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DEVICES AND TECHNIQUES RELATING TO
LANDFILL GAS EXTRACTION

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

Some embodiments are directed to a method for control-
ling extraction of landfill gas from a landfill via a gas
extraction system, the gas extraction system comprising well
piping for coupling a plurality of wells to a gas output, the
method comprising: performing a global control method
comprising: obtaining, at the gas output, a measure of a
concentration of at least one constituent gas in landfill gas
collected from at least some of the plurality of wells, the at
least some of the plurality of wells including a first well and
a second well; determining, for one or more wells of the at
least some of the plurality of wells, based at least in part on
the measure of concentration of the at least one constituent
gas 1n the landfill gas collected from the at least some of the
plurality of wells, whether to adjust respective flow rates of
landfill gas being extracted from the one or more wells, the
one or more wells imncluding the first well; and when 1t 1s
determined to adjust the flow rate of landfill gas being
extracted from the first well, adjusting the flow rate of the
first well; and performing a local control method compris-
ing: obtaining, at the first well, a measure of a concentration
ol at least one constituent gas 1n landfill gas collected from
the first well; determining, based on the concentration of the
at least one constituent gas in the landfill gas collected from
the first well, whether to adjust the flow rate of the first well;
and when 1t 1s determined to adjust the tlow rate of the first
well, adjusting the tlow rate of the first well.

Some embodiments are directed to a system for control-
ling extraction of landfill gas from a landfill via a gas
extraction system, the gas extraction system comprising well
piping for coupling a plurality of wells to a gas output, the
system comprising: at least one controller configured to:
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2

perform a global control method comprising: obtaining, at
the gas output, a measure of a concentration of at least one

constituent gas in landfill gas collected from at least some of
the plurality of wells, the at least some of the plurality of
wells mncluding a first well and a second well; determining,
for one or more wells of the at least some of the plurality of
wells, based at least i part on the concentration of the at
least one constituent gas in the landfill gas collected from the
at least some of the plurality of wells, whether to adjust
respective tlow rates of landfill gas being extracted from the
one or more wells, the one or more wells including the first
well; and when 1t 1s determined to adjust the flow rate of
landfill gas being extracted from the first well, adjusting the
flow rate of the first well; and perform a local control method
comprising: obtaining, at the first well, a measure of a
concentration of at least one constituent gas in landfill gas
collected from the first well; determining, based on the
concentration of the at least one constituent gas 1n the
landfill gas collected from the first well, whether to adjust
the flow rate of the first well; and when 1t 1s determined to
adjust the flow rate of the first well, adjusting the flow rate
of the first well.

Some embodiments are directed to at least one non-
transitory computer-readable medium having instructions
encoded thereon, that, when executed by at least one con-
troller, cause the at least one controller to perform a method
for controlling extraction of landfill gas from a landfill via a
gas extraction system, the gas extraction system comprising
well piping for coupling a plurality of wells to a gas output,
the method comprising: performing a global control method
comprising: obtaining, at the gas output, a measure of a
concentration of at least one constituent gas in landfill gas
collected from at least some of the plurality of wells, the at
least some of the plurality of wells including a first well and
a second well; determining, for one or more wells of the at
least some of the plurality of wells, based at least 1n part on
the measure of concentration of the at least one constituent
gas 1n the landfill gas collected from the at least some of the
plurality of wells, whether to adjust respective tlow rates of
landfill gas being extracted from the one or more wells, the
one or more wells including the first well; and when 1t 1s
determined to adjust the flow rate of landfill gas being
extracted from the first well, adjusting the flow rate of the
first well; and performing a local control method compris-
ing: obtaining, at the first well, a measure of a concentration
ol at least one constituent gas 1n landfill gas collected from
the first well; determining, based on the concentration of the
at least one constituent gas 1n the landfill gas collected from
the first well, whether to adjust the flow rate of the first well;
and when 1t 1s determined to adjust the flow rate of the first
well, adjusting the flow rate of the first well.

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

FIG. 3 1s a block diagram 1llustrating a gas analyzer of an
in situ control mechanism for landfill gas extraction, accord-
ing to some embodiments.
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FIG. 4 1s a block diagram 1illustrating a controller of an in
s1tu control mechanism for landfill gas extraction, according

to some embodiments.

FIG. 5 1s a block diagram illustrating an example of a
control system for controlling landfill gas extraction, accord-
ing to some embodiments.

FIG. 6 1s an example of a landfill gas extraction system,
according to some embodiments.

FIG. 7 1s a flowchart of an illustrative process for con-
trolling extraction of landfill gas through a gas extraction
system, according to some embodiments.

FIG. 8A 1s a flowchart of another 1llustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments.

FIG. 8B 1s a flowchart of another 1llustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments.

FIG. 9A 1s a flowchart of another 1llustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments.

FIG. 9B 1s a flowchart of another 1llustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments.

FIG. 10A 1s a flowchart of another 1llustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments.

FIG. 10B 1s a flowchart of another illustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments.

FIG. 11 1s a flowchart of another illustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments.

FIG. 12 1s a flowchart of another illustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments.

FIG. 13 1s a flowchart of another 1illustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments.

FIG. 14 1s a block diagram of an illustrative control
system for locally controlling flow of landfill gas at a gas
extraction well, according to some embodiments.

FIG. 15 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

Conventional techmiques for controlling extraction of
landfill gas are sometimes 1mprecise and nethcient. When
such techniques are used, the gas extracted from a landfill
may not have the desired properties (e.g., the energy content
of the extracted gas may be lower than a target energy
content, the composition of the extracted gas may differ
from a target composition, etc.). In some cases, conventional
techniques may even be counter-productive (e.g., such tech-
niques may destroy some or all of the bacteria that convert
decomposing waste into methane, thereby reducing the
energy content of the landfill gas, or may result 1n emission
of high levels of methane into the atmosphere, or worse yet,
cause fires to break out deep within the landfill that are near
impossible to extinguish).

The 1inventors have recognized that controlling extraction
of landfill gas based on global (landfill site-level) and local
(well-level) control schemes may overcome at least some of
the deficiencies of conventional landfill gas extraction tech-
niques and result 1 an overall improvement in landfill
management. For example, controlling extraction of landfill
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gas based on the composition of aggregate landfill gas
collected from a plurality of wells may allow for increased
flexibility 1n operation of individual wells (e.g., by permit-
ting one well to compensate for the poor landfill gas quality
ol another well). In addition, the inventors have recognized
that combining site-level (global) control schemes with
well-level (local) control schemes allows for concurrent
monitoring of aggregate gas quality and fine tuning of
individual wells to prevent undesirable conditions from
occurring at idividual wells (e.g., emission of bad odors,
harmiul greenhouse gasses and/or creation of underground
fires) while optimizing the quality of aggregate gas collected
from a plurality of gas extraction wells.

As described above, conventional techniques for control-
ling extraction of landfill gas may result in extraction of
landfill gas having a composition that 1s different from a
target composition. Accordingly, the inventors have devel-
oped techniques for controlling extraction of landfill gas
such that the concentration of each of one or more constitu-
ent gases 1s 1n a respective target range. For example, some
of the techniques described herein may be used to control
extraction of landfill gas so that the concentration of meth-
ane 1n the landfill gas being extracted 1s within a target range
(e.g., within 45-55% by volume).

In some embodiments, techniques for site level control of
landfill gas extraction comprise determining whether to
adjust a tlow rate of one or more wells based on a concen-
tration of a constituent gas in landfill gas collected from
multiple wells. When 1t 1s determined to adjust the flow rate
of one or more wells, the method may determine which
individual wells to adjust based on concentrations of a
constituent gas 1n landfill gas collected from respective wells
(e.g., by determining to adjust respective wells having a
concentration of a constituent gas above or below a thresh-
old). Therefore, the methods for site level control of landfill

gas extraction described herein may allow for targeting
individual wells determined to have the “best” or “worst”
performance, and adjusting those wells accordingly.

Accordingly, in some embodiments, the techniques devel-
oped by the mventors for controlling extraction of landfill
gas via a gas extraction system having well piping for
coupling a plurality of wells to a gas output may comprise:
(1) obtaiming, at the gas output a measure of concentration
ol a constituent gas (e.g., oxygen, nitrogen) 1n landfill gas
collected from at least some of the plurality of wells; (2)
determining whether the measure of concentration of the
constituent gas (e.g., oxygen, nitrogen, methane) 1 the
landfill gas collected from the at least some of the plurality
of wells 1s outside a global range for the constituent gas (e.g.,
0-2.5% for oxygen concentration, 0-2.5% for nitrogen con-
centration, 45-55% for methane concentration); (3) when 1t
1s determined that the measure of concentration of the
constituent gas 1n the landfill gas collected from the at least
some of the plurality of wells 1s outside the global range; (4)
determining whether a measure of a constituent gas (e.g.,
oxygen, balance gas, methane) 1n landfill gas collected from
a first well of the at least some of the plurality of wells 1s
outside of a local range for the constituent gas; and (5) when
it 1s determined that the measure of concentration of the
constituent gas 1n landfill gas collected from the first well 1s
outside of the local range for the constituent gas (e.g., 0-5%
for oxygen concentration, 0-3% for balance gas concentra-
tion, 35%-65% for methane concentration), adjusting a flow
rate of landfill gas being extracted from the first well (e.g.,
by changing a degree to which a valve of the first well 1s
open).
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In some embodiments, the techniques further include,
when 1t 1s determined that the measure of concentration of
the constituent gas collected from the at least some of the
plurality of wells 1s outside the global range for the con-
stituent gas: (1) determining whether a measure of a con-
centration of a constituent gas (e.g., oxygen, balance gas,
methane) 1 landfill gas collected from a second well of the
at least some of the plurality of wells 1s outside of the local
range for the constituent gas; and (2) when it 1s determined
that the measure of the constituent gas in landfill gas
collected from the second well 1s outside of the local range
for the constituent gas, adjusting a flow rate of landfill gas
being extracted from the second well.

In some embodiments, the constituent gas in the landfill
gas collected from the plurality of wells 1s oxygen. In such
embodiments, an upper endpoint (e.g., threshold) of the
global range may be 0.2% oxygen or less and a lower
endpoint (e.g., threshold) of the global range may be 0%
oxygen or more. In such embodiments, the constituent gas 1n
landfill gas collected from the first well may be oxygen, an
upper endpoint of the local range may be 1% oxygen or less
and a lower endpoint of the local range 1s 0% oxygen or less.
In some embodiments, an upper endpoint of the global range
1s less than an upper endpoint of the local range.

In some embodiments, the constituent gas in the landfill
gas collected from the plurality of wells 1s nitrogen. In such
embodiments, an upper endpoint (e.g., threshold) of the
global range may be 5% nitrogen or less and a lower
endpoint (e.g., threshold) of the global range may be 0%
nitrogen or more. In such embodiments, the constituent gas
in landfill gas collected from the first well may be balance
gas, an upper endpoint of the local range may be 5% balance
gas or more, and a lower endpoint of the local range may be
0% balance gas or more. In other embodiments, the con-
stituent gas 1n landfill gas collected from the first well may
be methane, an upper endpoint of the local range may be
65% methane or less, and a lower endpoint of the local range
may be 30% methane or more.

