measurements of one or more characteristics of the landfill
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gas being extracted via the gas extraction system and control
extraction of the gas based on the measurements of the
characteristic(s).

A block diagram of some embodiments of an In Situ
Control Mechamism 200 1s presented in FIG. 4. In some
embodiments, an In Situ Control Mechanism may 1nclude
one or more mechanisms configured to control the flow of
landfill gas from one or more wells to gas collection system
110 through gas extraction piping system 108. Any suitable
flow-control mechanism 206 may be used, including, with-
out limitation, a valve (e.g., a solenoid valve, latching
solenoid valve, pinch valve, ball valve, buttertly valve,
ceramic disc valve, check valves, choke valves, diaphragm
valves, gate valves, globe valves, knife valves, needle
valves, pinch valve, piston valve, plug valve, poppet valve,
spool valve, thermal expansion valve, pressure reducing
valve, sampling valve, safety valve) and/or any other suit-
able type of flow-control mechanism.

In some embodiments, an In Situ Control Mechanism
may include one or more actuation devices configured to
control operation of the one or more tlow-control mecha-
nisms (e.g., to open a tlow-control mechanism, close a
flow-control mechanism, and/or adjust a setting of a tlow-
control mechanism). In some embodiments, an In Situ
Control Mechanism may include a controller 204 configured
to determine the settings to be applied to the one or more
flow-control mechanisms (e.g., via the actuation devices),
and/or configured to apply the settings to the one or more
flow-control mechanisms (e.g., via the actuation devices). In
some embodiments, the settings to be applied to the one or
more flow-control mechamsms (e.g., via the actuation
devices) may be determined remotely and communicated to
the In Situ Control Mechanism (e.g., by a remotely located
controller) using any suitable communication technique,
including, without limitation, wireless communication,
wired communication, and/or power line communication.

In some embodiments, an In Situ Control Mechanism
may include one or more sensor devices configured to sense
one or more attributes associated with the landfill, including,
without limitation, attributes of the landfill, attributes of the
landfill gas, attributes of an area adjacent to the landfill,
and/or attributes of the landfill’s gas extraction system. In
some embodiments, the In Situ Control Mechanism may
include one or more actuation devices configured to control
operation of the one or more sensor devices (e.g., to activate
a sensor device, deactivate a sensor device, and/or collect
data from the sensor device). In some embodiments, an In
Situ Control Mechanism may include a controller 204
configured to determine the settings (e.g., control signals) to
be applied to the one or more actuation and/or sensor
devices, configured to apply the settings to the one or more
actuation and/or sensor devices, and/or configured to collect
data (e.g., measurements) obtained by the one or more
sensor devices. In some embodiments, the settings to be
applied to the one or more actuation and/or sensor devices
may be determined remotely and communicated to the In
Situ Control Mechanism (e.g., by a remotely located con-
troller) using any suitable communication techmque, includ-
ing, without limitation, wireless communication, wired com-
munication, and/or power line communication. In some
embodiments, the In Situ Control Mechanism may commu-
nicate the one or more sensed attributes associated with the
landfill (e.g., to a remotely located controller).

In some embodiments, the one or more sensor devices
may include a Gas Analyzer 202. In some embodiments, a
Gas Analyzer 202 may collect a sample of landfill gas from
the gas extraction piping 208 through an mput port 210,
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determine (e.g., compute, measure and/or sense) one or
more characteristics of that gas, and/or report the one or
more characteristics of the gas to a controller (e.g., local
controller 204 and/or a remotely located controller). In some
embodiments, the Gas Analyzer may determine the gas
temperature, pressure, flow rate, humidity, energy content
(e.g., energy density), gas composition (partial pressure or
concentration of methane, oxygen, carbon dioxide, carbon
monoxide, hydrogen sulfide, nitrogen and/or any other suit-
able gas) and/or any other characteristics of the landfill gas
coming from the gas extraction well(s) upstream from the
location where the In Situ Control Mechanism 1s installed.

Accordingly, 1n some embodiments, Gas Analyzer 202
may include sensors 205 configured to make such measure-
ments. Sensors 205 may be of any suitable type. In some
embodiments, sensors 205 may include a sensor configured
to detect partial pressure and/or concentration of methane in
landfill gas, a sensor configured to detect partial pressure
and/or concentration of oxygen in landfill gas, a sensor
configured to detect partial pressure and/or concentration of
carbon dioxide 1n landfill gas, a sensor configured to detect
partial pressure and/or concentration of carbon monoxide in
landfill gas, a sensor configured to detect partial pressure
and/or concentration of hydrogen sulfide 1n landfill gas, a
sensor configured to detect partial pressure and/or concen-

tration of nitrogen in landfill gas, and/or a sensor to detect
partial pressure or concentration of any suitable gas in
landfill gas.

In some embodiments, sensors 205 may include one or
more non-dispersive inirared (NDIR) sensors, mid infrared
optical sensors, catalytic beads, electrochemical sensors,
pellistors, photoionization detectors, zircomum oxide sen-
sors, thermal conductivity detectors, and/or any other sens-
ing technology. Gas Analyzer 202 may be configured to
measure flow rate by using one or more sensors 205 to
determine a pressure differential across a venturi, orifice
plate, or other restriction to the tlow of gas; by pitot tube,
mechanical flow meter, heated wire or thermal mass flow
meter, and/or using any other suitable technique. Gas Ana-
lyzer 202 may be configured to measure temperature with a
thermocouple, a negative or positive temperature coellicient
resistor, capacitor, inductor, a semiconducting device, and/or
using any other suitable technique.

In some embodiments, one or more external sensors 203
may be used to measure one or more characteristics of the
ambient environment outside of Gas Analyzer 202 (e.g.,
outside of In Situ Control Mechanism 200). The external
sensor(s) 203 may provide obtained measurements to In Situ
Control Mechamism 200 (e.g., to controller 204) and/or to
one or more computing devices located remotely from In
Situ Control Mechamsm 200 (e.g., by using a wireless link,
a wired link, and/or any suitable combination of wireless and
wired links). In some embodiments, external sensor(s) 203
may include one or more temperature sensors configured to
measure temperature outside the control mechanism 200
(e.g., the ambient atmospheric temperature) and/or any other
suitable location. In some embodiments, external sensor(s)
203 may include one or more atmospheric pressure sensor(s)
configured to measure atmospheric pressure outside of the
control mechanism 200 (e.g., ambient atmospheric pressure)
and/or any other suitable location. In some embodiments,
sensors 203 may be used to measure one or more charac-
teristics of the ambient environment. Additionally or alter-
natively, in some embodiments, information about the char-
acteristic(s) of the ambient environment may be obtained
from an external data source (e.g., external forecast data,
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National Oceanic and Atmospheric Administration (NOAA)
data for temperature and/or barometric pressure).

In some embodiments, the gas characteristics may be
sampled once in each reading, or may be sampled many
times and statistics about the distribution of values may be
determined. The gas characteristics may be continuously
determined, or they may be determined at discrete time
intervals. In some embodiments, the Gas Analyzer may
analyze gas 1n the main tlow of landfill gas (e.g., within gas
extraction piping 208). In some embodiments, the Gas
Analyzer may draw a small sample of gas into a separate
chamber for analysis. In some embodiments, certain param-
cters (for example tlow rate, pressure, temperature, humid-
ity, and the like) may be measured 1in the main gas stream
(e.g., may be measured by sensors disposed directly within
extraction gas piping), and others may be analyzed 1n a
separate chamber.

In order to 1mprove measurement accuracy, measurement

resolution, measurement repeatability, sensor lifetime, and/
or sensor reliability, a sample of gas from the well may be
pre-treated before analysis, which pre-treatment may
include heating, cooling, drying, and/or any other suitable
pre-treatment processing (e.g., through forced condensation,
passing through a desiccant, or any other suitable tech-
nique), filtered to remove particles, filtered to remove con-
taminants or other chemicals, pressurized, de-pressurized,
and/or otherwise treated before being analyzed. After ana-
lyzing and reporting gas characteristics (e.g., to local con-
troller 204 and/or to a remotely located controller), the Gas
Analyzer may purge the gas sample from the chamber and
vent 1t to the atmosphere, or return it to the main gas tlow.
In some embodiments, the analyzed gas sample may be
purged prior to reporting the gas characteristics to a con-
troller.
In some embodiments, the Gas Analyzer may utilize non-
dispersive mfrared (NDIR) sensors, catalytic beads, electro-
chemical sensors, pellistors, photoionization detectors, zir-
conium oxide sensors, thermal conductivity detectors, and/
or any other sensing technology. Flow rate may be measured
by a pressure differential across a venturi, orifice plate, or
other restriction to the flow of gas; by pitot tube, mechanical
flow meter, heated wire or thermal mass flow meter, and/or
using any other suitable technique. Temperature may be
measured with a thermocouple, a negative or positive tem-
perature coellicient resistor, capacitor, inductor, a semicon-
ducting device, and/or using any other suitable technmique.
Temperature may be measured inside the well, 1n the main
gas tlow from the well to the collection system, inside a
sampling chamber, outside of the control mechanism (e.g.,
ambient atmospheric temperature), and/or at any other suit-
able point. Atmospheric pressure may be measured outside
of the control mechanism (e.g., ambient atmospheric pres-
sure) and/or at any other suitable location. Temperature,
pressure, gas composition, and/or other readings from dif-
ferent points within the gas extraction well, the In Situ
Control Mechanism, and/or the gas collection system may
be used 1n conjunction with each other to obtain a more
complete analysis of the operating state of the landfill gas
collection system.

III. Landfill Gas Emissions Monitoring and Control

As described herein, the mventors have developed tech-
niques for controlling landfill gas extraction based at least in
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part on a characteristic of at least one greenhouse gas
emitted from the landfill, aspects of which are further
described herein.

a. Example Systems for Landfill Gas Emissions
Monitoring and Control

FIG. 5A 1s a block diagram of an example system for
controlling landfill gas extraction based on landfill gas
emissions characteristics. As shown 1n FIG. SA, landfill gas
collected from multiple different extraction wells 1n a land-
f1ll may be aggregated at a gas output. For example, the gas
output may be a power plant that uses the aggregated landfill
gas to generate electricity. In another example, the gas
output may be a processing plant where landfill gas collected
from the extraction wells undergoes treatment. The multiple
wells may each have a valve disposed 1n well piping coupled
to the well that modulates a flow rate of landfill gas being
extracted from the well. In some embodiments, the control
system may obtain a value indicating a characteristic of the
landfill gas emitted from the plurality of wells (e.g., a mass
flow rate of a greenhouse gas, a concentration of a green-
house gas measured a fixed distance from a surface of the
landfill), and determine whether the characteristic 1s outside
of a target range (e.g., greater than an upper endpoint and/or
less than a lower endpoint) or different from a target value
for the characteristic. In response to determining that the
measured characteristic 1s outside of the target range, for
example, the control system may adjust a tlow rate of landfill
gas being extracted from one or more of the plurality of
wells. For example, the control system may control the
valves disposed 1n the well piping to control flow rates of
landfill gas being extracted from the multiple wells. The
controller may change the degree to which one or more of
the valves 1s open to change the tflow rates of one or more
of the multiple gas extraction wells. In some embodiments,
the control system may control flow rates of landfill gas
being extracted from the multiple wells by adjusting an
applied vacuum to the plurality of wells.

FIG. SA illustrates an example environment 500 1n which
aspects of the technology described herein may be imple-
mented. The environment 500 includes a landfill 502, which
holds decomposing waste 504. The decomposing waste 504

produces landfill gas 506A-C which flows out from the
landfill 502 through gas extraction wells S08A-C. A gas
extraction well may also be referred to herein as a “well.”
The gas extraction wells 508A-C include respective well-
heads 509A-C. Each of the gas extraction wells S08A-C 1s
coupled to a respective one of the controllers 510A-C
through the wellhead of the gas extraction well. Each of the
controllers 510A-C may be configured to locally control
extraction of gas from the gas extraction well that the
controller 1s coupled to. A controller coupled to a particular
well may be referred to herein as a “local controller.” A gas
collection system 512 collects the landfill gas extracted from
the wells 508A-C. The gas collection system 512 supplies
the extracted landfill gas to a power plant 514. The power
plant 514 may be communicatively coupled to a multi-well
controller 516. The multi-well controller 516 1s communi-
catively coupled to the controllers 5310A-C associated with
wells S08A-C. The multi-well controller 516 receives, from
the power plant 514, information 1ndicating gas quality of
landfill gas aggregated from the wells S08A-C. It should be
appreciated that although three wells are shown 1n FIG. 5A,
this 1s by way of example and not limitation, as a site may
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include any suitable number of wells (e.g., at least 10, at
least 50, at least 100, at least 250, between 50 and 1000
wells).