In some embodiments, the method further comprises (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 scaling factor may be
based at least 1n part on a difference between the measure of
concentration of the constituent gas in the landfill gas
collected from the first well and a target concentration. In
some embodiments, the scaling factor may be based at least
in part on at least one characteristic of the first well, for
example, a sensitivity of the composition of the landfill gas
being extracted from the first well to a change in flow rate
(e.g., due to a ground cover 1n a region at least partially
encompassing the first well).

In some embodiments, the constituent gas in the landfill
gas collected from the first well 1s oxygen, and determining
whether the oxygen concentration 1s outside of the local
range for oxygen concentration comprises (1) determining
whether the measure of oxygen concentration 1s greater than
an upper endpoint (e.g., threshold) of the local range or less
than a lower endpoint (e.g., threshold) of the local range; (2)
decreasing the flow rate of the first well when the measure
ol oxygen concentration 1s greater than the upper endpoint;
and (3) increasing the flow rate of the first well when the
measure of oxygen concentration 1s less than the lower
endpoint.

In some embodiments, the constituent gas in the landfill
gas collected from the first well 1s balance gas, and deter-
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mining whether the balance gas concentration 1s outside of
the local range for oxygen concentration comprises (1)
determining whether the measure of balance gas concentra-
tion 1s greater than an upper endpoint (e.g., threshold) of the
local range or less than a lower endpoint (e.g., threshold) of
the local range; (2) decreasing the flow rate of the first well
when the measure of balance gas concentration 1s greater
than the upper endpoint; and (3) increasing the flow rate of
the first well when the measure of balance gas concentration
1s less than the lower endpoint.

In some embodiments, the constituent gas 1n the landfill
gas collected from the first well 1s methane, and determining
whether the methane concentration 1s outside of the local
range for methane concentration comprises (1) determining,
whether the measure of methane concentration i1s greater
than an upper endpoint (e.g., threshold) of the local range or
less than a lower endpoint (e.g., threshold) of the local
range; (2) increasing the tlow rate of the first well when the
measure of methane concentration 1s greater than the upper
endpoint; and (3) decreasing the flow rate of the first well
when the measure of methane concentration 1s less than the
lower endpoint.

In some embodiments, the method further comprises,
betfore increasing the flow rate of landfill gas being extracted
from the first well (1) determiming whether a measure of a
characteristic of the landfill gas collected from the first well
(e.g., carbon dioxide concentration, hydrogen sulfide con-
centration, flow rate) 1s less than a threshold; and (2)
increasing the tflow rate of the landfill gas being extracted
from the first well when the measure of the characteristic 1s
less than the threshold.

In some embodiments, the method further comprises (1)
obtaining, from at least one sensor configured to measure
landfill gas pressure 1n the well piping at a location upstream
of a valve of the first well, a measure of landfill gas pressure
at the location upstream of the valve; (2) before obtaining
the measure of concentration of the constituent gas in the
landfill gas collected from the first well, determining
whether the measure of landfill gas pressure at the location
upstream of the valve 1s less than a first threshold pressure
(c.g., an atmospheric pressure 1n a region of the landfill
having the first well, a negative value relative to atmospheric
pressure); and (3) obtaining the measure of the concentration
ol the constituent gas when 1t 1s determined that the measure
of landfill gas pressure 1s less than the first threshold
pressure.

In some embodiments, the method further comprises (1)
obtaining, from at least one sensor configured to measure
landfill gas pressure 1n the well piping at a location upstream
of a valve of the first well, a measure of landfill gas pressure
at the location upstream of the valve; (2) before adjusting the
flow rate of landfill gas being extracted from the first well,
determining whether the measure of landfill gas pressure at
the location upstream of the valve 1s less than a first
threshold pressure (e.g., atmospheric pressure, a negative
value relative to atmospheric pressure); and (3) when 1t 1s
determined that the measure of landfill gas pressure at the
location upstream of the valve 1s less than the first threshold
pressure, adjusting the flow rate of the landfill gas being
extracted from the first well.

In some embodiments, the methods described herein may
be performed sequentially. For example, after determiming,
whether the measure of concentration of the constituent gas
1s outside of the global range, the method may further
comprise determining whether measure of a second charac-
teristic of the landfill gas being extracted from the at least
some of the plurality of wells 1s outside of a global range for
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the second characteristic. For example, 1n some embodi-
ments, 1t may first be determined whether a measure of
oxygen concentration 1s outside of a global range for oxygen
concentration and i1t may subsequently be determined
whether a measure of nitrogen concentration and/or energy
content of the landfill gas collected from the at least some of
the plurality of wells 1s outside of a global range for nitrogen
concentration and/or energy content. In some embodiments,
it may first be determined whether a measure of nitrogen
concentration 1s outside ol a global range for nitrogen
concentration and 1t may subsequently be determined
whether a measure of oxygen concentration and/or energy
content of the landfill gas collected from the at least some of
the plurality of wells 1s outside of a global range for oxygen
concentration and/or energy content.

According to aspects of the technology described herein,
methods of performing hybrid control of landfill gas extrac-
tion are provided. In some embodiments, a method for
controlling extraction of landfill gas from a landfill via a gas
extraction system having well piping for coupling a plurality
of wells to a gas output comprises: (1) performing a global
control method comprising: (a) obtaining, at the gas output,
a measure ol a concentration of at least one constituent gas
(e.g., methane, oxygen, nitrogen) 1n landfill gas collected
from at least some of the plurality of the wells including a
first well and a second well; (b) determining, for one or more
wells of the at least some of the plurality of wells and
including the first well, whether to adjust respective tlow
rates of landfill gas being extracted from the one or more
wells based at least 1n part on the measure of concentration
of the at least one constituent gas (e.g., based on the
concentration of the at least one constituent gas, based on an
energy content of the landfill gas collected from the at least
some of the plurality of wells)(e.g., by determiming whether
the measure of concentration of the constituent gas 1s outside
of a global range and subsequently whether a measure of
concentration of at least one constituent gas in landfill gas
collected from the first well 1s outside of a local range); and
(c) when 1t 1s determined to adjust the flow rate of landfill
gas being extracted from the first well, adjusting the tlow
rate of the first well; and (2) performing a local control
method comprising: (a) obtaining a measure ol a concen-
tration of at least one constituent gas (e.g., oxygen, methane,
balance gas) 1n the landfill gas collected from the first well;
(b) determining, based on the concentration of the at least
one constituent gas 1n the landfill gas collected from the first
well, whether to adjust the flow rate of the first well (e.g., by
determining whether the measure of concentration of the
constituent gas 1s outside of a local range, 1s different from
a target concentration, 1s greater than an upper threshold, 1s
less than a lower threshold); and (c¢) when it 1s determined
to adjust the tlow rate of the first well, adjusting the tlow rate
of the first well.

In some embodiments, the global control method and the
local control method may be performed at first and second
frequencies. For example, in some embodiments, the local
control method may be performed at least once per hour. In
some embodiments, the global control method may be
performed no more than once per day. In some embodi-
ments, the local control method i1s performed more 1ire-
quently than the global control method.

In some embodiments, the method further comprises
performing a second local control method comprising: (a)
obtaining a measure of a concentration of the at least one
constituent gas in landfill gas collected from the second
well; (b) determining, based on the concentration of the at
least one constituent gas 1n landfill gas collected from the
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second well, whether to adjust the flow rate of the second
well; and (¢) when 1t 1s determined to adjust the flow rate of
the second well, adjusting the flow rate of the second well.

In some embodiments, the method further comprises
before increasing the flow rate of landfill gas being extracted
from the first well (1) determiming whether a measure of a
characteristic of the landfill gas collected from the first well
(e.g., carbon dioxide concentration, hydrogen sulfide con-
centration, tlow rate) 1s less than a threshold; and (2)
increasing the flow rate of the landfill gas being extracted
from the first well when the measure of the characteristic 1s
less than the threshold.

In some embodiments, the method further comprises (1)
determining a scaling factor by which to 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 scaling factor may be based at least 1n part
on a difference between the measure of concentration of the
constituent gas 1n the landfill gas collected from the first well
and a target concentration. In some embodiments, the scal-
ing factor may be based at least in part on at least one
characteristic of the first well, for example, a sensitivity of
the composition of the landfill gas being extracted from the
first well to a change 1n flow rate (e.g., due to a ground cover
in a region at least partially encompassing the first well).

According to some aspects of the technology, one or more
systems may be provided having at least one controller
configured to perform one or more of the methods described
herein. According to some aspects of the technology, one or
more non-transitory computer-readable storage media are
provided herein, having executable instructions encoded
thereon, that, when executed by at least one controller, cause
the at least one controller to perform one or more of the
methods described herein.

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.

Example Systems for Landfill Gas Extraction

This disclosure describes devices and techniques for
controlling landfill gas extraction. FIG. 1 illustrates a landfill
gas extraction system 100, according to some embodiments.
In some embodiments, a landfill gas extraction system may
include one or more gas extraction wells 102 coupled to one
or more wellheads 104. In some embodiments, each well-
head may be in fluild communication with a single, corre-
sponding well. In some embodiments, the landfill gas extrac-
tion system 100 may include a gas extraction piping system
108 coupling the well(s) 102 to a gas collection system 110,
and one or more In Situ Control Mechanisms 106 for
controlling extraction of the landfill gas through the well(s)
102 and gas extraction piping system 108 to the gas collec-
tion system 110. In some embodiments, gas collection
system 110 may supply the extracted landfill gas to a gas
output, such as a gas-to-energy power plant 112, which may
convert the landfill gas into electrical power (e.g., by bumn-
ing the landfill gas to turn the rotor of a generator or turbine).
In some embodiments, the In Situ Control Mechanism(s)
106 may operate (e.g., individually, 1n concert with each
other, and/or under the control of a controller) to 1improve
gas extraction efliciency and/or to control the extraction
process for a variety of desired outcomes including the
delivery of the extracted gas into a natural gas pipeline
system. In some embodiments the controller may be located
remote from the In Situ Control Mechanisms. (Such a
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remotely located controller 1s not shown 1n FIG. 1, but 1s
shown 1n FIG. § and described below.)

It should be appreciated that an In Situ Control Mecha-
nism, as described herein, may control one or more param-
cters associated with a well, but 1s not a requirement that all
other In Situ Control Mechanism be physically located at
that well. The In Situ Control Mechanism(s) may be dis-
posed at any suitable location(s). In some embodiments,
cach In Situ Control Mechanism may be coupled to a single,
corresponding well. In some embodiments, an In Situ Con-
trol Mechanism may be coupled to one or more wells. In
some embodiments, some or all of the gas extraction wells
in a landfill gas extraction system may be outfitted with an
In Situ Control Mechanism 106, as depicted 1in FIG. 1. In
some embodiments, an In Situ Control Mechanism 106 may
be positioned at or adjacent to one or more junction points
in the gas extraction piping system 108 (header junctions, or
leachate junctions, or others) to control the performance of
an entire section of piping. In some embodiments, an In Situ
Control Mechanism 106 may be positioned between the gas
extraction well 102 and the gas collection system 110 such
that gas coming from the well flows through the In Situ
Control Mechanism 106 on 1ts way to the rest of the
collection system. The In Situ Control Mechanism 106 may
be installed permanently 1n a suitable location (e.g., 1n, on,
adjacent to, and/or near a well and/or gas extraction piping),
or may be moved from location to location (e.g., well to
well) over time.

A block diagram of some embodiments of an In Situ
Control Mechamism 200 1s presented in FIG. 2. 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 flow-
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 mechanmisms (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
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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 technique, 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,
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 ol 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 ol 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 mitrogen 1n 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 inirared
optical sensors, catalytic beads, electrochemical sensors,
pellistors, photoionization detectors, zirconium 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 coetlicient
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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 Mechamsm 200). The external
sensor(s) 203 may provide obtained measurements to In Situ
Control Mechanism 200 (e.g., to controller 204) and/or to
one or more computing devices located remotely from In
Situ Control Mechanism 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,
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 1n 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.

One embodiment of a Gas Analyzer 300 utilizing pre-
treatment mechanisms as described above 1s 1illustrated in
FIG. 3. In the Gas Analyzer 300 of FIG. 3 and other
arrangements not explicitly described here, a small sample
of landfill gas may be taken into the Gas Analyzer through
input port 310 (e.g., from the main tlow of landfill gas 1n gas
extraction piping 308 between the gas extraction well and
the gas collection system) and sent through a drying element
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312 and a series of one or more tlow-control mechanisms
(e.g., valves) betfore entering the gas analysis sample cham-
ber 302. In some embodiments, at the beginning and end of
a gas measurement cycle, both valves 316 and 318 are 1n the
closed state. Valve 316 may be opened and the pump 314
may be turned on in order to draw a sample of landfill gas
through the drying element 312 and into the gas analysis
sample chamber 302 for analysis. At the end of a measure-
ment cycle, the pump 314 may be turned off and valve 316
may be closed to stop the flow of gas into the sample
chamber 302. In some embodiments, the gas sample may be
purged from sample chamber 302 by opening valve 318.
Under typical operating conditions, the gas collection sys-
tem and gas extraction well(s) may be at negative pressure
(1.e., operating under vacuum conditions) relative to atmo-
spheric pressure, such that opening valve 318 may pull
ambient air through the Gas Analyzer 300 to purge the
sample chamber 302 of landfill gas. In some embodiments,
one or more valves of Gas Analyzer 300 may be toggled and
a pump (e.g., pump 314) may be activated to force purge
sample chamber 302 with ambient air. Forced purging may
be beneficial when one or more wells upstream from Gas
Analyzer 300 are operating under positive pressure relative
to atmospheric pressure (e.g., because the gas extraction
system’s vacuum is oil-line or because the one or more wells
are under-extracted). For example, forced purging may be an
cllective technique for clearing condensate from the Gas
Analyzer’s tubes and/or for clearing sample gas from sample
chamber 302 1n cases where the upstream well(s) are oper-
ating under positive pressure. (Although not shown, one of
ordinary skill 1n the art would understand that a valve may
be placed between pump 314 and 1nput port 310, and that
sample chamber 302 may be force purged by closing this
valve and by opening valves between pump 314 and atmo-
spheric port 320.) After purging the gas sample from Gas
Analyzer 300, valve 318 may be closed to stop atmospheric
air from leaking into the gas collection system.

Configurations that perform a similar function to the
embodiment of FIG. 3 and which, while not described
explicitly here, are within the scope of the present disclo-
sure. For example, the pump 314 may be placed after valve
316, or after the gas analyzer sample chamber 302, or the
drying element 312 may be moved to a different point in the
flow path. Similarly, the functionality provided by valve 31
and the pump 315 may be consolidated by the use of a sealed
pump design (e.g., a peristaltic pump). An additional valve
may be added after the gas analyzer (e.g., 1n a port 322
coupling the sample chamber 302 to the gas extraction
piping 308), for additional control or to prevent backtlow
into the sample chamber. Additionally, the Gas Analyzer
may be outfitted with additional modules to provide other
pre-treatment of the gas 1n addition to or i alternative to
drying (for example, particle filtering, removal or deactiva-
tion of hydrogen sulfide or other chemicals, etc.).

In some embodiments, the flow-control mechanism(s) of
Gas Analyzer 300 may include solenoid valves, latching
solenoid valves, pinch valves, ball valves, buttertly valves,
ceramic disc valves, check valves, choke valves, diaphragm
valves, gate valves, globe valves, knife valves, needle
valves, pinch valves, piston valves, plug valves, poppet
valves, spool valves, thermal expansion valves, pressure
reducing valves, sampling valves, safety valves, and/or any
other type of flow-control mechanism.

In some embodiments, the Gas Analyzer may utilize
non-dispersive infrared (NDIR) sensors, catalytic beads,
clectrochemical sensors, pellistors, photoionization detec-
tors, zirconium oxide sensors, thermal conductivity detec-
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tors, 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 tlow of gas; by pitot tube,
mechanical flow meter, heated wire or thermal mass flow
meter, and/or using any other suitable techmque. Tempera-
ture may be measured with a thermocouple, a negative or
positive temperature coellicient resistor, capacitor, inductor,
a semiconducting device, and/or using any other suitable
technique. Temperature may be measured inside the well, in
the main gas tlow from the well to the collection system,
inside a sampling chamber, outside of the control mecha-
nism (e.g., ambient atmospheric temperature), and/or at any
other suitable point. Atmospheric pressure may be measured
outside of the control mechanmism (e.g., ambient atmospheric
pressure) and/or at any other suitable location. Temperature,
pressure, gas composition, and/or other readings from dii-
ferent pomnts within the gas extraction well, the In Situ
Control Mechamism, 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.

FIG. 4 shows a controller of an In Situ Control Mecha-
nism, according to some embodiments. In some embodi-
ments, the Controller 400 of an In Situ Control Mechanism
may include functional blocks as indicated 1n FIG. 4. In the
embodiment of FIG. 4, the Controller 400 includes a Signal
Processing Module 418, a Data Storage Device 420, a Real
Time Clock Module 422, a Wireless Communication Mod-
ule 416, and/or a Flow-Control Mechanism Actuator 412
(e.g., valve drive buller) for providing a control signal to the
Flow-Control Mechanism 406. Other embodiments may use
only parts of this implementation, while others may add
additional functional modules for supporting functions. For
example, 1n some embodiments, the Controller of an In Situ
Control Mechamism may be implemented using a one or
more processors as described below.

In some embodiments, the Controller 400 of the In Situ
Control Mechanism may use data about environmental
conditions 1n and around the landfill (e.g., 1n and around the
gas extraction well upon which the In Situ Control Mecha-
nism 1s installed) to determine the settings to be applied to
the flow-control mechanism. In some embodiments, a
remotely-located controller may use the environmental data
to determine the settings to be applied to the flow-control
mechanism, and may commumnicate those settings to the In
Situ Control Mechanism. The environmental data may
include information about parameters including, but not
limited to atmospheric pressure, ambient temperature, wind
direction, wind speed, precipitation, humidity, and/or any
other suitable environmental parameter. The In Situ Control
Mechanism may use information from one or more other
sensors placed 1n or around the gas extraction well, includ-
ing, without limitation, atmospheric pressure sensor(s)
(sometimes termed barometric pressure sensor(s), subsur-
face temperature probe(s), subsurface moisture probe(s),
collection well liquid level measurement sensors, measure-
ments of the chemical and/or biological processes (for
example, pH measurements, tests for the presence of other
chemicals or biological by-products, etc.) occurring in the
section of waste that 1s 1n the vicinity of the gas extraction
well, and/or any other suitable information. In embodiments,
where one or more atmospheric pressure sensors are used,
the atmospheric pressure sensors may be of any suitable
type, as aspects of the technology described herein are not
limited 1n this respect.

In some embodiments, the Controller 400 of the In Situ
Control Mechanism may use the current data about the gas
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characteristics and/or environmental parameters, and/or it
may incorporate historical data about the performance of the
gas extraction well to determine the settings to be applied to
the Flow-Control Mechanism. In some embodiments, a
remotely-located controller may use the gas data, environ-
mental data, and/or historical data to determine the settings
to be applied to the flow-control mechanism, and may
communicate those settings to the In Situ Control Mecha-
nism. The In Situ Control Mechanism may, 1n some embodi-
ments, mcorporate past and/or present data about gas pro-
duction 1nto one or more predictive models and may use the
predictive model(s) to determine the modulation of the
Flow-Control Mechanism state.

In some embodiments, the Signal Processing Module 418
takes gas characteristics data from the Gas Analyzer 402 and
converts 1t mto a form that can be interpreted by the
Computing Core 414. This may involve a interpreting a
serial digital data stream via a sernial parsing algorithm, a
parallel parsing algorithm, analog signal processing (for
example, performing functions on analog signals like filter-
ing, adding or removing gain, frequency shifting, adding or
removing ollsets, mixing or modulating, and the like),
digital signal processing (digital filtering, convolution, fre-
quency shifting, mixing, modulating, and the like), analog-
to-digital or digital-to analog conversion, and/or any other
suitable signal processing technique that will be recognized
by one of ordinary skill in the art.

In some embodiments, the Data Storage Device 420 may
include any volatile and/or non-volatile memory element,
including but not limited to flash memory, SD card, micro
SD card, USB drive, SRAM, DRAM, RDRAM, disk drive,
cassette drive, tloppy disk, cloud storage backup, and/or any
other suitable computer-readable storage medium. The Data
Storage Device may serve as a data recovery backup, or it
may hold data for temporary intervals during the calculation
of control signals. The Data Storage Device may be remov-
able, or 1t may be fixed.

In some embodiments, the Real Time Clock Module 400
may include any circuit and/or functional module that allows
the Computing Core to associate the results of a gas analyzer
reading with a date or time (e.g., a unique date or time
stamp).

In some embodiments, the Wireless Communication
Module 416 may include, but 1s not limited to: a radio
transceiver (AM or FM, or any other type), television, UHF,
or VHF transceiver, Wi-F1 and/or other 2.4 GHz communi-
cation module, cellular chipset (2G, 3G, 4G, LTE, GSM,
CDMA, etc.), GPS transmitter, satellite communication sys-
tem, and/or any other suitable wireless communication
device. The Wireless Communication Module may have an
integrated antenna, and/or an external one. The Wireless
Communication Module may transmit, receive, and/or have
two-way communication with a central source and/or be
capable of point-to-point communication with another mod-
ule. In some embodiments, the Wireless Communication
Module may include a 2G chipset that allows the In Situ
Control Mechanism to connect to existing telecommunica-
tions infrastructure.