The system 500 further includes at least one emissions
sensor 522. The emissions sensor 522 1s configured to obtain
a measure of one or more characteristics of landfill gas
emitted from the landfill 502. For example, as shown 1n FIG.
5A, 1n some 1nstances, at least some landfill gas 518A, 518B
penetrates a surface 530 of the landfill 502 and 1s emitted
into the atmosphere. The landfill gas 518A, 518B being
emitted into the atmosphere comprises harmiul greenhouse
gasses such as methane and carbon dioxide. The emissions
sensor 522 1s configured to measure one or more character-
istics of the emitted gas 518A, 518B, and extraction of
landfill gas wvia the plurality of wells S08A-C may be
controlled based at least 1n part of the measured character-
1stics.

The emissions sensor 522 may be any suitable sensor for
measuring one or more emissions characteristics. For
example, in some embodiments, the emissions sensor 522
comprises at least one optical sensor such as a spectrometer,
an 1nfrared sensor, a camera, a hyperspectral 1maging
device, a light detection and ranging (LiDAR) sensor, any
other gas composition sensor described herein, etc. In some
embodiments, the emissions sensor 522 may obtain infor-
mation regarding weather, atmosphere, wind, geolocation,
and/or any other suitable iformation. In some embodi-
ments, the optical emissions sensor 522 1s an aeral sensor.
The aenal sensor may be mounted to a moving object, such
as an aerial vehicle (e.g., a helicopter, drone, plane, etc.). In
some embodiments, the moving object 1s autonomous. Such
aerial sensors allow for monitoring of wide-spread areas
and/or areas which may be diflicult to access by ground. In
some embodiments, the emissions sensor additionally or
alternatively comprises at least one ground-based sensor,
such as a spectrometer.

In some embodiments, the emissions sensor 522 1s con-
figured to measure a mass tlow rate (mass per unit time) of
a greenhouse gas 1n landfill gas 518A, 518B being emitted
from the landfill 502. For example, the emissions sensor 522
may be configured to measure a mass tlow rate of methane
being emitted from the landfill 502. In some embodiments,
the emissions sensor 522 1s configured to measure a mass
flow rate of carbon dioxide being emitted from the landfill
502. In some embodiments, the emissions sensor 522 may
additionally or alternatively be configured to obtain a mea-
sure of a concentration of a greenhouse gas 1n landfill gas
S518A, 518B emitted from the landfill 502 measured at a
fixed distance above the surface 530 of the landfill 502. For
example, the emissions sensor 522 may be configured to
obtain a concentration of methane measured a fixed distance
(e.g., 1 meter) above the surface 530 of the landfill 502. In
some embodiments, the emissions sensor 322 1s configured
to obtain a concentration of carbon dioxide measured a fixed
distance (e.g., 1 meter) above the surface 530 of the landfill
502. As described herein, the emissions measurements may
be used to control flow rates of one or more of the plurality
ol gas extraction wells S08A-C. In some embodiments, the
emissions sensor 522 may be further configured to obtain
location data 1identitying a location from which an emissions
measurement was obtained. In some embodiments, the emis-
sions sensor 522 1s further configured to obtain a visual
image of the location from which an emissions measurement
was obtained.

For example, the emissions sensor 322 may be in com-
munication with the multi-well controller 516 and/or one or
more of the local controllers 510A-C. The emissions sensor
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522 may communicate emissions measurements to the
multi-well controller 516 and/or the one or more of the local
controllers 510A-C which may be used to determine
whether and/or how to adjust flow rates of one or more of the
plurality of gas extraction wells 508A-C. In some embodi-
ments, the emissions sensor 522 wirelessly communicates
with the one or more controllers (e.g., via cloud communi-
cation or other network communication). In some embodi-
ments, the emissions sensor 522 1s in wired communication
with the one or more controllers. Although not shown in
FIG. 5A, 1n some embodiments, the emissions sensor 522 1s
iIn communication with one or more other devices, for
example, a reporting intertace as described herein.

The multi-well controller 516 and/or one or more of the
local controllers 510A-C may send instructions to the emis-
sions sensor 322 for controlling operation of the emissions
sensor 322. For example, 1n some embodiments, the istruc-
tions may direct the emissions sensor 322 to obtain a
measurement. In some embodiments, the instructions may
direct the emissions sensor 322 to begin obtaining repeated
measurements at a particular frequency (e.g., at least once
per month, at least once per week, at least once per day, at
least once per hour). In other embodiments, the emissions
sensor 522 may be configured to obtain measurements
autonomously, without receiving instructions from the one
or more controllers.

In some embodiments, the emissions sensor 522 may be
configured to detect the presence of a gas (e.g., a greenhouse
gas such as methane, carbon dioxide, hydrogen sulfide, etc.)
in a region. In some embodiments, the emissions sensor 522
may be configured to detect a mixture of gasses 1n a region.
Detection of the presence of a greenhouse gas may facilitate
detection of leaks of landfill gas that has penetrated the
surface 530 of the landfill 502. The control system 500 may
be configured to take corrective action 1n response to 1den-
tification of a landfill gas leak. For example, in some
embodiments, the control system 500 may transmit an alert
in response to 1dentification of a landfill gas leak. In some
embodiments, the control system 500 may adjust tlow rates
of one or more of the plurality of wells S08 A-C 1n response
to 1dentification of a landfill gas leak, for example, according,
to the techniques described herein.

The emissions sensor 522 may comprise a power source
for powering the emissions sensor. In some embodiments,
the power source comprises a battery. In some embodiments,
the power source comprises an AC power source. In some
embodiments, the emissions sensor 522 may additionally or
alternatively be solar powered.

As described herein, the emissions sensor 522 may be
configured to obtain emissions characteristics from a region
of the landfill 502. In some embodiments, the region moni-
tored by the emissions sensor 522 comprises a single gas
extraction well. In some embodiments, the region monitored
by the emissions sensor 522 comprises multiple gas extrac-
tion wells. The region monitored by the emissions sensor
522 may be a portion of the landfill 502 (e.g., 20%, 33%.,
50%, more than 50%, etc.) or the entirety of the landfill 502.
Although only one emissions sensor 522 i1s illustrated in
FIG. 5A, 1t should be appreciated that the control system 500
may comprise multiple emissions sensors 1n some embodi-
ments.

In some embodiments, the gas collection system 3512
includes a vacuum source 520. The vacuum 520 generates a
negative pressure diflerential between the gas collection
system 512 and the landfill 502. The negative pressure
differential causes the landfill gas 506 A-C to tlow from the
landfill 502 to the gas collection system 512 through the
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wells 508 A-C. The vacuum source 520 may be variable. For
example, 1n some embodiments, the vacuum applied to the
gas extraction wells 508A-C may be adjusted based on
emissions characteristics measurements obtained by the at
least one emissions sensor 522 by adjusting the variable
vacuum 520.

In some embodiments, the gas collection system 512 may
comprise an additional location where extracted landfill gas
1s stored, and/or where the extracted landfill gas may be
treated (e.g., by removing impurities) before being supplied
to the power plant 514. In some embodiments, the gas
collection system 512 may include a processing plant where
the collected landfill gas 1s treated. The landfill gas may be
treated to modily concentration(s) of one or more of the
gases that make up the landfill gas. In some embodiments,
the processing plant may be configured to treat the landfill
gas 1o 1ncrease an energy content of the landfill gas. For
example, the landfill gas may include methane, oxygen,
carbon dioxide, hydrogen sulfide, nitrogen, and other gases.
The processing plant may reduce the concentration(s) of one
or more non-methane gases to increase energy content (e.g.,
energy density) of the collected landfill gas. The power plant
514 may be configured to generate electricity using the
extracted landfill gas. For example, the power plant 514 may
burn the extracted landfill gas to turn a rotor of an electricity
generator or a turbine. Although the gas collection system
512 and the power plant 514 are shown separately in FIG.
5A, 1n some embodiments, the gas collection system 512
and the power plant 514 may be components of a single
system.

The power plant 514 includes one or more sensors 514A
which the power plant may use to determine one or more
measures of quality of extracted landfill gas. The landfill gas
may be collected from multiple wells at the landfill 502,
such as wells S08A-C. In some embodiments, the sensor(s)
514A may be configured to measure an energy content (e.g.,
energy density) of collected landfill gas. For example, the
sensor(s) 314A may include a gas chromatograph that mea-
sures concentrations of one or more of the gases that make
up the collected landfill gas (one or more of oxygen,
nitrogen, methane, carbon dioxide, hydrogen sulfide, for
example).

In some embodiments, each of the local controllers
510A-C controls extraction of landfill gas locally at a
respective one of the gas extraction wells 508A-C. Each of
the local controllers 510A-C may be configured to operate to
control extraction of landfill gas according to a local control
method, for example, to achieve a target of energy content
of extracted landfill gas, composition of extracted landfill
gas, tlow rate ol gas extraction, regulatory requirements,
and/or other parameters. In some embodiments, the control-
ler may be configured to control a flow rate of landfill gas
being extracted from the well. For example, the controller
may be configured to control a position of a valve disposed
in well-piping of the well which 1n turn modulates a tlow
rate of landfill gas being extracted from the well. Example
operation of a controller 1s described above with reference to
FIGS. 1-3. A local controller may also be referred to herein
as an “in-situ control mechanism.”

In some embodiments, the multi-well controller 516 con-
trols extraction of landfill gas globally across multiple gas
extraction wells, including the gas extraction wells 508A-C.
In some embodiments, the multi-well controller 316 may be
configured to concurrently control extraction of landfill gas
from multiple wells. Concurrently controlling extraction of
landfill gas from multiple wells may involve causing an
adjustment 1n a valve at a first well during a first time period,
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and 1n a valve at a second well during a second time period
that at least partially overlaps with the first time period. In
some embodiments, the multi-well controller 516 may be
configured to concurrently control extraction of landfill gas
from multiple wells while a respective local controller
510A-C controls extraction of landfill gas from a respective
gas extraction well according to a local control method.

In some embodiments, each of the controllers 510A-C
may 1nclude a valve whose position controls a flow rate of
landfill gas being extracted from a respective well. The
multi-well controller 516 may control the positions of the
valves of the controllers 510A-C to control, globally, flow
rates of landfill gas being extracted from the wells S08A-C.
In some embodiments, the multi-well controller 516 may be
configured to control the positions of the valves of the
controllers 5310A-C by transmitting a control variable to
cach of the controllers 510A-C. Each of the controllers
510A-C uses the control variable to determine an adjustment
to make to the degree that the valve being controlled by the
controller 1s open. In some embodiments, the multi-well
controller 516 may transmit a valve position adjustment to
cach of the controllers 510A-C. The controllers 310A-C may
be configured to apply the received adjustment to the
respective valves. In other embodiments, the local control-
lers 510A-C may be configured to determine and apply
control adjustments to the positions of the respective valves
without mput from the multi-well controller 516.

In some embodiments, the multi-well controller 516 may
comprise at least one computer. The at least one computer
may communicate with the controllers S10A-C. In some
embodiments, the multi-well controller 516 may be config-
ured to periodically transmit one or more control inputs to
the controllers S10A-C. In some embodiments, the multi-
well controller 516 may wirelessly transmit the control
iput(s) to the controllers S10A-C. In some embodiments,
the multi-well controller 516 may communicate with the
controllers S10A-C over wired connections.

FIG. 5B 1s a block diagram illustrating further aspects of
the example gas extraction system of FIG. 5A, according to
some embodiments. As shown in FIG. 5B, 1n some embodi-
ments, the environment 500" may comprise multiple emis-
sions sensors 522A, 522B. The emissions sensors 522A,
522B may be of the type described herein with respect to
emissions sensor 522 1n FIG. SA. For example, the emis-
sions sensors 522A, 5228 may be configured to measure a
concentration of a gas (e.g., a gas emitted from the landfill
as a result of the decomposing waste 504). In some embodi-
ments, the gas comprises a greenhouse gas such as methane,
carbon dioxide, hydrogen sulfide, nitrogen and/or benzene.