In some embodiments, the Computing Core 414 may
include, but 1s not limited to: a microprocessor, a computer,
a microcontroller, a field programmable gate array (FPGA),
an application specific mtegrated circuit (ASIC), a digital
signal processor (DSP), an analog computer or control
system, and/or any other suitable computing device. In some
embodiments, the Computing Core may have integrated
Analog-to-Digital converters, pulse width modulation detec-
tors, edge detectors, frequency detectors, phase detectors,
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amplitude detectors, demodulators, RMS-DC converters,
rectifiers, and/or other suitable signal processing modules.

In some embodiments, the Flow-Control Mechanism
Actuator 412 (e.g., a valve drive buliler) may include any
circuit that can translate commands from the Computing
Core 1nto an appropriate actuation signal (e.g., driving
signal) for the Flow-Control Mechanism 406. In some
embodiments, translating commands from the Computing
Core may comprise analog signal processing on a voltage
(for example, adding/removing gain, offset, filtering, mix-
ing, etc.), analog signal processing on a current control (for
example, conversion to a 4-20 mA control loop, 1ncreasing
output current drive capability), pulse width modulating a
digital signal, digital signal processing, digital-to-analog or
analog-to-digital conversion, and/or any other suitable tech-
niques.

In some embodiments, the Flow-Control Mechanism 406
of the In Situ Control Mechanism may comprise a solenoid
valve, latching solenoid valve, pinch valve, ball valve,
butterfly valve, ceramic disc valve, check valve, choke
valve, diaphragm valve, gate valve, globe valve, knife valve,
needle valve, pinch valve, piston valve, plug valve, poppet
valve, spool valve, thermal expansion valve, pressure reduc-
ing valve, sampling valve, safety valve, and/or any other
suitable type of tlow-control mechanism. The Flow-Control
Mechanism may have two or more discrete operating states,
or 1t may provide continuous adjustment of the operating
state (e.g., valve position) for fine control of operating
pressure, temperature, flow, gas characteristics, etc.

In some embodiments, the In-Situ Control Mechanism
may modulate the Flow-Control Mechanism to achieve any
number of desired outcomes, or it may determine the state
of the Flow-Control Mechanism based on an optimization
and/or prioritization of multiple output parameters. Some
examples of control schemes are further provided herein.

In some embodiments, some or all of the gas extraction
wells and/or piping junction points 1 a landfill may be
outlitted with In-Situ Control Mechanisms to form at least a
portion of a control system for controlling gas extraction
across the entire landfill or a set of wells within the landfill
(the “landfill under control”). One embodiment of such a
control system 1s shown in FIG. 5.

FIG. 5 shows a control system 500 for a landfill gas
extraction system, according to some embodiments. In some
embodiments, control system 500 may include one or more
In Situ Control Mechanisms 506 configured to control gas
flow 1n a gas extraction system 1n a landfill under control
520. In some embodiments, control system 500 may include
a controller module 504 for modeling aspects of the landfill
under control, for communicating with the In Situ Control
Mechanisms, and/or for controlling the operation of the In
Situ Control mechanisms. In some embodiments, controller
module 504 may be implemented on one or more computers
located remotely from the In Situ Control Mechanisms (e.g.,
on a centralized computer or 1 a distributed computing
environment). In some embodiments, controller module 504
may execute a multitasking program with different tasks

configured to control the operation of different In Situ
Control Mechanisms and/or to communicate with diflerent
In Situ Control Mechanisms. In some embodiments, the
functionality described below as being performed by con-
troller module 504 may be performed by one or more In Situ
Control Mechanisms 506 individually or 1n concert. In some
embodiments, controller module 504 may communicate
with the In Situ Control Mechanisms through a device
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manager 502. In some embodiments, controller module 504
1s 1n communication with a user interface 508 and/or a
database 510.

In some embodiments, some or all of these In-Situ Con-
trol Mechamisms 506 may contain wireless communication
capability to establish Wireless Data Links to controller
module 504 (e.g., through device manager 502). Wireless
Data Links may operate in either a unidirectional or a
bidirectional manner. The network of Wireless Data Links
may be implemented using a mesh network, a star network,
point-to-point communication, and/or any other suitable
communication technique. In-Situ Control Mechanisms 506
may send information over a communication network to a
distributed network (e.g., the “cloud™). Communication may
occur through a system including but not limited to a cell
phone network (2G, 3G, 4G LTE, GSM, CDMA 1xRTT,
ctc.), a satellite network, a local area network connected to
the Internet, etc. In some embodiments, the In Situ Control
Mechanisms 506 may communicate with each other and/or
with controller module 504 using wired data links, Wireless
Data Links, power line communication, and/or any other
suitable communication technique.

Information sent (e.g., over Wireless Data Links) by the
In-Situ Control Mechanisms 306 may include but 1s not
limited to sensor data, environmental data, failure notifica-
tions, status notifications, calibration notifications, etc.
Information received by the In-Situ Control Mechanisms
may include but 1s not limited to: raw or pre-processed data
about the current or past operational state of other landfill
gas extraction wells in the landfill under control, command
and control signals, desired operating states, predictive
calculations about the operating state of the well upon which
the In-Situ Control Mechanism 1s mstalled or other landfill
gas extraction wells, failure notifications, status notifica-
tions, calibration changes, solftware and/or firmware
updates, flow-control mechanism settings, sensor settings,
and/or other information.

In some embodiments, In Situ Control Mechanisms 506
in the landfill under control 520 may communicate with a
Device Manager 502, as indicated in FIG. 5, and/or they
may communicate directly with each other. The Device
Manager 502 may include software operating on a computer
in the landfill under control, or operating on a remote server,
and/or operating on a distributed computing network (“the
cloud”) 1n one or multiple locations. In some embodiments,
Device Manager 502 may be implemented using a comput-
ing system 1100 as described below. The Device Manager
502 may collect information from alternate sources—in-
cluding but not limited to environmental data, past history
about electrical power demand and/or prices, forecasts about
future electrical power demand and/or prices, etc. In some
embodiments, the Device Manager 502 may be 1n constant
communication with the In-Situ Control Mechanisms 506,
or 1t may communicate asynchronously with the In-Situ
Control Mechanisms. In some embodiments, the Device
Manager 502 may hold a queue of commands or other
information to be passed to the In Situ Control
Mechanism(s) 506 upon the establishment of a data link
(e.g., re-establishment of a Wireless Data Link).

In some embodiments, the Device Manager 502 may
associate a set of In-Situ Control Mechanisms 506 into a

single landfill under control 520, and 1t may add or remove
additional In-Situ Control Mechanisms 506 to that landfill

under control 520 to accommodate the addition or removal
of In-Situ Control Mechanisms from the site. The Device
Manager 502 may contain or perform authentication or
encryption procedures upon establishing a data link (e.g., a
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Wireless Data Link) with an In-Situ Control Mechanism.
Security protocols implemented by the Device Manager may
include, but are not limited to: internet key exchange, IPsec,
Kerberos, point to point protocols, transport layer security
(TLS), HITTPS, SSH, SHTP, efc.

In some embodiments, the Device Manager 502 may
communicate with a controller module 504. The controller
module 504 may include one or more applications runmng,
on a distributed computational platform (e.g., a “cloud
server’), a traditional server infrastructure, a computing
system 1500 as described below with respect to FIG. 15,
and/or other suitable computer architecture recognized by
those of ordinary skill in the art. It should be appreciated,
however, that control functions as described herein may be
distributed across device manager 502, controller module
504 and/or any other computing components in any suitable
way. Similarly, control functions may be distributed across
processors (e.g., controllers) associated with one or more In
Situ Control Mechanisms.

In some embodiments, control system 500 may be con-
figured to predict future states of the landfill under control,
and/or may be configured to use such predictions to control
the operation of a gas extraction system associated with the
landfill under control. In some embodiments, using one or
more predictions regarding the future state(s) of the landfill
under control to control the operation of the gas extraction
system may improve the performance (e.g., efliciency) of the
gas extraction system, relative to the performance of con-
ventional gas extraction systems.

Aggregate Level Landfill Gas Extraction Control

As described herein, aspects of the present disclosure
provide for site-level control of landfill gas extraction. For
example, in some embodiments, the extraction of landfill gas
from a respective well may be based at least in part on
aggregate landfill gas quality (e.g., composition) of landfill
gas collected from a plurality of wells.

Site-Level Landfill Gas Extraction Control Systems

Example systems for site-level control of landfill gas
extraction are further provided herein. As shown 1n FIG. 6,
landfill gas collected from multiple different extraction wells
in a landfill 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
inventors have recognized that the power plant may require
the aggregated landfill gas to have a certain gas quality (e.g.,
a certain energy content, a certain gas composition) 1 order
to process the aggregate landfill gas instead of flaring it.
Accordingly, the inventors have developed a control system
that concurrently controls extraction of landfill gas from
multiple wells based on one or more target parameters for
the gas output (e.g., a collection point for extracted landfill
gas from a plurality of wells such as a power plant or a
treatment plant). 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 collected at the
gas output (e.g., an energy content ol the landfill gas, a
concentration of a constituent gas 1n the landfill gas), 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). In some embodiments, the control system
may determine whether the characteristic 1s diflerent than a
target value for the characteristic. In response to determining,
that the measured characteristic 1s outside of the target
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range, for example, the control system may control the
valves disposed 1n the well piping to control tlow 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 flow rates of one or more
of the multiple gas extraction wells.

The inventors have recognized that the quality of landfill
gas extracted from a gas extraction well 1s aflected by a
variety of different factors. By way of example and not
limitation, such factors may include changes 1n barometric/
ambient pressure, changes 1n ambient temperature, precipi-
tation, and changes 1n pressure of a vacuum source. Fur-
thermore, extraction from an individual well may have to be
adjusted such that landfill gas aggregated from multiple
wells meets certain standards (e.g., energy content stan-
dards, balance gas limits, etc.). Accordingly, the inventors
have developed a system for controlling extraction of land-
{11l gas from a gas extraction well based on multiple factors.
In some embodiments, the system has a controller that
determines one or more control variables based on measure-
ments of change 1n pressure of a vacuum source, change in
barometric pressure outside of the landfill, change 1n ambi-
ent temperature outside of the landfill, and/or a quality of
agoregated landfill gas from multiple wells. The system then
controls a tlow control mechanism (e.g., a valve) to adjust a
flow rate of landfill gas being extracted from the gas
extraction well based on the control variable(s).