Each emissions sensor 522A, 522B may be disposed at a
height above the surface of the landfill 502. In some embodi-
ments, a first set of emissions sensors 522A are disposed at
a same (or substantially the same) first height above the
surface of the landfill 502. In some embodiments, the
emissions sensors 522A are disposed at different known
heights. In some embodiments, a second set of emissions
sensors 322B are disposed at respective second heights
above the landfill, the second height being greater than the
first height, as shown i FIG. SB. The respective second
heights may be the substantially the same, the same, or
different. Accordingly, emissions measurements (e.g., a
measure of a concentration of a greenhouse gas) may be
obtained at multiple locations and/or multiple heights.

In the illustrated embodiment of FIG. 5B, three gas
extraction wells S08A-C are shown. In some embodiments,
there may be an emissions sensor 322A, 522B disposed
above each respective gas extraction well S08A-C. In some
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embodiments, one or more emissions sensors 522A, 522B
may alternatively or additionally be disposed between gas
extraction wells 508A-C. For example, one or more emis-
sions sensors 522A, 3522B may be disposed at least a
mimmum distance (e.g., 1n a direction perpendicular to the
height above the surface of the landfill) away from one or
more of the gas extraction wells 508A-C. In some embodi-
ments, one or more emissions sensors may be disposed no
more than a maximum distance (e.g., 1n a direction perpen-
dicular to the height above the surface of the landfill) away
from one or more of the gas extraction wells 508A-C.

The mventors have recognized that ambient air in a region
directly above one of the one or more gas extraction wells
508A-C may contain a higher concentration of greenhouse
gasses than ambient air in the region of the landfill on
average. Accordingly, obtaining emissions measurements
from emissions sensors disposed between the gas extraction
wells S08A-C may provide more accurate emissions mea-
surements (e.g., measurements that are more characteristic
of the average concentration of a particular greenhouse gas
in the region above the surface of the landfill).

In some embodiments, the one or more emissions sensors
522A, 522B may be calibrated to ensure accurate emissions
measurements. For example, the calibration techniques
described 1n U.S. patent Ser. No. 11/067,549 entitled
“DESIGNS FOR ENHANCED RELIABILITY AND
CALIBRATION OF LANDFILL GAS MEASUREMENT
AND CONTROL DEVICES” filed on Apr. 4, 2017, and

issued on Jul. 20, 2021, which 1s incorporated by reference
herein 1n 1ts enfirety, may be used. For example, 1n some
embodiments, multiple calibration gasses (e.g., a zero and a
span) may be used. The inventors have appreciated that
ambient air may, 1in some embodiments, not be a suitable gas
for calibrating the emissions sensor given that ambient air
may be the target sample to be measured by the emissions
sensor. Accordingly, the emissions sensors may, 1 some
embodiments, be calibrated with one or more (e.g., two)
calibration gasses other than ambient air.

In some embodiments, one or more of the emissions
sensors 322A, 522B may be part of a sensor system 326A,

526B. The sensor system 526A, 5268 may comprise addi-
tional sensors for measuring characteristics of the ambient
air at the height of the emissions sensors 322A, 522B above
the surface of the landfill.

In the illustrated embodiment of FIG. 5B, the sensor
systems 326A, 5268 further comprise wind sensors 524A,
524B. The wind sensors 524A, 5248 may measure one or
more characteristics of wind 1n the region of the landfill
(e.g., wind speed, wind direction). Any suitable type of wind
sensor may be implemented (e.g., an anemometer compris-
ing an ultrasonic transducer such as an ultrasonic transducer
anemometer manufactured by Taidacent or Gill Instruments,
a sonic anemometer such as a sonic anemometer manufac-
tured by Davis Instruments).

In some embodiments, the sensor systems 526A, 5268
may comprise one or more barometric pressure sensors for
measuring a pressure ol ambient air above the surface of the
landfill. In some embodiments, the sensor systems 526A,
5268 may comprise one or more temperature sensors for
measuring a temperature ol ambient air above the surface of
the landfill. In some embodiments, the sensor systems 526 A,
5268B may comprise one or more humidity sensors for
measuring a humidity of ambient air above the surface of the
landfill. The inventors have recognized that the humidity and
temperature of ambient air above the surface of the landfill

10

15

20

25

30

35

40

45

50

55

60

65

26

may impact the percent of water vapor in the ambient air and
therefore may impact the concentration of greenhouse gases

in the ambient air.

The mventors have recognized that implementing mul-
tiple emissions sensors 1n the environment 500" enables
obtaining a measure of gas emissions concentration and/or
mass flow rate over an entire region of the landfill. In
particular, measurements from each of the sensor systems
526A, 5268 may be aggregated to obtain an estimate of
greenhouse gas emissions (€.g., a concentration and/or mass
flow rate of a greenhouse gas) above the surface of the
landfill 1n a region which may comprise multiple gas extrac-
tion wells S08A-C.

The sensor systems 526 A, 5268 may communicate with
multi-well controller 516 (e.g., to transmit instructions from
the multi-well controller 516 to sensor systems 526A, 5268
and/or to communicate measurements obtained by the sen-
sor systems 326A, 5268 to multi-well controller 516). In
some embodiments, the multi-well controller 516 1s 1n wired
communication with one or more of the sensor systems
526A, 526B. In some embodiments, the multi-well control-
ler 516 wirelessly communicates with one or more of the
sensor systems 526A, 526B (e.g., via cellular or radio
communications, over Bluetooth, etc.). In some embodi-
ments, the multi-well controller 516 may be configured to
use measurements obtained by the sensor systems 526A,
526B 1n computations (e.g., computations performed over
the cloud), as described herein.

b. Example Techniques for Landfill Gas Emissions
Monitoring and Control

As described herein, the inventors have recognized that
techniques which base control of landfill gas extraction
directly on measurements ol emissions characteristics may
provide for a more eflicient reduction greenhouse gas emis-
sions from a landfill while also maintaining the quality of
extracted landfill gas. Examples techniques for landfill gas
emissions monitoring and control are provided herein, and
may be implemented using the control system 500 shown 1n
FIG. SA, for example. In some embodiments, the emissions-
based techniques for landfill gas extraction control may be
performed autonomously without the need for manual inter-
vention.

For example, FIG. 6A 1s a flowchart of an illustrative
process for emissions-based control of landfill gas extrac-
tion, according to some embodiments. Process 600 uses a
measure of mass tlow rate, or mass per unit time, of a
greenhouse gas to control a flow rate of at least one well 1n
a landfill comprising a plurality of wells.

Process 600 begins at act 602 where a measure ol mass
flow rate of a greenhouse gas being emitted from the landfill
1s obtained. The measure of mass flow rate may be obtained
by one or more emissions sensors, for example, emissions
sensor 522 described herein. The greenhouse gas may com-
prise any greenhouse gas desired to be monitored, for
example, methane, carbon dioxide, nitrogen, hydrogen sul-
fide, any other gas present 1n the emaitted landfill gas and/or
a combination thereof.

The measure of mass flow rate may be obtained above a
surface of the landfill using the one or more emissions
sensors. In some embodiments, the measure of mass flow
rate 1s obtained for a region comprising a plurality of wells.
In some embodiments, the plurality of wells comprises a
portion of wells 1n the landfill (e.g., 20%, 50% of wells, etc.).
In other embodiments, the plurality of wells includes all of
the gas extraction wells disposed in the landfill. In some
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embodiments, the measure of mass flow rate 1s obtained for
a region comprising only a single well.

In some embodiments, one or more sensors (e.g., the
emissions sensor 522) may be configured to obtain a tlow
rate ol a greenhouse gas being emitted from the landfill and
a density of the greenhouse gas in the region above the
surface of the landfill. The measure of mass flow rate may
be obtained by multiply the flow rate of the greenhouse gas
by the density of the greenhouse gas.

At act 604, the measure of mass flow rate obtained at act
602 1s compared to a first threshold to determine whether the
measure of mass tlow rate 1s greater than the first threshold.
As described herein, the inventors have appreciated that 1t
may be desirable to limit the mass flow rate of greenhouse
gasses being emitted from a landfill. Thus, the process 600
may 1nclude determining whether a mass flow rate of a
particular greenhouse gas exceeds a threshold.

In some embodiments, where the greenhouse gas com-
prises methane, the first threshold comprises 1 kg/s, 2 kg/s,
3 kg/s, 4 kg/s, 5 kg/s, 0.00004 kg/min, 0.00005 kg/min,
0.00010 kg/min, 0.000004 kg/min, 0.000005 kg/min,
0.00001 kg/min, 0.0 kg/min per meter squared of landfill
surface area, or any other suitable threshold. In some
embodiments, where the greenhouse gas comprises carbon
dioxide, the first threshold comprises 1 kg/s, 2 kg/s, 3 kg/s,
4 kg/s, 5 kg/s, 0.00004 kg/min, 0.00005 kg/min, 0.00010
kg/min, 0.000004 kg/min, 0.000005 kg/min, 0.00001
kg/min, 0.0 kg/min per meter squared of landfill surface
area, or any other suitable threshold or any other suitable
threshold In some embodiments, where the greenhouse gas
comprises nitrogen, the first threshold comprises 1 kg/s, 2
keg/s, 3 kg/s, 4 kg/s, 5 kg/s, 0.00004 kg/min, 0.00005 kg/min,
0.00010 kg/min, 0.000004 kg/min, 0.000005 kg/min,
0.00001 kg/min, 0.0 kg/min per meter squared of landfill
surface area, or any other suitable threshold. In some
embodiments, where the greenhouse gas comprises hydro-
gen sulfide, the first threshold comprises 1 kg/s, 2 kg/s, 3
kg/s, 4 kg/s, 5 kg/s, 0.00004 kg/min, 0.00005 kg/min,
0.00010 kg/min, 0.000004 kg/min, 0.000005 kg/min,
0.00001 kg/min, 0.0 kg/min per meter squared of landfill
surface area, or any other suitable threshold. In some
embodiments, where the greenhouse gas comprises a com-
bination of constituent gases present in landfill gas (e.g.,

methane, carbon dioxide, nitrogen, benzene and/or hydrogen
sulfide), the first threshold comprises 1 kg/s, 2 kg/s, 3 kg/s,

4 kg/s, 5 kg/s, 0.00004 kg/min, 0.00005 kg/min, 0.00010
kg/min, 0.000004 kg/min, 0.000005 kg/min, 0.00001
kg/min, 0.0 kg/min per meter squared of landfill surface
area, or any other suitable threshold.

If, at act 604, 1t 1s determined that the measure of mass
flow rate of the greenhouse gas obtained at act 602 1s not
greater than (e.g., less than, less than or equal to) the first
threshold, no changes may be made to the flow rate of
landfill gas being extracted trom the plurality of wells (e.g.,
a position of a valve of the at least one well may be
maintained). The process 600 may return through the no
branch to act 602 where another measure of mass tlow rate
1s obtained. Alternatively, the process 600 may end.

If, at act 604, 1t 1s determined that the measure of mass
flow rate of the greenhouse gas obtained at act 602 1s greater
than the first threshold, the process 600 may proceed through
the yes branch to act 606. At act 606, a tlow rate of landfill
gas being extracted from at least one well of the plurality of
wells may be increased. When a flow rate of landfill gas
extracted from the landfill via a well 1s too low, decompo-
sition processes 1n the landfill generate landfill gas at a rate
higher than the rate of landfill gas extraction allowing excess
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landfill gas accumulates at the bottom of the landfill. The
accumulated landfill gas rises to the surface of the landfill
and emits into the atmosphere. Increasing the flow rate of
landfill gas being extracted from the at least one gas extrac-
tion well equilibrates the rate of landfill gas extraction and
the rate of landfill gas production to prevent excess landfill
gas from accumulating and penetrating the surface of the
landfill.

In some embodiments, increasing a flow rate of landfill
gas being extracted from the at least one well comprises
increasing a degree to which a valve of the at least one well
1s open. As described herein, a vacuum may be applied to
one or more of a plurality of gas extraction wells to generate
a negative pressure 1n well piping. The negative pressure
pulls landfill gas from the landfill into the well piping and
through the well to a collection point. A valve may be
disposed 1n the well piping to control the pressure applied to
a portion of the well piping through which landfill gas can
enter (referred to as a portion of the well piping upstream of
the valve). A portion of well piping between the vacuum
source and the valve may be referred to as the portion of well
piping downstream of the valve. Increasing a degree to
which the valve 1s open increases pressure upstream of the
valve while lowering pressure downstream of the valve. The
increased pressure upstream of the valve pulls more landfill
gas mto the well piping thereby increasing a flow rate of
landfill gas being extracted by the at least one well. In some
embodiments, the flow rate of landfill gas extraction may
additionally or alternatively be adjusted by increasing or
decreasing a vacuum applied by the control system.

As described herein, at act 606, the flow rate of landfill
gas being extracted from at least one well may be adjusted.
In some embodiments, act 606 comprises adjusting the tlow
rate ol a single well. In some embodiments, act 606 com-
prises adjusting the flow rate of multiple wells (e.g., a
portion of or all of the wells 1n the region from which the
emissions measurement was obtained, a portion or all of the
wells 1n the landfill). Techmiques for selecting which wells to
adjust 1n response to determining that the measure of mass
flow rate obtained at act 604 1s greater than the first threshold
are Turther described herein.

In some embodiments, an error check may be performed
before increasing the flow rate of the at least one well at act
606. For example, before increasing the flow rate of the at
least one well, 1t may be determined that 1t 1s safe to do so,
for example, by checking a concentration of the landfill gas
being extracted from the at least one well 1n comparison to
a target and/or one or more thresholds, checking a pressure
of the well piping downstream and/or upstream of the valve
in comparison to a target and/or one or more thresholds,
checking a liquid level 1n the at least one well 1n comparison
to a target and/or one or more thresholds, etc. Further aspects
of techniques for performing an error check before increas-
ing the flow rate of the at least one well are described herein.

Subsequent to act 606, the process may return to act 602
where another measure of mass flow rate of the greenhouse
gas 1s obtained. Alternatively, the process 600 may end. The
process 600 may be 1nitiated and repeated 1in response to a
user command, 1n some embodiments. In some embodi-
ments, the process may be initiated and repeated autono-
mously. For example, the process 600 may be performed at
least once per month, at least one per week, at least once per
day, at least once per hour, efc.

FIGS. 6B-6C illustrate flowcharts of illustrative processes
for emissions-based control of landfill gas extraction,
according to some embodiments. In particular, FIGS. 6B-6C
illustrate example processes for controlling landfill gas
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extraction based on multiple emissions measurements
obtained by a plurality of emissions sensors disposed 1n the
region of the landfill. The processes 610 and 630 shown in
FIGS. 6B-6C may be performed using the sensor systems
524 A, 5248 shown 1n FIG. 5B, for example.

FIG. 6B 1s a flowchart of an illustrative process for
emissions-based control of landfill gas extraction using a
measure of mass flow rate across a landfill, according to
some embodiments. Process 610 may begin at act 612,
where a measure of methane concentration 1s obtained from
a first sensor at a height above a surface of the landfill. For
example, a first emissions sensor may be disposed above a
surface of a region of the landfill. The first emissions sensor
may be configured to obtain a concentration of methane
from a sample of ambient air 1n the region of the landfill.

Although the example processes 610 and 630 are
described heremn with respect to methane, 1t should be
understood that the processes 610 and 630 could be per-
formed for other greenhouse gasses such as carbon dioxide,
hydrogen sulfide, nitrogen and/or benzene.

At act 614, a measure of wind speed and/or wind direction
may be obtained. For example, the measure of wind speed
and/or direction may be obtained using one of wind sensors
524 A, 5248 described herein with respect to FIG. 3B. In
some embodiments, only a measure of wind speed or wind
direction 1s obtained at act 614. In other embodiments, a
measure ol both wind speed and direction 1s obtained.

At act 616, it may be determined whether to obtain
additional measurements of methane concentration and
wind speed and/or direction. For example, as described
herein, a landfill may have multiple sensor systems (e.g.,
comprising an emissions sensor and a wind sensor) disposed
at diflerent locations in the region of the landfill. Each of the
sensor systems may be disposed at a same height so that
measurements obtamned by each sensor system may be
compared with each other. Acts 612-614 may be performed
for a first sensor system of a plurality of sensor systems
disposed 1n a region of a landfill and thereafter repeated for
one or more of the remaining sensor systems disposed 1n the
region of the landfill. Accordingly, 1f there are additional
measurements to be obtamned from the not yet sampled
sensor systems, the process 610 may return through the yes
branch to act 612. Otherwise, the process may proceed
through the no branch to act 618,

At act 618, a measure of mass flow rate of methane may
be determined based on the measures of methane concen-
tration and wind speed and/or direction obtained at acts
612-614. In instances where multiple measures of methane
concentration and wind speed and/or direction were
obtained at acts 612-614, the measure of mass tlow rate may
be considered to represent an aggregate mass tlow rate from
a region of the landfill comprising the sensor systems from
which measurements were obtained.

For example for a fixed height (above the surface of the
landfill) and known area (of the region of the landfill being
measured, a measure ol aggregate mass tlow rate of a
greenhouse gas for the region of the landfill may be deter-
mined based on measurements of gas concentration and
wind speed and/or direction obtained at the fixed height. In
particular, a measure of greenhouse gas concentration at a
fixed distance above the surface may be multiplied by a wind
speed taken at the fixed distance to obtain a measure of the
flow rate of the greenhouse gas at the point the measure-
ments were obtained. Factoring 1n the wind direction allows
for determining the amount and direction of the greenhouse
gas flow rate. With multiple measurements of gas concen-
tration and wind speed and/or direction taken at different
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locations 1n the landfill, an average flow rate of the green-
house gas for the landfill may be obtained by summing the
flow rate vectors (where wind direction 1s considered) and
dividing the total by the number of measurements pairs
(concentration and wind characteristic) obtained. The aggre-
gate mass flow rate may be obtained by factoring 1n the area
over which the measurements were obtained (e.g., by divid-
ing the measure of aggregate flow rate by the total area
considered).

In some embodiments, one or more additional character-
istics may be taken into account when determining the
measure ol mass tlow rate at act 618. For example, 1n some
embodiments, one or more measures of ambient air pressure,
ambient air humidity, and/or ambient air temperature may be
obtained and used to further refine the determination of the
measure of mass flow rate at act 618.

At act 620, 1t 1s determined whether the measure of mass
flow rate 1s greater than a first threshold. For example, act
620 may be performed in the same manner as act 604
described herein with respect to process 600. IT it 1s deter-
mined, at act 620, that the measure of mass flow rate 1s not
greater than the first threshold, the process 610 may proceed
through the no branch to act 612, where additional mea-
surements of methane concentration are obtained. If 1t 1s
determined, at act 620, that the measure of mass flow rate 1s
greater than the first threshold, the process 610 may proceed
through the yes branch to act 622.

At act 622, a flow rate of landfill gas being extracted from
at least one gas extraction well of a plurality of gas extrac-
tion wells 1n the region of the landfill may be increased. For
example, act 620 may be performed in the same manner as
act 606 described herein with respect to process 600.

FIG. 6C 1s a flowchart of another illustrative process for
emissions-based control of landfill gas extraction using a
measure of mass flow rate across a landfill, according to
some embodiments. Process 630 may begin at act 632,
where a measure of methane concentration 1n ambient air 1s
obtained from a first sensor at a first height above a surface
of the landfill. For example, a first emissions sensor may be
disposed above a surface of a region of the landfill. The first
emissions sensor may be configured to obtain a concentra-
tion of methane from a sample of ambient air in the region
of the landfill.

At act 634, a measure of methane concentration 1n ambi-
ent air 1s obtained from a second sensor at a second height
above a surface of the landfill. The second height may be
greater than the first height. Accordingly, acts 632-634
provide methane concentration measurements at two difler-
ent heights above the surface of the landfill. The inventors
have recognized that in cases where no wind 1s present, a
measure of wind speed and/or direction may not be helptul
in determining a measure ol mass tlow rate of a greenhouse
gas present i ambient air above a surface of the landfill.
Instead of measuring a characteristic of wind which may not
be present, the dissipation of the greenhouse gas may be
determined by measuring the concentration of the green-
house gas at two different heights above the surface of the
landfill.

At act 636, 1t may be determined whether to obtain
additional measurements of methane concentration from the
first and second sensors. For example, as described herein,
a landfill may have multiple sensor systems (e.g., multiple
sets of sensor systems having emissions sensors at first and
second heights) disposed at different locations 1n the region
of the landfill. Acts 632-634 may be performed for a {irst set
ol sensor systems of a plurality of sets of sensor systems
disposed 1n a region of a landfill and thereafter repeated for
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one or more of the remaining sets of sensor systems disposed
in the region of the landfill. Accordingly, 1 there are
additional measurements to be obtained from the not yet
sampled sensor systems, the process 630 may return through
the yes branch to act 632. Otherwise, the process may
proceed through the no branch to act 638,

At act 638, a measure of mass flow rate of methane may
be determined based on the measures of methane concen-
tration obtained at acts 632-634 from the first and second
sensors. In instances where multiple sets of measures of
methane concentration were obtained at acts 632-634, the
measure of mass tlow rate may be considered to represent an
aggregate mass flow rate from a region of the landfill
comprising the sensor systems from which measurements
were obtained.

The measure of mass flow rate of the greenhouse gas may
be determined as described herein with respect to act 618 in
process 610, except wind speed and/or direction may not be
taken into account. Instead, dissipation of the greenhouse
gas 1n the atmosphere may be approximated by obtaining the
measurements of greenhouse gas concentration at two dif-
terent heights above a point on the landfill surface and
considering the difference between the two measurements.
The approximated dissipation may than be used 1n place of
wind speed in determining a mass flow rate of the green-
house gas.

In some embodiments, one or more additional character-
1stics may be taken into account when determining the
measure of mass flow rate at act 638. For example, in some
embodiments, one or more measures ol ambient air pressure,
ambient air humidity, and/or ambient air temperature may be
obtained and used to further refine the determination of the
measure of mass flow rate at act 638.

At act 640, 1t 1s determined whether the measure of mass
flow rate 1s greater than a first threshold. For example, act
640 may be performed in the same manner as act 604
described herein with respect to process 600. IT it 1s deter-
mined, at act 640, that the measure of mass flow rate 1s not
greater than the first threshold, the process 630 may proceed
through the no branch to act 632, where additional mea-
surements of methane concentration are obtained. If 1t 1s
determined, at act 640, that the measure of mass flow rate 1s
greater than the first threshold, the process 630 may proceed
through the yes branch to act 642.

At act 642, a flow rate of landfill gas being extracted from
at least one gas extraction well of a plurality of gas extrac-
tion wells 1n the region of the landfill may be increased. For
example, act 642 may be performed 1n the same manner as
act 606 described herein with respect to process 600.

Although processes 610 and 630 are based herein on mass
flow rates, 1n some embodiments, the processes 610 and 630
may be performed based on emissions gas concentrations
alone (e.g., an aggregate concentration of methane, carbon
dioxide, hydrogen sulfide, nitrogen, and/or benzene). Fur-
ther aspects of a process for controlling landfill gas extrac-
tion based on emissions gas concentration measurements are
described herein, for example, with respect to process 700
shown 1n FIG. 7.

FIG. 7 1s a flowchart of another 1llustrative process for
emissions-based control of landfill gas extraction, according
to some embodiments. Process 700 uses a concentration of
a greenhouse gas measured a fixed distance about a surface
of the landfill to control a flow rate of at least one well 1n the
landfill.

Process 700 begins at act 702 where a measure of a
concentration of a greenhouse gas being emitted from the
landfill measured a fixed distance above the surface of the
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landfill 1s obtained. The measure of greenhouse gas concen-
tration may be obtained by one or more emissions sensors,
for example, emissions sensor 522 described herein. The
greenhouse gas may comprise any greenhouse gas desired to
be monitored, for example, methane, carbon dioxide, nitro-
gen, hydrogen sulfide, any other gas present in the emaitted
landfill gas and/or a combination thereof.

As described herein, the measure of greenhouse gas
concentration may be obtained at a fixed distance above a
surface of the landfill using the one or more emissions
sensors. In some embodiments, the measure of greenhouse
gas concentration 1s obtained for a region comprising a
plurality of wells. In some embodiments, the plurality of
wells comprises a portion of wells 1n the landfill (e.g., 20%,
50% of wells, etc.). In other embodiments, the plurality of
wells includes all of the gas extraction wells disposed 1n the
landfill. In some embodiments, the measure of greenhouse
gas concentration 1s obtained for a region comprising only a
single well.