FIG. 6 illustrates an example environment 600 1n which
aspects of the technology described herein may be imple-
mented. The environment 600 includes a landfill 602, which
holds decomposing waste 604. The decomposing waste 604
produces landfill gas (LFG) 606 A-C which flows out from
the landfill 602 through gas extraction wells 608A-C. A gas
extraction well may also be referred to herein as a “well.”
The gas extraction wells 608A-C 1nclude respective well-
heads 609A-C. Each of the gas extraction wells 608A-C 1s
coupled to a respective one of the controllers 610A-C
through the wellhead of the gas extraction well. Each of the
controllers 610A-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 612 collects the landfill gas extracted from
the wells 608A-C. The gas collection system 612 supplies
the extracted landfill gas to a power plant 614. The power
plant 614 may be communicatively coupled to a multi-well
controller 616. The multi-well controller 616 1s communi-
catively coupled to the controllers 610A-C associated with
wells 608A-C. The multi-well controller 616 receives, from
the power plant 614, information 1ndicating gas quality of
landfill gas aggregated from the wells 608 A-C. The multi-
well controller 616 uses the information to feed control
inputs to the local controllers 610A-C to globally control
extraction of landfill gas at the wells 608 A-C. It should be
appreciated that although three wells are shown 1n FIG. 6,
this 1s by way of example and not limitation, as a site may
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).

In some embodiments, the gas collection system 612
includes a vacuum source. The vacuum source generates a
negative pressure diflerential between the gas collection
system 612 and the landfill 602. The negative pressure
differential causes the landfill gas 606 A-C to tlow from the
landfill 602 to the gas collection system 612 through the
wells 608A-C. In some embodiments, the gas collection
system 612 may comprise an additional location where
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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 614. In some
embodiments, the gas collection system 612 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 to increase an energy content of the
landfill gas. For example, the landfill gas may include
methane, oxygen, carbon dioxide, hydrogen sulfide, nitro-
gen, 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 col-
lected landfill gas. The power plant 614 may be configured
to generate electricity using the extracted landfill gas. For
example, the power plant 614 may burn the extracted landfill
gas to turn a rotor of an electricity generator or a turbine.
Although the gas collection system 612 and the power plant
614 arc shown separately 1n FIG. 6, 1n some embodiments,
the gas collection system 612 and the power plant 614 may
be components of a single system.

The power plant 614 1ncludes one or more sensors 614A

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 602,
such as wells 608A-C. In some embodiments, the sensor(s)
614A may be configured to measure an energy content (€.g.,
energy density) of collected landfill gas. For example, the
sensor(s) 614A 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), and the multi-well controller 616 may use the
concentration(s) to determine whether to adjust the flow rate
of one or more of the gas extraction wells 608A-C. For
example, the multi-well controller 616 may receive a mea-
sure of a concentration of a constituent gas in the landfill gas
collected from the gas extraction wells 608 A-C obtained by
the gas quality sensor(s) 614 and use the measure of the
concentration of the constituent gas to determine whether
the concentration of landfill gas collected from the gas
extraction wells 608A-C 1s outside of a target range and/or
different from a target concentration.
In some embodiments, each of the local controllers
610A-C controls extraction of landfill gas locally at a
respective one of the gas extraction wells 608A-C. Each of
the local controllers 610A-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 616 con-
trols extraction of landfill gas globally across multiple gas
extraction wells, including the gas extraction wells 608A-C.
In some embodiments, the multi-well controller 616 may be
configured to concurrently control extraction of landfill gas
from multiple wells. Concurrently controlling extraction of
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landfill gas from multiple wells may volve causing an
adjustment 1n a valve at a first well during a first time period,
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 616 may be
configured to concurrently control extraction of landfill gas
from multiple wells while a respective local controller
610A-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 610A-C
may 1nclude a valve whose position controls a flow rate of
landfill gas being extracted from a respective well. The
multi-well controller 616 may control the positions of the
valves of the controllers 610A-C to control, globally, flow
rates of landfill gas being extracted from the wells 608A-C.
In some embodiments, the multi-well controller 616 may be
configured to control the positions of the valves of the
controllers 610A-C by transmitting a control variable to
cach of the controllers 610A-C. Each of the controllers
610A-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 616 may transmit a valve position adjustment to
cach of the controllers 610A-C. The controllers 610A-C may
be configured to apply the received adjustment to the
respective valves.

In some embodiments, the multi-well controller 616 may
comprise at least one computer. The at least one computer
may communicate with the controllers 610A-C. In some
embodiments, the multi-well controller 616 may be config-
ured to periodically transmit one or more control inputs to
the controllers 610A-C. In some embodiments, the multi-
well controller 616 may wirelessly transmit the control
iput(s) to the controllers 610A-C. In some embodiments,
the multi-well controller 616 may communicate with the
controllers 610A-C over wired connections.

Site-Level Landfill Gas Extraction Control Methods

As described herein, a multi-well controller may be
configured to implement one or more site-level control
techniques for controlling extraction of landfill gas based at
least 1n part on aggregate gas quality of landfill gas collected
from a plurality of wells. Examples of such techniques are
further described herein.

FIG. 7 1s a flowchart of an 1illustrative process for con-
trolling extraction of landfill gas through a gas extraction
system, according to some embodiments. In some embodi-
ments, process 700 may be performed using at least one
site-level controller (e.g., multi-well controller 616) and/or
one or more local controllers (e.g., controllers 610A-C
described above with reference to FIG. 6), as described
herein.

Process 700 begins with act 702, where a measure of a
concentration of a first constituent gas 1n landfill gas col-
lected from a plurality of wells 1s obtained. For example, the
concentration of the first constituent gas may be obtained by
the gas quality sensor(s) 614 at the gas output. In some
embodiments, act 702 comprises operating, for example,
with the multi-well controller 616, a gas quality sensor, such
as a gas chromatograph, to obtain the measure of concen-
tration of the first constituent gas. In some embodiments, act
702 comprises recerving the measure of concentration of the
first constituent gas from a gas quality sensor.

In some embodiments, the first constituent gas comprises
at least one of oxygen, nitrogen, methane, and/or any other
component of landfill gas. In some embodiments, the first
constituent gas may be measured directly using a measure-
ment from a gas quality sensor configured to obtain a
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concentration of the first constituent gas (such as by using an
oxygen sensor, for example). In some embodiments, the
concentration of the first constituent gas may be measured
indirectly, for example, by suing measurements ifrom a gas
quality sensor of one or more other constituent gasses 1n the
landfill gas collected from the plurality of wells and calcu-
lating a balance.

At act 703, the multi-well controller determines a measure
of a characteristic of the landfill gas extracted from the
plurality of wells based on the measure of concentration of
the first constituent gas obtained at act 702. The character-
istic of the landfill gas collected from the plurality of wells
may be any characteristic of landfill gas for which 1t 1s
desired to base control of landfill gas extraction from the
plurality of wells on. For example, determining whether one
or more of the plurality of wells should be adjusted may be
based on the characteristic of the landfill gas collected from
the plurality of wells. As such, the characteristic may be
referred to as a top level parameter for controlling landfill
gas extraction. In some embodiments, the characteristic
comprises the measure of concentration of the first constitu-
ent gas 1tself, such as oxygen concentration, nitrogen con-
centration, or methane concentration, among others, for
example.

In some embodiments, the characteristic of the landfill gas
collected from the plurality of wells comprises a quality of
landfill gas calculated using the measure of concentration of
the first constituent gas, for example, an energy content of
the landfill gas collected trom the plurality of wells. In some
embodiments, energy content of landfill gas or other fuel
may indicate an amount of energy per unit of volume or
mass ol the landfill gas or other fuel. When energy content
of landfill gas or other fuel indicates an amount of energy per
unit volume of the gas or fuel, the energy content may be
referred to as “energy density”. As described herein, some
embodiments of the technology described herein involve
controlling gas extraction using energy content (e.g., based
on measured and target energy content), which encompasses
controlling gas extraction using energy content per unit
volume (energy density), energy content per unit of mass, or
any other suitable measure of energy content.

At act 704 1t 1s determined, using the multi-well controller
616, for example, whether the characteristic of the landfill
gas collected from the plurality of wells 1s outside of a global
range. For example, the measure of the characteristic may be
compared to upper and lower thresholds of the global range
to determine whether the characteristic 1s greater than an
upper threshold of the global range (e.g., a highest value of
the global range) or less than a lower threshold of the global
range (€.g., a lowest value of the global range). For example,
in an embodiment where the characteristic comprises oxy-
gen concentration, a global range for oxygen concentration
may comprise 1-5% oxygen concentration and determining,
whether the characteristic 1s outside of the global range
comprises determining whether the measure of oxygen
concentration 1s less than 1% or greater than 3%. Further
examples are provided 1in FIGS. 8A-10B

Although not shown in the illustrated embodiment, 1n
some embodiments, the characteristic of the landfill gas
collected from the plurality of wells may be compared to a
target value for the characteristic to determine whether a
measure of the characteristic differs from the target charac-
teristic. In some embodiments, the characteristic of the
landfill gas collected from the plurality of wells be compared
to one ol an upper or lower threshold to determine whether
the measure of the characteristic 1s greater than an upper
threshold or less than a lower threshold for the characteristic.
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When, at act 704, the multi-well controller 616 deter-
mines that the characteristic of the landfill gas collected
from the plurality of wells 1s not outside of the global range,
then the process returns through the no branch to act 702
where another measure of concentration of the first constitu-
ent gas 1s obtained. Alternatively, 1n some embodiments, the
process may end.

When, at act 704, the multi-well controller 616 deter-
mines that the characteristic of the landfill gas collected
from the plurality of well 1s outside of the global range, the
determination may indicate that the landfill gas collected
from the plurality of wells 1s not of sufhicient quality (e.g.,
the landfill gas collected from the plurality of wells does not
comprise the necessary composition to process the aggregate
landfill gas instead of flaring it) and that one or more
adjustments should be made to one or more individual gas
extraction wells. In that case, the method proceeds through
the yes branch to act 706 to determine which of the plurality
of wells to adjust. Although acts 708-710 are described with
reference to a first well of the plurality of wells, 1t should be
appreciated that the method may be performed for any
number of the plurality of wells (e.g., each of the plurality
of wells, a subset of the plurality of wells, including a second
well).

At act 708, a local controller (e.g., one of local controllers
610A-C) determines, based on the concentration of a second
constituent gas 1n landfill gas collected from the first well of
the plurality of wells, whether to adjust a flow rate of the first
well. For example, as described further herein, a measure of
the concentration of the second constituent gas may be
compared to a target range to determine whether the measure
of the concentration of the second constituent gas 1s outside
of the target range. For example, where the second constitu-
ent gas 15 oxygen, a measure of oxygen concentration of the
landfill gas collected from the first well may be compared to
a local range (e.g., 1-5% oxygen) to determine whether the
measure of oxygen concentration 1s either less than 1%
oxygen or greater than 5% oxygen. When 1t 1s determined
that the measure of oxygen concentration 1s outside of the
local range, the local controller may adjust the flow rate of
the landfill gas being extracted from the landfill accordingly.
Further examples are described herein, for example with
respect to FIGS. 8A-10B.

In some embodiments, the measure of the concentration
of the second constituent gas may be compared to a target
value to determine whether the measure of the concentration
of the second constituent gas 1s different than the target
value. In some embodiments, the measure of the concentra-
tion of the second constituent gas may be compared to an
upper and/or lower threshold to determine whether the
measure of the concentration of the second constituent gas
1s greater than an upper threshold and/or less than lower
threshold.