At act 704, the measure of greenhouse gas concentration
obtained at act 702 1s compared to a first threshold to
determine whether the measure of greenhouse gas concen-
tration 1s greater than the first threshold. As described herein,
the mventors have appreciated that 1t may be desirable to
limit the concentration of greenhouse gasses present in the
atmosphere at a fixed distance above the surface of the
landfill. Thus, the process 700 may include determining
whether a concentration of a particular greenhouse gas
exceeds a threshold at a particular distance above the landfill
surtace.

In some embodiments, where the greenhouse gas com-
prises methane, the first threshold comprises O ppm meth-
ane, 10 ppm methane, 100 ppm methane, 200 ppm methane,
300 ppm methane, 400 ppm methane, 500 ppm methane,
900 ppm, 1000 ppm methane or any other suitable threshold.
In some embodiments, where the greenhouse gas comprises
carbon dioxide, the first threshold comprises O ppm carbon
dioxide, 10 ppm carbon dioxide, 100 ppm carbon dioxide,
200 ppm carbon dioxide, 300 ppm carbon dioxide, 400 ppm
carbon dioxide, S00 ppm, 1000 ppm carbon dioxide or any
other suitable threshold In some embodiments, where the
greenhouse gas comprises nitrogen, the first threshold com-
prises O ppm nitrogen, 10 ppm nitrogen, 100 ppm nitrogen,
200 ppm mitrogen, 300 ppm nitrogen, 400 ppm nitrogen, S00
ppm nitrogen or any other suitable threshold. In some
embodiments, where the greenhouse gas comprises hydro-
gen sulfide, the first threshold comprises O ppm hydrogen
sulfide, 10 ppm hydrogen sulfide, 100 ppm hydrogen sulfide,
200 ppm hydrogen sulfide, 300 ppm hydrogen sulfide, 400
ppm hydrogen sulfide, 500 ppm hydrogen sulfide or any
other suitable threshold. In some embodiments, where the
greenhouse gas comprises a combination of constituent
gases present 1n landfill gas (e.g., methane, carbon dioxide,
nitrogen, and/or hydrogen sulfide), the first threshold com-
prises O ppm combined gas, 10 ppm combined gas, 100 ppm
combined gas, 200 ppm combined gas, 300 ppm combined
gas, 400 ppm combined gas, 500 ppm combined gas or any
other suitable threshold. In some embodiments, the first
threshold comprises a range, for example, between 0 and
500 ppm, between 0 and 1000 ppm, between 10 and 100
ppm, €lc.

If, at act 704, it 1s determined that the measure of
greenhouse gas concentration obtained at act 702 i1s not
greater than (e.g., less than, less than or equal to) the first
threshold, no changes may be made to the flow rate of
landfill gas being extracted from the plurality of wells (e.g.,
a position of a valve of the at least one well may be
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maintained). The process 700 may return through the no
branch to act 702 where another measure of greenhouse gas
concentration 1s obtained. Alternatively, the process 700
may end.

If, at act 704, 1t 1s determined that the measure of
greenhouse gas concentration obtained at act 702 1s greater
than the first threshold, the process 700 may proceed through
the yes branch to act 706. At act 706, a flow rate of landfill
gas being extracted from at least one well of the plurality of
wells may be increased. As described herein, increasing the
flow rate of landfill gas being extracted from the at least one
gas extraction well equilibrates the rate of landfill gas
extraction and the rate of landfill gas production to prevent
excess landfill gas from accumulating and penetrating the

surface of the landfill.

In some embodiments, increasing a tlow rate of landfill
gas beimng extracted from the at least one well comprises
increasing a degree to which a valve of the at least one well
1s open. In some embodiments, the tlow rate of landfill gas
extraction may additionally or alternatively be adjusted by
increasing or decreasing a vacuum applied by the control
system. As described herein, 1n some embodiments, an error
check may be performed prior to increasing the tlow rate of
landfill gas extraction from the at least one well to ensure
that increasing the flow rate will not have a negative impact
on the landfill gas quality and/or the gas extraction system.

In some embodiments, act 706 comprises adjusting the
flow rate of a single well. In some embodiments, act 706
comprises adjusting the tlow rate of multiple wells (e.g., a
portion of or all of the wells 1n the region from which the
emissions measurement was obtained, a portion or all of the
wells 1n the landfill). Techniques for selecting which wells to
adjust 1n response to determining that the measure of green-
house gas concentration obtained at act 704 1s greater than
the first threshold are further described herein.

Subsequent to act 706, the process may return to act 702
where another measure of greenhouse gas concentration 1s
obtained. Alternatively, the process 700 may end. The pro-
cess 700 may be mitiated and repeated 1n response to a user
command, 1n some embodiments. In some embodiments, the
process may be initiated and repeated autonomously. For
example, the process 700 may be performed at least once per
month, at least one per week, at least once per day, at least
once per hour, efc.

c. Well Selection

As described herein, the emissions-based control methods
include increasing a tlow rate of landfill gas being extracted
form at least one well of a plurality of wells 1n response to
determining that an emissions characteristic exceeds a
threshold. Techniques for determining which wells of the
plurality of wells to adjust are further described herein.

In some embodiments, increasing the flow rate of at least
one well comprises increasing the flow rate of all wells 1n the
region from which the emissions characteristic measurement
1s obtained. In some embodiments, flow rates of gas extrac-
tion wells 1 a buller region may also be increased. The
bufler region may be external to the region from which the
emissions characteristic 1s obtained. In some embodiments,
the buller region comprises an area surrounding the region
from which the emissions characteristic measurement 1s
obtained. The size of the bufler region may be described as
a percentage of the area of the region from which the
emissions characteristic measurement 1s obtained. For
example, 1n some embodiments, the bufler region has a size
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that 1s 10%, 20%, 25%, 30%, 40%, 50%, etc., the size of the
region from which the emissions characteristic measurement
1s obtained.

In some embodiments, the at least one well 1s selected
based on one or more characteristics of the landfill gas
extraction well and/or the landfill gas being extracted via the
gas extraction well. For example, 1n some embodiments,
selecting which wells of the plurality of wells to adjust 1s
based on a composition of the landfill gas being extracted
from the plurality of wells.

FIGS. 8A-8B are flowcharts of example processes for
selecting one or more wells to adjust during emissions-based
control of landfill gas extraction, according to some embodi-
ments. In particular, FIG. 8A 1llustrates a process 800 for
selecting one or more wells to increase landfill gas extrac-
tion flow rates of which 1s based on whether a concentration
of a constituent gas 1n the landfill gas being extracted from
the plurality of wells 1s above or below a threshold.

Process 800 begins at act 802, where 1t 1s determined that
a flow rate of at least one well of a plurality of wells 1s to be
increased, for example, at act 606 and/or act 706 of pro-
cesses 600 and 700. At act 804, a subset of wells to increase
gas extraction flow rates of 1s selected. Act 804 of process
800 illustrates an example implementation for determining
which wells to include in the subset of wells.

At act 804, wells which have a concentration of a con-
stituent gas that 1s above an upper threshold (e.g., for
methane, carbon dioxide, etc.) or below a lower threshold
(e.g., for oxygen, balance gas, etc.) are selected. In particu-
lar, at act 805A, a concentration of a constituent gas 1n
landfill gas being extracted from a first well of the plurality
of wells 1s obtamned. The constituent gas may be, for
example, oxygen, balance gas, methane carbon dioxide, or
any constituent gas in the landfill gas being extracted from
the landfill.

At act 803B, the constituent gas concentration 15 com-
pared to a threshold. In the illustrated embodiment, at act
8038, the constituent gas concentration 1s compared to an
upper threshold to determine whether the constituent gas
concentration 1s less than the upper threshold. Such a
comparison may be performed where the constituent gas
comprises oxygen and/or balance gas, for example. The
inventors have appreciated that it 1s undesirable to increase
flow rates of gas extraction wells extracting landfill gas with
high oxygen or balance gas concentrations, as increasing the
flow rate for such wells may cause more oxygen to be pulled
into the landfill from above the surface of the landfill. Doing
so may deteriorate the quality of the extracted landfill gas by
reducing the concentration of methane in the extracted
landfill gas (due to oxygen’s ability to impair or destroy
conditions necessary for the production of methane) and
may potentially result 1n underground fires. Thus, only wells
extracting landfill gas having oxygen and/or balance gas
concentrations below an upper threshold may be selected for
adjustment.

Although not shown 1n the illustrated embodiment, act
805B may additionally or alternatively comprise comparing
the concentration of the constituent gas obtained at act 805A
to an upper threshold, to determine whether the concentra-
tion of the constituent gas 1s greater than the upper threshold.
For example, it may be desirable to increase the flow rate of
wells extracting landfill gas having methane and/or carbon
dioxide concentrations which are among the highest for the
plurality of wells as the wells having the highest methane
and/or carbon dioxide content are most likely to produce
leaks of greenhouse gas into the atmosphere. Thus, at act
80358, it may be determined whether the concentration of
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methane and/or carbon dioxide of the landfill gas being
extracted from the first well 1s above an upper threshold.

If, at act 8058, the concentration of the constituent gas
obtained at act 805 A 1s not below the lower threshold and/or
above the upper threshold, the process may return through
the no branch to act 805A where a concentration of the
constituent gas for a second well 1s obtained. Alternatively,
the process 800 may end. If, at act 805B, the concentration
of the constituent gas obtained at act 805A 1s below the
lower threshold and/or above the upper threshold, the pro-
cess may proceed through the yes branch to act 805C where
the first well 1s added to the subset of wells. Act 804 may be
repeated until all wells of the plurality of wells are consid-
ered.

Once the subset of wells 1s determined at act 804, flow
rates of landfill gas being extracted from the subset of wells
may be increased at act 806. Process 800 shown 1n FIG. 8
1s therefore a threshold-based approach. Accordingly, 1n
some embodiments, all wells of the plurality of wells may be
added to the subset of wells for which flow rate 1s increased.
In some embodiments, only a portion of the plurality of
wells are added to the subset of wells for which tlow rate 1s
increased. In some embodiments, no wells are added to the
subset of wells for which flow rate 1s increased. In such
embodiments, an alert may be transmitted to an operator to
indicate that it 1s not possible to autonomously increase a
flow rate of at least one well, and further input 1s required.

FIG. 8B illustrates another example process 810 ifor
selecting one or more wells to increase landfill gas extrac-
tion flow rates of. The approach shown in process 810
selects a portion of wells of the plurality having the “best”
or “worst” concentrations of a constituent gas to adjust a
flow rate of.

Process 810 begins at act 812 where 1t 1s determined that
a flow rate of at least one well of a plurality of wells 1s to be
increased, for example, at act 606 and/or act 706 of pro-
cesses 600 and 700. At act 814, a subset of wells to increase
gas extraction flow rates of 1s selected. Act 814 of process
810 illustrates another example 1mplementation for deter-
mimng which wells to include 1n the subset of wells.

At act 814, a percentage of wells which have a concen-
tration of a constituent gas that 1s 1n the bottom percentile
(e.g., Tor methane, carbon dioxide, etc.) or the top percentile
(e.g., for oxygen, balance gas, etc.) of the plurality of wells
are selected. In particular, at act 815A, a concentration of a
constituent gas in landfill gas being extracted from a first
well of the plurality of wells 1s obtained. The constituent gas
may be, for example, oxygen, balance gas, methane carbon
dioxide, or any constituent gas 1n the landfill gas being
extracted from the landfill.

At act 815B, 1t 1s determined whether the concentration of
the constituent gas for the first well 1s 1n the bottom or top
percentile of wells. In the illustrated embodiment, at act
815B, the constituent gas concentration 1s analyzed to deter-
mine whether the constituent gas concentration 1s in a
bottom percentile among the plurality of wells (e.g., the
bottom 50% of concentrations among the plurality of wells,
the bottom 20% of concentrations among the plurality of
wells). Such a comparison to the bottom percentile of
concentrations may be performed where the constituent gas
comprises oxygen and/or balance gas, for example. As
described herein, the mventors have appreciated that it 1s
undesirable to increase tlow rates of gas extraction wells
extracting landfill gas with high oxygen or balance gas
concentrations, thus, only wells extracting landfill gas hav-
ing oxygen and/or balance gas concentrations 1 a bottom
percentile of concentrations may be selected for adjustment.
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Although not shown 1in the illustrated embodiment, act
815B may additionally or alternatively comprise analyzing

the concentration of the constituent gas obtained at act 815 A
to determine whether the concentration of the constituent
gas 1s among an upper percentile ol concentrations (e.g., the
top 50% of concentrations among the plurality of wells,
among the top 20% of concentrations among the plurality of
wells). As described herein, 1t may be desirable to increase
the flow rate of wells extracting landfill gas having methane
and/or carbon dioxide concentrations which are among the
highest for the plurality of wells.