The second constituent gas may be any component of
landfill gas for which 1t 1s desired to base the determination
of which individual wells to adjust on. As such, the second
constituent gas may be referred to as a secondary parameter
for controlling landfill gas extraction. For example, where
the second constituent gas comprises oxygen, determining
which of the plurality of wells to adjust 1n response to a
determination that one or more of the plurality of wells
should be adjusted 1s based on the oxygen concentration of
the individual wells. In some embodiments, the second
constituent gas comprises at least one of oxygen, balance
gas, methane, and/or any other component of landfill gas. In
some embodiments, the first and second constituent gasses
may be the same, while 1n other embodiments, the first and
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second constituent gasses may be different. In some embodi-
ments, the first constituent gas may be measured directly
using a sensor configured to obtain a concentration of the
first constituent gas (such as by using an oxygen sensor, for
example). In some embodiments, the concentration of the
first constituent gas may be measured indirectly (e.g., for
balance gas), for example, by measuring one or more other
constituent gasses in the landfill gas collected from the
plurality of wells and calculating a balance.

When, at act 708, 1t 1s determined that flow rate of landfill
gas being extracted from the first well need not be adjusted,
then the process returns through the no branch to act 702
where another measure of concentration of the first constitu-
ent gas may be obtained. Alternatively, 1n some embodi-
ments, the process may end.

When, at act 708 1t 1s determined that the flow rate of
landfill gas being extracted from the first well should be
adjusted, the process proceeds through the yes branch to act
710 where the flow rate of landfill gas being extracted from
the first well 1s adjusted. For example, adjusting the flow rate
of the first well may comprise decreasing or increasing the
flow rate by adjusting a degree to which a valve of the first
well 1s open. After adjusting the flow rate of the first well at
act 710, the process may return to act 702 to obtain another
measure of concentration of the first constituent gas, or,
alternatively, the process may end.

Thus, process 700 provides for adjusting one or more
wells when the quality of the aggregate landfill gas collected
from the plurality of wells 1s 1nadequate (e.g., outside of a
target range, diflerent than a target value). The process 700
may 1mprove aggregate gas quality by making adjustments
to one or more of the plurality of wells. The process 700
provides for making adjustments to the selected individual
wells (e.g., the “worst” or “best” quality gas extraction
wells) to improve the quality of aggregate landfill gas 1n an
cilicient manner. In some embodiments, determining
whether to adjust one or more wells of a plurality of wells
may be determined based on a characteristic of aggregate
landfill gas collected from the plurality of wells (e.g., a top
level parameter) while determining which of the plurality of
wells to adjust may be based on a characteristic of landfill
gas collected from individual gas extraction wells (e.g., a
secondary parameter).

As described herein, the techniques for site-level control
of landfill gas extraction may be based on selecting a
constituent gas and/or characteristic of landfill gas (e.g.,
energy content) as top level and secondary parameters
governing the control of landfill gas extraction. Now
described herein are example methods for site-level control
having different examples of top level and secondary param-
eters.

FIG. 8A 1s a flowchart of another 1llustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments. In particular, FIG.
8 A 1llustrates an example process 800 for site-level control
of landfill gas extraction using oxygen concentration as a top
level and secondary control parameter. Process 800 may be
performed at least in part by using multi-well controller 616
and multiple local controllers 610A-C described above with
reference to FIG. 6.

As shown 1n FIG. 8A, process 800 begins with act 802,
where a measure of oxygen concentration of landfill gas
collected from a plurality of wells 1s obtained, for example,
by a multi-well controller. At act 804, the multi-well con-
troller determines whether the concentration of oxygen in
the landfill gas collected from the plurality of wells 1s
outside of a global range (e.g., 0%-3% by volume, 0%-1%
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by volume, 0%-0.2% by volume, and/or any other suitable
target range within these ranges). This may be done 1n any
suitable way, for example, by determining whether the
concentration of oxygen 1n the landfill gas collected from the
plurality of wells 1s greater than an upper endpoint of the
global range or less than a lower endpoint of the global
range. The concentration of oxygen in the landfill gas 1s
inversely proportional to methane concentration of the land-
f1ll gas (which 1s proportional to energy content). Therefore,
it may be advantageous to control extraction of landfill gas
from the plurality of wells using oxygen concentration as a
basis for determining whether to adjust flow rates of landfill
gas extraction in order to ensure the quality of landfill gas
being extracted from the plurality of wells 1s of suflicient
quality.

Although 1n the illustrated embodiment, the measure of
oxygen concentration of landfill gas collected from the
plurality of wells 1s compared to a global range to determine
whether the measure of oxygen concentration 1s outside of
the global range, it should be appreciated that the measure
ol oxygen concentration may be assessed 1n one or more
other ways, such as by comparing the measure of oxygen
concentration to a target value to determine whether the
measure ol oxygen concentration 1s different than the target
value or comparing the measure of oxygen concentration to
an upper and/or lower threshold to determine whether the
measure of oxygen concentration 1s greater than an upper
threshold or less than a lower threshold.

When, at act 804, the multi-well controller determines
that the measure of oxygen concentration of the landfill gas
collected from the plurality of wells 1s not outside of the
global range, the process 800 returns through the no branch
back to act 802 where another measure of oxygen concen-
tration of the landfill gas collected from the plurality of wells
1s obtained. Alternatively, the process may end.

When, at act 804, the multi-well controller determines
that the measure of oxygen concentration of the landfill gas
collected from the plurality of wells 1s outside of the global
range, the determination may indicate that the landfill gas
collected from the plurality of wells 1s of insutlicient quality,
and that one or more of the plurality of wells should be
adjusted. The process 800 therefore proceeds to act 808
where a local level controller determines whether to adjust
a first well of the plurality of wells. Although acts 806-810
are described with reference to a first well of the plurality of
wells, 1t should be appreciated that the method may be
performed for any number of the plurality of wells (e.g.,
cach of the plurality of wells, a subset of the plurality of
wells).

At act 806, a measure of oxygen concentration of landfill
gas collected from the first well 1s obtained by a local level
controller. In some embodiments, act 806 may comprise
operating a sensor to obtain a measure of oxygen concen-
tration of landfill gas collected from the first well. In some
embodiments, act 806 may comprise obtaining the measure
of oxygen concentration of landfill gas collected from the
first well from a sensor. In some embodiments, the measure
ol oxygen concentration of the landfill gas collected from
the first well may be a measurement obtained at a previous
time, for example, before one or more of acts 802-804.

At act 808 the local level controller determines whether to
adjust a flow rate of landfill gas being extracted from the first
well based on the measure of oxygen concentration of
landfill gas collected from the first well. In some embodi-
ments, act 808 may comprise determining whether the
measure of oxygen concentration of landfill gas collected
from the first well 1s outside of a local range for oxygen
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concentration (e.g., 0%-5% by volume, 0%-1% by volume,
0%-0.2% by volume, and/or any other suitable target range
within these ranges). In some embodiments, the local range
may be the same as the global range. In some embodiments,
the local range may difler from the global range and further. 5
In some embodiments, an upper endpoint of the local range
may be greater than an upper endpoint of the global range.

In other embodiments, act 808 may comprise determining
whether the measure of oxygen concentration of landfill gas
collected from the first well 1s diflerent than a target value, 10
greater than an upper threshold, and/or less than a lower
threshold.

When, at act 808, the local level controller determines that
the measure of oxygen concentration of the landfill gas
collected from the first well 1s not outside of the local range, 15
the process 800 returns through the no branch back to act
802 where another measure of oxygen concentration of the
landfill gas collected from the plurality of wells 1s obtained.
Alternatively, the process may end.

When, at act 808, the local level controller determines that 20
the measure of oxygen concentration ol the landfill gas
collected from the first well 1s outside of the local range, the
determination may 1indicate that the landfill gas collected
from the first well should be adjusted, and the process
proceeds through the yes branch to act 810 where the flow 25
rate of landfill gas being extracted from the first well 1s
adjusted. After adjusting the flow rate of the first well at act
810, the process returns to act 802 to obtain another measure
ol concentration of the oxygen concentration of landfill gas
collected from the plurality of wells, or, alternatively, the 30
process may end.

FIG. 8B 1s a flowchart of another 1llustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments. In particular, FIG.
8B further illustrates how adjustments may be made to the 35
first well according to process 800. Process 800" may be
performed at least 1n part by using multi-well controller 616
and multiple local controllers 610A-C described above with
reference to FIG. 6.

Process 800" begins at act 852 where a measure of oxygen 40
concentration of landfill gas collected from a plurality of
wells 1s obtained by a multi-level controller. At act 854, the
multi-well controller determines whether the measure of
oxygen concentration obtained at act 852 1s outside of a
global range for oxygen concentration. When, at act 854, the 45
multi-well controller determines that the measure of oxygen
concentration obtained at act 854 1s not outside of the global
range, the process proceeds through the no branch to return
to act 852, or alternatively, to end. When, at act 854, the
multi-well controller determines that the measure of oxygen 50
concentration obtained at act 854 1s outside of the global
range, the process proceeds to one of acts 856 A-B depend-
ing on whether the oxygen concentration 1s greater than an
upper endpoint of the global range (i1.e. oxygen concentra-
tion 1s too high) or less than a lower endpoint of the global 55
range (1.e. oXygen concentration 1s too low).

When the multi-well controller determines that the mea-
sure of oxygen concentration obtained at act 854 1s outside
of the global range because 1t 1s greater than the global range
(e.g., greater than an upper endpoint of the global range), the 60
determination may indicate that the oxygen concentration of
the landfill gas collected from the plurality of wells 1s too
high and should be decreased by adjusting the tlow rate of
one or more of the plurality of wells. In that case, the process
800" proceeds to act 856A where a local level controller 65
determines which of the one or more wells to adjust.
Limiting the amount of oxygen in the extracted landfill gas
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may be helpful because high amounts of oxygen may
negatively influence how generators run, for example, by
causing engine problems or contributing to fires deep within
the landfill. Limits on the concentration of oxygen may be
imposed by landfill operators, power utility operators, local
regulations, state regulations, and/or federal regulations.

In some embodiments, when oxygen concentration of
aggregate landfill gas 1s determined to be too high, 1t may be
most eflicient to adjust flow rates of the gas extraction wells
having the highest oxygen concentration by decreasing a
flow rate of the one or more wells with the highest oxygen
concentration. Decreasing the tflow rate of landfill gas being
extracted from a well causes the landfill to pull less oxygen
from the atmosphere into the landfill gas stream. The
decreased amounts of oxygen 1n the landfill gas stream result
in 1mcreased methane concentration levels, with methane
concentration being inversely proportional to oxygen con-
centration. Decreasing flow rates of gas extraction wells
having the highest oxygen concentration may allow for
clliciently decreasing oxygen concentration and increasing
agoregate landfill gas quality.