If, at act 8158, the concentration of the constituent gas
obtained at act 815A 1s not among the bottom or top
percentiles of wells, the process may return through the no
branch to act 815 A where a concentration of the constituent
gas for a second well 1s obtained. Alternatively, the process
810 may end. If, at act 815B, the concentration of the
constituent gas obtained at act 805A 1s among the bottom or
top percentiles of wells, the process may proceed through
the yes branch to act 815C where the first well 1s added to
the subset of wells. Act 814 may be repeated until all wells
of the plurality of wells are considered.

Once the subset of wells 1s determined at act 814, flow
rates of landfill gas being extracted from the subset of wells
may be increased at act 816. Process 810 shown in FIG. 8
1s therefore a percentile-based approach. Accordingly, a flow
rate of at least one well of the plurality of wells 1s adjusted
according to process 810 while a flow rate of at least one
other well of the plurality of wells 1s unchanged.

Although the processes illustrated in FIGS. 8A-8B are
described with respect to constituent gas concentrations, it
should be appreciated that other characteristics of a gas
extraction well and/or extracted landfill gas may be used to
select which wells of the plurality of wells to adjust. For
example, in some embodiments, landfill gas extraction wells
having the lowest upstream pressure are selected (e.g.,
having an upstream pressure less than a threshold and/or
among the bottom percentile of measured upstream pres-
sures for the plurality of wells). In some embodiments,
landfill gas extraction wells having the lowest flow rate are
selected (e.g., having a tlow rate less than a threshold and/or
among the bottom percentile of flow rates for the plurality of
wells). In some embodiments, landfill gas extraction wells
having the lowest valve position (e.g., opened to the least
degree) are selected (e.g., having a valve position less than
a threshold and/or among the bottom percentile of valve
positions for the plurality of wells).

d. Flow Rate Adjustment Selection

As described herein, the emissions-based control methods
include increasing a tlow rate of landfill gas being extracted
form at least one well of a plurality of wells 1n response to
determining that an emissions characteristic exceeds a
threshold. In some embodiments, the adjustment made to the
flow rate of the at least one well 1s a default adjustment
which 1s independent of the well to which the adjustment 1s
applied and/or the emissions characteristic measurement. In
some embodiments, adjustments applied to the tlow rate of
the plurality of wells may be configurable by a user via a
user 1nterface, as described herein.

In some embodiments, the adjustment made to the flow
rate of the at least one well 1s dependent on characteristics
of the at one well, characteristics of landfill gas being
extracted from the at least one well, and/or the emissions
characteristic measurement. For example, increasing the
flow rate of landfill gas being extracted from the at least one
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well may comprise (1) determining a scaling factor by which
to proportionally adjust a degree to which a valve of the first

well 1s opened or closed; and (2) adjusting the flow rate of
the landfill gas being extracted from the first well according,
to the scaling factor.

In some embodiments, the adjustment applied to the at
least one well varies depending on the well to which the
adjustment 1s applied. For example, different wells may
react differently to various changes. The flow rate adjust-
ment may be tuned based on unique characteristics of the
well. For example, a constituent gas concentration (such as
methane concentration, for example) in landfill gas being
extracted from a first well may be more sensitive to changes
in tlow rate than landfill gas being extracted from a second
well. In particular, the constituent gas concentration may
increase or decrease by a larger amount in response to a
change in flow rate as compared to a constituent gas con-
centration of landfill gas at other wells. In some embodi-
ments, the sensitivity of the landfill gas composition to a
change in tlow rate for a particular well may be based, at
least 1n part, on the ground cover 1n a region of the well (e.g.,
a depth of the ground cover, a density of the ground cover).

In some embodiments, characteristics such as the current
valve position and/or applied upstream and/or downstream
pressure 1n the well piping vary from well to well. A scaling
tactor applied to the flow rate adjustment made to a well may
be based at least 1n part on such characteristics. For example,
where a well characteristic 1s closer to a target value a small
adjustment to the flow rate may be made while when a well
characteristic 1s further from a target value, a larger adjust-
ment to the flow rate may be made.

In some embodiments, the adjustment applied to the at
least one well varies depending on the emissions character-
1stic measurement. In some embodiments, a scaling factor
applied to the flow rate adjustment made to a well may be
based at least 1n part on a difference between the emissions
characteristic measurement (e.g., mass tlow rate of a green-
house gas, concentration of a greenhouse gas measured a
fixed distance above the surface of the landfill) and a target
value.

In some embodiments, the adjustment applied to the at
least one well varies depending on characteristics of the
landfill gas being extracted from the at least one well. For
example, a scaling factor applied to the flow rate adjustment
may be based at least in part on a diflerence between a
landfill gas characteristic (e.g., a constituent gas concentra-
tion) and a target value.

¢. User Interface and Reporting

The control system for performing emissions-based land-
f1ll gas extraction may be configured to report and/or store
information regarding aspects of the landfill gas extraction
techniques. For example, 1n some embodiments, the emis-
sions-based techniques described herein further comprise
storing 1information (e.g., emissions characteristic measure-
ments, landfill gas characteristic measurements, valve
adjustments performed) 1n a local and/or remote storage of
a remote system. In some embodiments, the remote system
turther comprises a processor for processing the information
stored 1n the remote storage. For example, in some embodi-
ments, some or all aspects of the emissions-based techniques
described herein are performed by a processor of the remote
system.

In some embodiments, the emissions-based techniques
turther comprise reporting information to one or more users.
For example, information (e.g., emissions characteristic
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measurements, landfill gas characteristic measurements,
valve adjustments performed) may be reported to one or
more users. In some embodiments, an alert (such as a text
message, phone call, email, push notification, alarm and/or
other alert) may be transmitted to one or more users. In some
embodiments, the alert may be generated when a landfill gas
leak or other problematic condition 1s present at the landfill.
In some embodiments, an additional alert may be transmiut-
ted when an emissions characteristic measurement remains
above a threshold after corrective action to address the
exceedance 1s taken.

In some embodiments, the control system for performing
emissions-based landfill gas extraction techmiques further
comprises a user interface. The user interface may be
configured to display information related to the emissions-
based landfill gas extraction techniques (e.g., emissions
characteristic measurements, landfill gas characteristic mea-
surements, valve adjustments performed). In some embodi-
ments, the user interface 1s configured to receive an input
from a user. For example, the user interface may allow a user
to customize one or more aspects of the landfill gas extrac-
tion techniques (e.g., setting thresholds, setting alarms,
setting valve adjustment values, selecting an emissions-
based technique to perform, selecting a region to apply an
emissions-based technique, selecting a sampling {frequency,
etc.). In some embodiments, the user interface displays a
digital map of the landfill displaying the plurality of wells.
The digital map may provide a visual indication of condi-
tions associated with the plurality of wells, including
whether a leak has occurred.

IV. Vaniable System Vacuum

As described herein, increasing a flow rate of at least one
well of the plurality of wells according to the emissions-
based landfill gas extraction techniques described herein
may comprise icreasing a degree to which a valve of the at
least one well 1s open and/or 1increasing a vacuum applied to

the plurality of wells by a system vacuum. In some embodi-
ments, determining how to increase the flow rate of the
landfill gas being extracted from the plurality of wells 1s
based on a percentage of the landfill surface for which the
emissions characteristic exceeds a threshold. For example,
when the emissions characteristic exceeds a threshold across
an area equal to 33% or more, 50% or more, etc., of the
landfill surface area, the flow rate of the at least one well
may be increased by increasing the vacuum applied to the
plurality of wells. If, instead, the emissions characteristic
exceeds a threshold across an area that 1s equal to less than
50% of the landfill surface area, the flow rate of the at least
one well may be increased by adjusting a degree to which a
valve of the at least one well 1s open.

In some embodiments, adjusting the flow rate by increas-
ing the vacuum applied to the plurality of wells may be
performed only once 1n a particular time period. The mven-
tors have recognized that adjustments to the applied vacuum
may result 1n changes in landfill gas composition and/or
landfill gas emissions that vary by each gas extraction well
based on a distance between the system vacuum 520 and the
individual well. In addition, adjustment to the applied
vacuum may take eflect over a period of time and may not
occur instantaneously. In some embodiments, the control
system 500 may wait at least 8 hours before making an
additional adjustment to the applied vacuum.

V. Liquid Level Control

According to some aspects of the technology described
herein, techniques for controlling a level of liquid present in
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a landfill gas extraction well are provided. The liquid level
control techniques described herein may be performed 1n
combination with the techniques for emission based landfill
gas extraction control, in some embodiments.

The inventors have appreciated that high liquid levels 1n
gas extraction wells may lead to dangerous conditions
and/or equipment damage 11 the liqud levels are not con-
trolled. For example, with reference to FIG. 9A, liquids may
accumulate 1n a gas extraction well 904 disposed 1n a landfill

902 due to rain, organic decomposition, and other sources.
High liquid levels cause liquid 910 and landfill gas to
compete for space within the gas extraction well 904. The
high liqumd levels may also block openings formed in
perforated portions 906 of the gas extraction well 904,
thereby preventing landfill gas from entering the gas extrac-
tion well 904. As such, excess liquid levels may reduce gas
collection rates and may also increase gas pressure within
the gas extraction well 904 causing leachate steeps, blow-
outs, and/or silt formation 1n wells. Thus, the 1nventors have
developed techniques for reducing liquid levels in gas
extraction wells to prevent such conditions from occurring.

The inventors have further appreciated that sampling
landfill gas when the level of liquid 1n a gas extraction well
904 1s too high may cause liquid to be drawn up through the
well piping. Sensors 1n a gas composition chamber for
sampling the extracted landfill gas may be risk of being
exposed to the extracted liguid as well. Exposing gas com-
position sensors to liquid may damage the sensors 1n addi-
tion to distorting the accuracy of the sensor measurements.
Decreasing the pressure in the well piping where excess
liquid has accumulated by increasing a degree to which a
valve of the gas extraction well 904 1s opened and/or
increasing a system vacuum applied to the gas extraction
well 904 may be hazardous as doing so may cause additional
liquid to be pulled into the gas extraction well 904, raising
liguid levels further. Thus, the mnventors have developed
techniques for preventing gas sampling and/or an increase in
gas extraction tlow rate when liquid levels 1n gas extraction
wells exceed a threshold. The liquid level control techniques
described herein may be implanted autonomously, without
the need for manual intervention.

As shown 1n FIG. 9A, a liqud level control system 900
may comprise a liquid level sensor 908 may be disposed in
the gas extraction well 904 for measuring a level of liquid
910 1n the gas extraction well. The liquid level sensor 908
may be any suitable sensor, such as a pressure sensor, a tloat,
an optical sensor (e.g., infrared, laser), etc. In some embodi-
ments, the liquid level sensor 908 1s configured to determine
whether a level of liquid 910 in the gas extraction well 904
has exceeded a threshold (e.g., a threshold height of the
landfill gas extraction well 904, a threshold volume of liquid
present 1n the gas extraction well 904). In some embodi-
ments, the liquid level sensor 908 1s configured to obtain a
measurement of the liquid level present in the gas extraction
well (e.g., a height of the liguid, a volume of the liquid). In
some embodiments, a controller 916 may determine whether
the measurement of the liquid level obtained by the liquid
level sensor 908 exceeds a threshold.

FIG. 9B 1llustrates another example system for monitor-
ing a liqud level of a gas extraction well, according to some
embodiments. In the illustrated embodiment of FIG. 9B,
tubing 932 of known length 1s 1nserted into the gas extrac-
tion well 904. The tubing 932 comprises an opening 942 at
an end of the tubing 932 inserted into the gas extraction well

904 to allow liqud 910 to enter tubing 932. The end of
tubing 932 comprising the opening 942 may further com-
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prise probe 946. Probe 946 may weight the tubing 932 to
ensure proper insertion and positioning within the gas
extraction well 904.