In some embodiments, determiming which gas extraction
wells have the highest oxygen concentration may comprise
determining whether one or more wells of the plurality of
wells have an oxygen concentration greater than an upper
local threshold. Thus, in the illustrated embodiment, process
800" proceeds to act 856A where a measure of oxygen
concentration of landfill gas collected from a first well 1s
obtained by a local level controller. Although acts 856 A.-
858A are described with reference to a first well of the
plurality of wells, 1t should be appreciated that the method
may be performed for any number of the plurality of wells
(e.g., each of the plurality of wells, a subset of the plurality
of wells including a second well).

At act 858 A, the local level controller determines whether
the measure oxygen concentration obtained at act 856 A 1s
greater than an upper local threshold for oxygen concentra-
tion. When the local level controller determines that the
measure of oxygen concentration obtained at act 856A 1s
greater than the upper local threshold, the determination
may 1indicate that a flow rate of the landfill gas being
extracted from the first well should be adjusted, and the
process proceeds through the yes branch to act 860A to
decrease the tlow rate of the first well. When the local level
controller determines that the measure of oxygen concen-
tration obtained at act 856A 1s not greater than the upper
local threshold, the process returns through the no branch to
act 852, or alternatively, may end.

When the multi-level controller determines that the mea-
sure of oxygen concentration obtained at act 854 is outside
of the global range because 1t 1s less than the global range
(e.g., less than a lower endpoint of the global range), the
determination may indicate that the oxygen concentration of
the landfill gas collected from the plurality of wells 1s too
low and should be increased by adjusting the tlow rate of one
or more of the plurality of wells. In that case the process 800
proceeds to act 856B to determine which of the one or more
wells to adjust. In some embodiments, when oxygen con-
centration of aggregate landfill gas 1s determined to be too
low, it may be most eflicient to adjust flow rates of the gas
extraction wells having the lowest oxygen concentration by
increasing a tlow rate of the one or more wells with the
lowest oxygen concentration. Increasing the tflow rate of
landfill gas being extracted from a well causes the landfill to
pull more oxygen from the atmosphere 1nto the landfill gas
stream. The increased amounts of oxygen in the landfill gas
stream result in decreased methane concentration levels,
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with methane concentration of the landfill gas being
inversely proportional to oxygen concentration. Increasing
flow rates of gas extraction wells having the highest oxygen
concentration may allow for efliciently increasing oxygen
concentration without sacrificing aggregate landfill gas qual-
ity.

In some embodiments, determining which gas extraction
wells have the lowest oxygen concentration may comprise
determining whether one or more wells of the plurality of
wells have an oxygen concentration less than a lower local
threshold. Thus, 1n the illustrated embodiment, process 800’
proceeds to act 8568 where a measure ol oxygen concen-
tration of landfill gas collected from a first well 1s obtained.
Although acts 856B-858B are described with reference to a
first well of the plurality of wells, 1t should be appreciated
that the method may be performed for any number of the
plurality of wells (e.g., each of the plurality of wells, a subset
of the plurality of wells including a second well).

At act 858B, the local level controller determines whether
the measure oxygen concentration obtained at act 856B 1s
greater than an upper local threshold for oxygen concentra-
tion. When the local level controller determines that the
measure of oxygen concentration obtained at act 856B 1s
less than the lower local threshold, the determination may
indicate that a flow rate of the landfill gas being extracted
from the first well should be adjusted, and the process
proceeds through the yes branch to act 860B to decrease the
flow rate of the first well. When the local level controller
determines that the measure of oxygen concentration
obtained at act 856B i1s not less than the lower local
threshold, the process returns through the no branch to act
852, or alternatively, may end.

FIG. 9A 1s a flowchart of another 1llustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments. In particular, FIG.
9A 1llustrates an example process 900 for site-level control
of landfill gas extraction using nitrogen concentration as a
top level parameter and balance gas concentration as a
secondary parameter. Process 900 may be performed at least
in part by using multi-well controller 616 and multiple local
controllers 610A-C described above with reference to FIG.
6.

As shown 1n FIG. 9A, process 900 begins with act 902,
where a measure ol nitrogen concentration of landfill gas
collected from a plurality of wells 1s obtained by a multi-
well controller. At act 904, the multi-well controller deter-
mines whether the nitrogen concentration of the landfill gas
collected from the plurality of wells 1s outside of a global
range (e.g., 0%-5% by volume, 0%-2.5% by volume,
0%-1% by volume, and/or any other suitable target range
within these ranges), for example, by determining whether
the nitrogen concentration of the landfill gas collected from
the plurality of wells 1s greater than an upper endpoint of the
global range or less than a lower endpoint of the global
range. The nitrogen concentration of the landfill gas 1s
inversely proportional to methane concentration of the land-
{111 gas (which 1s proportional to energy content). Therelore,
it may be advantageous to control extraction of landfill gas
from the plurality of wells using nmitrogen concentration as a
basis for determining whether to adjust flow rates of landfill
gas being extraction from the plurality of wells 1n order to
ensure the quality of landfill gas being extracted from the
plurality of wells 1s of suilicient quality.

Although 1n the illustrated embodiment, the measure of
nitrogen concentration of landfill gas collected from the
plurality of wells 1s compared to a global range to determine
whether the measure of nitrogen concentration 1s outside of
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the global range, 1t should be appreciated that the measure
ol mitrogen concentration may be assessed 1n one or more
other manners, such as by comparing the measure of nitro-
gen concentration to a target value to determine whether the
measure of nitrogen concentration 1s different than the target
value or comparing the measure of nitrogen concentration to
an upper and/or lower threshold to determine whether the
measure of nitrogen concentration 1s greater than an upper
threshold or less than a lower threshold.

When, at act 904, the multi-well controller determines
that the measure of nitrogen concentration of the landfill gas
collected from the plurality of wells 1s not outside of the
global range, the process 900 returns through the no branch
back to act 902 where another measure of nitrogen concen-
tration of the landfill gas collected from the plurality of wells
1s obtained. Alternatively, the process may end.

When, at act 904, the multi-well controller determines
that the measure of nitrogen concentration of the landfill gas
collected from the plurality of wells 15 outside of the global
range, the determination may indicate that the landfill gas
collected from the plurality of wells 1s of insuflicient quality,
and that one or more of the plurality of wells should be
adjusted. The process 900 therefore proceeds to act 908 to
determine whether to adjust a first well of the plurality of
wells. Although acts 906-910 are described with reference to
a first well of the plurality of wells, 1t should be appreciated
that the method may be performed for any number of the
plurality of wells (e.g., each of the plurality of wells, a subset
of the plurality of wells).

At act 906, a measure of balance gas concentration of
landfill gas collected from the first well 1s obtained by a local
level controller. In some embodiments, act 906 may com-
prise recerving a measure of balance gas concentration
obtained indirectly (e.g., by measuring concentrations of
other constituent gasses 1n landfill gas such as methane,
oxygen, and carbon dioxide and estimating the remaining
concentration as the balance gas, for example, by estimating
the concentration of the balance gas as 100%—concentra-
tion of methane—concentration of oxygen—concentration
of carbon dioxide). In some embodiments, the measure of
balance gas concentration of the landfill gas collected from
the first well may be a measurement obtained at a previous
time, for example, before one or more of acts 902-904.

At act 908 the local level controller determines whether to
adjust a flow rate of landfill gas being extracted from the first
well based on the measure of balance gas concentration of
landfill gas collected from the first well. In some embodi-
ments, act 908 may comprise determining whether the
measure of balance gas concentration of landfill gas col-
lected from the first well 1s outside of a local range for
balance gas concentration (e.g., 0%-3% by volume,
0%-2.5% by volume, 0%-1% by volume, and/or any other
suitable target range within these ranges). In other embodi-
ments, act 908 may comprise determining whether the
measure of balance gas concentration of landfill gas col-
lected from the first well 1s diflerent than a target value,
greater than an upper threshold, and/or less than a lower
threshold.

When, at act 908, the local level controller that the
measure of balance gas concentration of the landfill gas
collected from the first well 1s not outside of the local range,
the process 900 returns through the no branch back to act
902 where another measure of nitrogen concentration of the
landfill gas collected from the plurality of wells 1s obtained.
Alternatively, the process may end.

When, at act 908, the local level controller determines that
the measure of balance gas concentration of the landfill gas
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collected from the first well 1s outside of the local range, the
determination may indicate that the landfill gas collected
from the first well should be adjusted, and the process
proceeds through the yes branch to act 910 where the flow
rate of landfill gas being extracted from the first well may be
adjusted. After adjusting the flow rate of the first well at act
910, the process returns to act 902 to obtain another measure
of concentration of the nitrogen concentration of landfill gas
collected from the plurality of wells, or, alternatively, the
process may end.

FIG. 9B 1s a flowchart of another 1llustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments. In particular, FIG.
9B further illustrates how adjustments may be made to the
first well according to process 900. Process 900' may be
performed at least in part by using multi-well controller 616
and multiple local controllers 610A-C described above with
reference to FIG. 6.

Process 900' begins at act 952 where a measure of
nitrogen concentration of landfill gas collected from a plu-
rality of wells 1s obtained by a multi-well controller. At act
954, the multi-well controller determines whether the mea-
sure of nitrogen concentration obtained at act 952 1s outside
of a global range for nitrogen concentration. When, at act
954, the multi-well controller determines that the measure of
nitrogen concentration obtained at act 954 1s not outside of
the global range, the process proceeds through the no branch
to return to act 952, or alternatively, to end. When, at act 954,
the multi-well controller determines that the measure of
nitrogen concentration obtained at act 954 1s outside of the
global range, the process proceeds to one of acts 956 A-B
depending on whether the nitrogen concentration 1s greater
than an upper endpoint of the global range (1.e. nitrogen
concentration 1s too high) or less than a lower endpoint of
the global range (i.e. nitrogen concentration 1s too low).

When the multi-well controller determines that the mea-
sure of nitrogen concentration obtained at act 954 1s outside
of the global range because 1t 1s greater than the global range
(e.g., greater than an upper endpoint of the global range), the
determination may indicate that the nitrogen concentration
of the landfill gas collected from the plurality of wells 1s too
high and should be decreased by adjusting the flow rate of
one or more of the plurality of wells. In that case the process
900" proceeds to act 956 A where a local level controller
determines which of the one or more wells to adjust. In some
embodiments, when the multi-well controller determines
nitrogen concentration of aggregate landifill gas to be too
high, 1t may be most eflicient to adjust flow rates of the gas
extraction wells having the highest balance gas concentra-
tion, balance gas concentration being proportional to nitro-
gen concentration, by decreasing a tlow rate of the one or
more wells with the highest balance gas concentration.
Decreasing the tlow rate of landfill gas being extracted from
a well causes the nitrogen concentration of the landfill gas
stream to decrease as described herein.