The height of the liquid 910 1n the tubing 1s shown 1n FIG.
9B as liquid height 936. The height of the liquid 910 1n the
tubing 932 may be used, together with the known length 934
of the tubing 932 to determine a difference between the
height of the liquid 910 1n the gas extraction well and the
height of the top of the gas extraction well 904, shown in

FIG. 9B as height to surface 938. That 1s, the height to
surface 938 may be defined as the height from the liquid 910

to the top of the gas extraction well 904.

In some embodiments, the width of the tubing 932 1s 4
of an inch. In some embodiments, the tubing length may be
at least 100 feet, at least 150 feet, at least 200 feet. In some
embodiments, the tubing length may be less than or equal to
200 feet. The embodiments illustrated herein may measure
liquid heights up to 15 inches, up to 20 inches, up to 25
inches, or up to 30 inches, in some embodiments.

In some embodiments, the liquid height 936 of liquid 910
in tubing 932 may be determined using liquid level sensor
908. In some embodiments, liquid level sensor 908 may be
disposed outside of gas extraction well 904. In the 1llustrated
embodiment of FIG. 9B, the liquid level sensor 908 com-
prises a pressure sensor for measuring air pressure within the
tubing 932. The pressure sensor may be of any suitable type,
for example, the pressure sensor may comprise an electronic
sensor and/or a gauge pressure sensor. Tubing 932 may be
a closed system. That 1s, tubing 932 may be open on one end
(with opening 942) to allow liquid 910 to enter the tubing
932, but closed to the atmosphere on the opposite end of the
tubing 932. As liquid 910 enters the tubing 932 via opening
942, air within the tubing 932 1s compressed. In turn, the
compression of air increases the pressure within the tubing
932, which 1s sensed by liquid level sensor 908.

The measure of pressure in tubing 932, measured by
liquid level sensor 908, may be used to determine the liquid
height 936. For example, where the measurement of pres-
sure obtained by the liquid level sensor 1s given 1n PSI, the
liquid height 936 may be determined, in feet, by the fol-
lowing equation:

Liqud Height=Pressure®2.31 {t/PSI

In some embodiments, where the measurement of pres-
sure 1s given 1n inches of water, the liquid height, in inches,
1s equal to the measurement of pressure. The height to
surface 938, that 1s the height to the top of the gas extraction
well from the liquid level, may be obtained by subtracting
the liquid height 936 from the tubing length 934.

As described herein, the measure of liquid level in the at
least one well may be used to determine whether the liquid
level greater than a liquid level threshold (e.g., 10% of a
perforated section of the at least one well, 25% of a
perforated section of the at least one well, 50% of a
perforated section of the at least one well). In some embodi-
ments, an alert, such as a text message, phone call, email,
push notification, alarm and/or any other suitable alert, may
be transmitted to a user when the measure of the liqud level
in the at least one well 1s determined to exceed a liquid level
threshold. The alert may indicate to the user that additional
corrective action which may be 1n the form of user mput
and/or manual intervention 1s necessary.

In some embodiments, the liquid level sensor 908 1s
configured to obtain a measurement of a liquid level 1n
response to a command received by a user. In some embodi-
ments, the liquid level sensor 908 1s configured to autono-
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mously obtain measurements of liquid level at a fixed
interval (e.g., monthly, weekly, daily, hourly).

As shown 1n FIG. 9A, a pump 912 may be provided for
removing liquid 910 from the gas extraction well 904. For
example, as shown 1n the example of FIG. 9A, the pump 912
may be a submersible pump disposed in the gas extraction
well 904. The pump 912 may be a pneumatic pump, an
clectric pump (e.g., AC or DC powered), and/or any other
suitable type of pump. In some embodiments, the pump may
be solar powered and/or battery powered. Liquid 910 pres-
ent 1n the gas extraction well 904 may be removed from the
gas extraction well 904 by activating and/or increasing a
pumping rate of the pump 912. In some embodiments, the
liquid 910 removed from the gas extraction well 904 1is
collected 1n a reservoir external to the gas extraction well
904. The processor 916 may be configured to control the
pump 912, for example, according to the techniques
described herein.

In some embodiments, the pump may be configured to
automatically turn on, for example, when liquid level
exceeds a threshold. In some embodiments, the pump may
be controlled by a sensor (e.g., a float switch) separate from
liquid level sensor 908. The measure of liquid level obtained
by liquid level sensor 908 may be used to indicate possible
pump malfunction or inability to perform required hiquid
removal.

Components of the liquid level control system 900 may be
battery powered, 1n some embodiments. In some embodi-
ments, one or more components of the liquid level control
system 900 (e.g., the liqud level sensor 908, the pump 912)
may be remotely controlled by the processor 916. In some
embodiments, the liquid level control system 900 comprises
a transmitting device 914. The transmitting device 914 may
be configured to wirelessly transmit information such as
liguid level measurements, including exceedances, and/or
pump operations to an external device. In some embodi-
ments, the nformation transmitted by the transmitting
device 914 to the external device may be stored in a remote
data storage of the external device.

In some embodiments, the liquid level control system 900
turther comprises a user interface for displaying data and/or
receiving user input. For example, the user interface may
allow a user to set liquid level thresholds, set alarms, and/or
set adjustments to be made 1n response to an exceedance
(c.g., a pump rate to be applied, a pumping duration), for
example. In some embodiments, the user interface may
display information associated with the liquid level control
system 900 such as liquid level measurements and/or adjust-
ments made 1n response to an exceedance including pump
activity. In some embodiments, the user interface may
provide a digital map of the landfill 902 which provides a

visual indication of liquid levels 1n each of a plurality of gas
extraction wells 1n the landfill 902.

As described herein, the mventors have developed tech-
niques for liquid level control which may be used in com-
bination with the emissions-based landfill gas extraction
techniques described herein. For example, FIG. 9C 1s a
flowchart of an example process 920 for monitoring a liquid
level of a gas extraction well during emissions-based control
of landfill gas extraction, according to some embodiments.

Process 920 begins at act 922 where 1t 1s determined that
a flow rate of at least one well 1s to be increased, for
example, at acts 606 or 706 of processes 600 and 700.
Belore increasing the flow rate of the at least one well, the
process 920 proceeds to act 924 where a measure of a liquid
level 1n the at least one well 1s obtained. For example, the
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measure of the liquid level 1n the at least one well may be
obtained by a liqud level sensor such as liquid level sensor
908.

At act 926, 1t 15 determined whether the measure of liquid
level 1n the at least one well obtained at act 924 1s greater
than a liquid level threshold (10% of a perforated section of
the at least one well, 25% of a perforated section of the at
least one well, 50% of a perforated section of the at least one
well). A detennmation that the current liquid level 1n the at
least one well 1s greater than a liguid level threshold may
indicate that increasing the flow rate under such conditions
would be hazardous. Thus, only when 1t 1s determined that
the measure of liquid level obtained at act 924 1s not greater
than (e.g., less than, less than or equal to) the liquid level
threshold does the process 920 proceed through the no
branch to act 928 A where the flow rate of landfill gas being
extracted from the at least one well 1s increased. If, instead,
it 1s determined that the measure of liquid level 1n the at least
one well 1s greater than the liquid level threshold, the
process 920 may proceed through the yes branch to act 928B
where no 1ncrease to the flow rate of the at least one well 1s
made (e.g., by maintaining a position of a valve of the at
least one well). As such, the process 920 may avoid negative
impacts such as reduced gas collection and increased pres-
sure 1n the gas extraction well resulting 1n leachate steeps,
blow-outs, and/or silt formation 1n wells by refraining from
increasing tlow rates 1n gas extraction wells having excess
liquid levels.

In some embodiments, the process 920 may proceed to act
930, where an alert 1s transmitted. For example, an alert,
such as a text message, phone call, email, push notification,
alarm and/or any other suitable alert, may be sent to a user
when the measure of the liquid level 1n the at least one well
1s determined to exceed a liquid level threshold. The alert
may indicate to the user that additional corrective action
which may be in the form of user mput and/or manual
intervention 1s necessary. In some embodiments, the alert
may allow a user to perform an override by increasing the
flow rate of the at least one well despite a measured liquid
level of the at least one well exceeding the liquid level
threshold.

In some embodiments, a corrective action may be manu-
ally or autonomously apphed 1n response to detemnmng that
the measured liquid level of the at least one well 1s greater
than the liquid level threshold. For example, in response to
determining that the measured liquid level 1n the at least one
well 1s greater than the liquid level threshold, a pump, such
as pump 912, may be activated (e.g., by turning the pump on,
increasing a pumping rate ol the pump) to remove excess
liquid from the at least one well. In some embodiments, the
pump 1s activated at least until the liquid level 1n the at least
one well falls below the liquid level threshold. In some
embodiments, the pump 1s activated at least until the liquid
level 1n the at least one well falls below a secondary
threshold that 1s lower than the liquid level threshold. In
some embodiments, a pumping rate and/or duration may be
controlled based on the measure of liquid level 1n the at least
one well obtained at act 924. For example, a higher pumping
rate and/or longer pumping duration may be applied where
the measured liquid level exceeds the liquid level threshold
by a larger amount while a lower pumping rate and/or
shorter pumping duration may be applied where the mea-
sured liquid level exceeds the liquid level threshold by a
smaller amount.

V1. Techniques for Error Checking Valve
Adjustments

In some embodiments, the emissions-based landfill gas
extraction techniques mvolve performing an error check
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before increasing the flow rate of landfill gas being extracted
from a particular well. For example, FIG. 10 1s a flowchart
of an example process for monitoring a valve position of a
gas extraction well during emissions-based control of land-
{11l gas extraction, according to some embodiments.

Process 1000 begins at act 1002, where it 1s determined
that a flow rate of at least one well 1s to be increased, for
example, at acts 606 or 706 of processes 600 and 700.
Belore increasing the flow rate of the at least one well, the
process 1002 proceeds to act 1004 where a current position
of a valve of the at least one well 1s obtained. For example,
the current position of the valve may be expressed as a
degree to which the valve 1s open (e.g., 10% open, 50%
open, etc.).

At act 1006, 1t 1s determined whether the current position
of the valve determined at act 1004 1s less than a threshold
degree for the valve (e.g., 80% open, 85% open, 90% open,
95% open, 100% open, etc.). In some 1nstances, 1t may be
undesirable to increase flow rates past a certain extent. Thus,
the process 1000 proceeds through the yes branch to act
1008 A where the flow rate of landfill gas being extracted
from the at least one well 1s increased only when it is
determined that current valve position determined at act
1006 1s less than the threshold degree. If, instead, 1t 1s
determined that the position of the valve of the at least one
well 1s not less than the threshold degree, the process 1000
may proceed through the yes branch to act 10088 where no
increase to the flow rate of the at least one well 1s made (e.g.,
by maintaining a position of a valve of the at least one well).

In some embodiments, the process 1000 may proceed to
act 1010, where an alert 1s transmitted. For example, an alert,
such as a text message, phone call, email, push notification,
alarm and/or any other suitable alert, may be sent to a user
when the valve position 1s determined not to be less than the
threshold degree such that no increase to the flow rate can be
made. The alert may indicate to the user that additional
corrective action which may be 1n the form of user put
and/or manual intervention 1s necessary. In some embodi-
ments, the alert may allow a user to perform an override by
increasing the tflow rate of the at least one well despite the
current position of the valve exceeding the threshold degree.

In some embodiments, a corrective action may be manu-
ally or autonomously applied in response to determining that
the measured liquid level of the at least one well 1s greater
than the liquid level threshold. For example, in response to
determining that the measured liquid level 1n the at least one
well 1s greater than the liquid level threshold, a pump, such
as pump 912, may be activated (e.g., by turming the pump on,
increasing a pumping rate ol the pump) to remove excess
liquid from the at least one well. In some embodiments, the
pump 1s activated at least until the liquid level 1n the at least
one well falls below the liquid level threshold. In some
embodiments, the pump 1s activated at least until the liqud
level 1n the at least one well falls below a secondary
threshold that 1s lower than the liquid level threshold. In
some embodiments, a pumping rate and/or duration may be
controlled based on the measure of liquid level 1n the at least
one well obtained at act 924. For example, a higher pumping
rate and/or longer pumping duration may be applied where
the measured liquid level exceeds the liquid level threshold
by a larger amount while a lower pumping rate and/or
shorter pumping duration may be applied where the mea-
sured liquid level exceeds the liquid level threshold by a
smaller amount.

Although FIG. 10 illustrates a process for performing an
error check before increasing a tlow rate of landfill gas being
extracted from a particular well that 1s based on valve
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position, 1t should be appreciated that the techniques
described herein may be based on one or more other
characteristics such as upstream and/or downstream gas
pressure, gas concentrations, flow rate, and/or any other
suitable characteristic.

VII.

Example Computing Systems

FIG. 11 shows a block diagram of an example computer
system 1100 that may be used to implement embodiments of
the technology described herein. The computing device
1100 may include one or more computer hardware proces-
sors 1102 and non-transitory computer-readable storage
media (e.g., memory 1104 and one or more non-volatile
storage devices 1106). The processor(s) 1102 may control
writing data to and reading data from (1) the memory 1104;
and (2) the non-volatile storage device(s) 1106. To perform
any of the functionality described herein, the processor(s)
1102 may execute one or more processor-executable instruc-
tions stored 1 one or more non-transitory computer-read-
able storage media (e.g., the memory 1104), which may
serve as non-transitory computer-readable storage media

storing processor-executable instructions for execution by
the processor(s) 1102.

VIII. Equivalents and Scope

Embodiments of the above-described techniques can be
implemented 1n any of numerous ways. For example, the
embodiments may be implemented using hardware, sofit-
ware or a combination thereol. When implemented 1n soft-
ware, the solftware code can be executed on any suitable
processor or collection of processors, whether provided 1n a
single computer or distributed among multiple computers. In
some embodiments, the functions performed by an In Situ
Control Mechanism 106, controller 204, controllers 510A-
C, and/or multi-well controller 516 may be implemented as
software executed on one or more processors.

Such processors may be implemented as integrated cir-
cuits, with one or more processors 1n an integrated circuit
component, including commercially available integrated cir-
cuit components known 1n the art by names such as CPU
chips, GPU chips, microprocessor, microcontroller, or co-
processor. Alternatively, a processor may be implemented in
custom circuitry, such as an ASIC, or semicustom circuitry
resulting from configuring a programmable logic device. As
yet a further alternative, a processor may be a portion of a
larger circuit or semiconductor device, whether commer-
cially available, semi-custom or custom. As a specific
example, some commercially available microprocessors
have multiple cores such that one or a subset of those cores
may constitute a processor. Though, a processor may be
implemented using circuitry in any suitable format.

Further, 1t should be appreciated that a computer may be
embodied in any of a number of forms, such as a rack-
mounted computer, a desktop computer, a laptop computer,
or a tablet computer. Additionally, a computer may be
embedded 1n a device not generally regarded as a computer
but with suitable processing capabilities, including a Per-
sonal Digital Assistant (PDA), a smart phone or any other
suitable portable or fixed electronic device.

Also, a computer may have one or more mput and output
devices. These devices can be used, among other things, to
present a user interface. Examples of output devices that can
be used to provide a user interface include printers or display
screens for visual presentation of output and speakers or
other sound generating devices for audible presentation of
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output. Examples of input devices that can be used for a user
interface include keyboards, and pointing devices, such as
mice, touch pads, and digitizing tablets. As another example,
a computer may receive input information through speech
recognition or in other audible format.

Such computers may be interconnected by one or more
networks in any suitable form, including as a local area
network or a wide area network, such as an enterprise
network or the Internet. Such networks may be based on any
suitable technology and may operate according to any
suitable protocol and may include wireless networks, wired
networks or fiber optic networks.

Also, the various methods or processes outlined herein
may be coded as software that 1s executable on one or more
processors that employ any one of a variety of operating
systems or platforms. Additionally, such software may be
written using any of a number of suitable programming
languages and/or programming or scripting tools, and also
may be compiled as executable machine language code or
intermediate code that 1s executed on a framework or virtual
machine.

In this respect, the technology described herein may be
embodied as a computer readable storage medium (or mul-
tiple computer readable media) (e.g., a computer memory,
one or more toppy discs, compact discs (CD), optical discs,
digital video disks (DVD), magnetic tapes, flash memories,
circuit configurations 1n Field Programmable Gate Arrays or
other semiconductor devices, or other tangible computer
storage medium) encoded with one or more programs that,
when executed on one or more computers or other proces-
sors, perform methods that implement the various embodi-
ments ol the technology described herein. As 1s apparent
from the foregoing examples, a computer readable storage
medium may retain information for a suflicient time to
provide computer-executable mstructions 1n a non-transitory
form. Such a computer readable storage medium or media
can be transportable, such that the program or programs
stored thereon can be loaded onto one or more different
computers or other processors to implement various aspects
of the present technology as described above. As used
herein, the term “computer-readable storage medium”
encompasses only a computer-readable medium that can be
considered to be a manufacture (1.e., article of manufacture)
or a machine. Alternatively or additionally, the technology
described herein may be embodied as a computer readable
medium other than a computer-readable storage medium,
such as a propagating signal.

The terms “program™ or “software” are used herein 1 a
generic sense to refer to any type of computer code or set of
computer-executable instructions that can be employed to
program a computer or other processor to implement various
aspects ol technology described herein. Additionally, 1t
should be appreciated that according to one aspect of this
embodiment, one or more computer programs that when
executed perform methods of the present technology need
not reside on a single computer or processor, but may be
distributed 1 a modular fashion amongst a number of
different computers or processors to implement various
aspects of the present technology.

Computer-executable instructions may be in many forms,
such as program modules, executed by one or more com-
puters or other devices. Generally, program modules include
routines, programs, objects, components, data structures,
etc. that perform particular tasks or implement particular
abstract data types. Typically the functionality of the pro-
gram modules may be combined or distributed as desired 1n
various embodiments.
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Also, data structures may be stored 1n computer-readable
media 1 any suitable form. For simplicity of illustration,
data structures may be shown to have fields that are related
through location in the data structure. Such relationships
may likewise be achieved by assigning storage for the fields
with locations 1n a computer-readable medium that conveys
relationship between the fields. However, any suitable
mechanism may be used to establish a relationship between
information 1n fields of a data structure, including through
the use of pointers, tags or other mechanisms that establish
relationship between data elements.

Various aspects of the present technology may be used
alone, 1n combination, or 1n a variety of arrangements not
specifically discussed 1n the embodiments described in the
foregoing and 1s therefore not limited 1n 1ts application to the
details and arrangement of components set forth in the
foregoing description or illustrated in the drawings. For
example, aspects described 1 one embodiment may be
combined in any manner with aspects described in other
embodiments.

Also, the technology described herein may be embodied
as a method, examples of which have been provided. The
acts performed as part of the method may be ordered 1n any
suitable way. Accordingly, embodiments may be constructed
in which acts are performed 1in an order diflerent than
illustrated, which may include performing some acts simul-
taneously, even though shown as sequential acts 1n 1llustra-
tive embodiments.

Various events/acts are described herein as occurring or
being performed at a specified time. One of ordinary skill in
the art would understand that such events/acts may occur or
be performed at approximately the specified time.

Use of ordinal terms such as “first,” “second.” *“third,”
etc., 1n the claims to modily a claim element does not by
itsell connote any priority, precedence, or order of one claim
clement over another or the temporal order 1n which acts of
a method are performed, but are used merely as labels to
distinguish one claim element having a certain name from
another element having a same name (but for use of the
ordinal term) to distinguish the claim elements.

The terms “approximately,” “substantially,” and “about”
may be used to mean within £20% of a target value in some
embodiments, within £10% of a target value 1n some
embodiments, within £3% of a target value 1n some embodi-
ments, and yet within 2% of a target value i some
embodiments. The terms “approximately” and “about” may
include the target value.

Also, the phraseology and terminology used herein is for
the purpose of description and should not be regarded as
limiting. The use of “including,” “comprising,” or “having,”
“containing,” “involving,” and variations thereof herein, 1s
meant to encompass the 1tems listed thereafter and equiva-
lents thereof as well as additional items.

Having thus described several aspects of at least one
embodiment of the technology, 1t 1s to be appreciated that
various alterations, modifications, and improvements will
readily occur to those skilled 1n the art.

Such alterations, modifications, and improvements are
intended to be part of this disclosure, and are intended to be
within the spirit and scope of the disclosure. Further, though
advantages of the present technology are indicated, 1t should
be appreciated that not every embodiment of the technology
will include every described advantage. Some embodiments
may not implement any features described as advantageous
herein and 1 some instances. Accordingly, the foregoing
description and drawings are by way of example only.
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What 1s claimed 1s:

1. A method performed by at least one controller for
controlling extraction of landfill gas from a landfill via a gas
extraction system comprising a plurality of wells, the
method comprising:

obtaining an ambient air concentration of a greenhouse

gas at a distance above ground 1n a region comprising
the plurality of wells;

determining, whether the ambient air concentration of the

greenhouse gas 1s greater than a first threshold; and
in response to determining that the ambient air concen-
tration of the greenhouse gas 1s greater than the first
threshold, increasing a flow rate of landfill gas being
extracted from at least one well of the plurality of wells.

2. The method of claim 1, wherein obtaining the ambient
air concentration of the greenhouse gas comprises obtaining
the ambient air concentration of the greenhouse gas using at
least one sensor.

3. The method of claim 2, wherein the at least one sensor
comprises at least one aerial optical sensor.

4. The method of claim 2, wherein the at least one sensor
comprises at least one ground-based optical sensor.

5. The method of claim 1, wherein the greenhouse gas
comprises methane.

6. The method of claim 1, wherein the greenhouse gas
comprises carbon dioxide.

7. The method of claim 5, wherein the first threshold
comprises 500 ppm methane measured 1 meter above
ground 1n the region comprising the plurality of wells.

8. The method of claim 5, wherein the first threshold
comprises 0 ppm methane measured 1 meter above ground
in the region comprising the plurality of wells.

9. The method of claim 1, wherein increasing the flow rate
of landfill gas being extracted from the at least one well
comprises 1increasing a tlow rate of landfill gas being
extracted from a subset of the plurality of wells, wherein the
subset of the plurality of wells comprises one or more of the
plurality of wells extracting landfill gas having an oxygen
concentration below a second threshold.

10. The method of claim 1, wherein increasing the tlow
rate of landfill gas being extracted from the at least one well
of the plurality of wells comprises:

identifying a subset of the plurality of wells based on their

respective measured concentrations of a constituent
gas; and
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increasing a flow rate of landfill gas being extracted from

the subset of the plurality of wells.

11. The method of claim 10, wherein a measured con-
centration of the constituent gas for each well 1n the subset
of the plurality of wells 1s among a bottom 50% of measured
concentrations of the constituent gas for wells 1n the plu-
rality of wells.

12. The method of claim 10, wherein the constituent gas
COmprises oxygen.

13. The method of claim 10, wherein the constituent gas
comprises balance gas.

14. The method of claim 1, wherein increasing the flow
rate of landfill gas being extracted from the at least one well
of the plurality of wells comprises increasing a vacuum
applied to the plurality of wells.

15. A control system for controlling extraction of landfill
gas from a landfill via a gas extraction system comprising a
plurality of wells, the control system comprising:

at least one controller configured to:

obtain an ambient air concentration of a greenhouse gas at

a distance above ground in a region comprising the
plurality of wells;

determine whether the ambient air concentration of the

greenhouse gas 1s greater than a first threshold; and
in response to determining that the ambient air concen-
tration of the greenhouse gas 1s greater than the first
threshold, increase a flow rate of landfill gas being
extracted from at least one well of the plurality of wells.

16. The control system of claim 135, wherein the green-
house gas comprises methane.

17. The control system of claim 135, wherein the green-
house gas comprises carbon dioxide.

18. The control system of claim 16, wherein the first
threshold comprises 500 ppm methane measured 1 meter
above ground 1n the region comprising the plurality of wells.

19. The control system of claim 16, wherein increasing
the tlow rate of landfill gas being extracted from the at least
one well of the plurality of wells comprises:

identifying, with the at least one controller, a subset of the

plurality of wells based on their respective measured
concentrations of a constituent gas; and

increasing, with the at least one controller, a flow rate of

landfill gas being extracted from the subset of the
plurality of wells.
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