In some embodiments, determining which gas extraction
wells have the highest balance gas concentration may com-
prise determining whether one or more wells of the plurality
of wells have a balance gas concentration greater than an
upper local threshold. Thus, process 900' may proceed to act
956A where a measure of balance gas concentration of
landfill gas collected from a first well 1s obtained. Although
acts 956 A-938A are described with reference to a first well
of the plurality of wells, it should be appreciated that the
method may be performed for any number of the plurality of
wells (e.g., each of the plurality of wells, a subset of the
plurality of wells including a second well).
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At act 958 A, the local level controller determines whether
the measure of balance gas concentration obtained at act
956 A 15 greater than an upper local threshold for balance gas
concentration. When the local level controller determines
that the measure of balance gas concentration obtained at act
956 A 15 greater than the upper local threshold, the determi-
nation may indicate that a tlow rate of the landfill gas being
extracted from the first well should be adjusted. Thus, 1n the
illustrated embodiment, the process proceeds through the
yes branch to act 960A where the local level controller
decreases the flow rate of the first well. When the local level
controller determines that the measure of balance gas con-
centration obtained at act 956 A 1s not greater than the upper
local threshold, the process returns through the no branch to
act 952, or alternatively, may end.

When the local level controller determines that the mea-
sure of nitrogen concentration obtained at act 954 1s outside
of the global range because 1t 1s less than the global range
(e.g., less than a lower endpoint of the global range), the
determination may indicate that the nitrogen concentration
of the landfill gas collected from the plurality of wells 1s too
low and should be increased by adjusting the flow rate of one
or more of the plurality of wells. In that case, the process
900" proceeds to act 9568 where the local level controller
determines which of the one or more wells to adjust. In some
embodiments, when nitrogen concentration ol aggregate
landfill gas 1s determined to be too low, it may be most
cilicient to adjust flow rates of the gas extraction wells
having the lowest balance gas concentration by increasing a
flow rate of the one or more wells with the lowest balance
gas concentration. Increasing the tflow rate of landfill gas
being extracted from a well causes the nitrogen concentra-
tion of the landfill gas stream to increase as described herein.

In some embodiments, determiming which gas extraction
wells have the lowest nitrogen concentration may comprise
determining whether one or more wells of the plurality of
wells have a balance gas concentration less than a lower
local threshold. Thus, 1n the illustrated embodiment, process
900" proceeds to act 9568 where a measure of balance gas
concentration of landfill gas collected from a first well 1s
obtained by the local level controller. Although acts 956B-
958B are described with reference to a first well of the
plurality of wells, 1t should be appreciated that the method
may be performed for any number of the plurality of wells
(e.g., each of the plurality of wells, a subset of the plurality
of wells including a second well).

At act 958B, the local level controller determines whether
the measure balance gas concentration obtained at act 956B
1s greater than an upper local threshold for balance gas
concentration. When the local level controller determines
that the measure of balance gas concentration obtained at act
9568 1s less than the lower local threshold, the determina-
tion may indicate that a flow rate of the landfill gas being
extracted from the first well should be adjusted, and the
process therefore proceeds through the yes branch to act
960B where the local level controller decreases the flow rate
of the first well. When the local level controller determines
that the measure of balance gas concentration obtained at act
9568 1s not less than the lower local threshold, the process
returns through the no branch to act 952, or alternatively,
may end.

FIG. 10A 1s a flowchart of another illustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments. In particular, FIG.
10A 1illustrates an example process 1000 for site-level con-
trol of landfill gas extraction using nitrogen concentration as
a top level parameter and methane concentration as a
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secondary parameter. Process 1000 may be performed at
least 1n part by using multi-well controller 616 and multiple
local controllers 610A-C described above with reference to
FIG. 6.

As shown i FIG. 10A, process 1000 begins with act
1002, where a measure of nitrogen concentration of landfill
gas collected from a plurality of wells 1s obtained by a
multi-well controller. At act 1004, the multi-well controller
determines whether the nitrogen concentration of the landfill
gas collected from the plurality of wells 1s outside of a global
range (e.g., 0%-5% by volume, 0%-2.5% by volume,
0%-1% by volume, and/or any other suitable target range
within these ranges), for example, by determining whether
the nitrogen concentration of the landfill gas collected from
the plurality of wells 1s greater than an upper endpoint of the
global range or less than a lower endpoint of the global
range.

Although 1n the illustrated embodiment, the measure of
nitrogen concentration of landfill gas collected from the
plurality of wells 1s compared to a global range to determine
whether the measure of nitrogen concentration 1s outside of
the global range, it should be appreciated that the measure
of nmitrogen concentration may be assessed 1 one or more
other manners, such as by comparing the measure of nitro-
gen concentration to a target value to determine whether the
measure of nitrogen concentration 1s diflerent than the target
value or comparing the measure of nitrogen concentration to
an upper and/or lower threshold to determine whether the
measure ol nitrogen concentration 1s greater than an upper
threshold or less than a lower threshold.

When, at act 1004, the multi-well controller determines
that the measure of nitrogen concentration of the landfill gas
collected from the plurality of wells 1s not outside of the
global range, the process 1000 returns through the no branch
back to act 1002 where another measure of nitrogen con-
centration of the landfill gas collected from the plurality of
wells 1s obtained. Alternatively, the process may end.

When, at act 1004, the multi-well controller determines
that the measure of nitrogen concentration of the landfill gas
collected from the plurality of wells 1s outside of the global
range, the determination may indicate that the landfill gas
collected from the plurality of wells 1s of insutlicient quality,
and that one or more of the plurality of wells should be
adjusted. The process 1000 therefore proceeds to act 1008
where a local level controller determines whether to adjust
a first well of the plurality of wells. Although acts 1006-1010
are described with reference to a first well of the plurality of
wells, it should be appreciated that the method may be
performed for any number of the plurality of wells (e.g.,
cach of the plurality of wells, a subset of the plurality of
wells).

At act 1006, a measure of methane concentration of
landfill gas collected from the first well 1s obtained by the
local level controller. In some embodiments, act 1006 may
comprise operating a sensor to obtain a measure of methane
concentration of landfill gas collected from the first well. In
some embodiments, act 1006 may comprise obtaining the
measure of methane concentration of landfill gas collected
from the first well from a sensor. In some embodiments, the
measure of methane concentration of the landfill gas col-
lected from the first well may be a measurement obtained at
a previous time, for example, before one or more of acts
1002-1004.

At act 1008 the local level controller determines whether
to adjust a flow rate of landfill gas being extracted from the
first well based on the measure of methane concentration of
landfill gas collected from the first well. In some embodi-
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ments, act 1008 may comprise determining whether the
measure ol methane concentration of landfill gas collected
from the first well 1s outside of a local range for methane
concentration ((e.g., 30%-65% by volume, 40%-60% by
volume, 45-55% by volume, and/or any other suitable target
range within these ranges). In other embodiments, act 1008
may comprise determining whether the measure of methane
concentration of landfill gas collected from the first well 1s
different than a target value, greater than an upper threshold,
and/or less than a lower threshold.

When, at act 1008, the local level controller determines
that the measure of methane concentration of the landfill gas
collected from the first well 1s not outside of the local range,
the process 1000 returns through the no branch back to act
1002 where another measure of nitrogen concentration of
the landfill gas collected from the plurality of wells 1s
obtained. Alternatively, the process may end.

When, at act 1008, the local level controller determines
that the measure of methane concentration of the landfill gas
collected from the first well 1s outside of the local range, the
determination may indicate that the landfill gas collected
from the first well should be adjusted, and the process
therefore proceeds through the yes branch to act 1010 where
the tlow rate of landfill gas being extracted from the first
well 1s adjusted by the local level controller. After adjusting
the flow rate of the first well at act 1010, the process returns
to act 1002 to obtain another measure of concentration of the
nitrogen concentration of landfill gas collected from the
plurality of wells, or, alternatively, the process may end.

FIG. 10B 1s a flowchart of another illustrative process for
controlling extraction of landfill gas through a gas extraction
system, according to some embodiments. In particular, FIG.
10B further illustrates how adjustments may be made to the
first well according to process 1000. Process 1000' may be
performed at least 1n part by using multi-well controller 616
and multiple local controllers 610A-C described above with
reference to FIG. 6.

Process 1000' begins at act 1052 where a measure of
nitrogen concentration of landfill gas collected from a plu-
rality of wells 1s obtained by a multi-well controller. At act
1054, the multi-well controller determines whether the mea-
sure of nitrogen concentration obtained at act 1052 1s outside
of a global range for nitrogen concentration. When, at act
1054, the multi-well controller determines that the measure
of nitrogen concentration obtained at act 1054 1s not outside
of the global range, the process proceeds through the no
branch to return to act 1052, or alternatively, to end. When,
at act 1054, the multi-well controller determines that the
measure of nitrogen concentration obtained at act 1054 1s
outside of the global range, the process proceeds to one of
acts 1056A-B depending on whether the nitrogen concen-
tration 1s greater than an upper endpoint of the global range
(1.e. mitrogen concentration 1s too high) or less than a lower
endpoint of the global range (1.e. nitrogen concentration 1s
too low).

When the multi-well controller determines that the mea-
sure of nitrogen concentration obtained at act 1054 1s outside
of the global range because 1t 1s greater than the global range
(e.g., greater than an upper endpoint of the global range), the
determination may indicate that the nitrogen concentration
of the landfill gas collected from the plurality of wells 1s too
high and should be decreased by adjusting the tlow rate of
one or more of the plurality of wells. In that case the process
1000' proceeds to act 1056 A where a local level controller
determines which of the one or more wells to adjust. In some
embodiments, when nitrogen concentration of aggregate
landfill gas 1s determined to be too high, 1t may be most
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cilicient to adjust flow rates of the gas extraction wells
having the lowest methane concentration by decreasing a
flow rate of the one or more wells with the lowest methane
concentration. Decreasing the flow rate of landfill gas being
extracted from a well causes the nitrogen concentration of
the landfill gas stream to decrease and methane concentra-
tion to 1ncrease.

In some embodiments, determining which gas extraction
wells have the lowest methane concentration may comprise
determining whether one or more wells of the plurality of
wells have a methane concentration less than a local thresh-
old. Thus, 1n the illustrated embodiment, the method 1000
proceeds to act 1056 A where a measure of methane con-
centration of landfill gas collected from a first well 1s
obtained by the local level controller. Although acts 1056 A -
1058A are described with reference to a first well of the
plurality of wells, 1t should be appreciated that the method
may be performed for any number of the plurality of wells
(e.g., each of the plurality of wells, a subset of the plurality
of wells including a second well).

At act 1058A, the local level controller determines
whether the measure methane concentration obtained at act
1056 A 1s less than a lower local threshold for methane
concentration. When the local level controller determines
that the measure of methane concentration obtained at act
1056A 1s less than the lower local threshold, the determi-
nation may indicate that a tlow rate of the landfill gas being
extracted from the first well should be adjusted. In the
illustrated embodiment, the process proceeds through the
yes branch to act 1060A where the local level controller
decreases the flow rate of the first well. When the local level
controller determines that the measure of methane concen-
tration obtained at act 1056 A 1s not less than the lower local
threshold, the process returns through the no branch to act
1052, or alternatively, may end.

When the multi-well controller determines that the mea-
sure of nitrogen concentration obtained at act 1054 1s outside
of the global range because it 1s less than the global range
(c.g., less than a lower endpoint of the global range), the
determination may indicate that the nitrogen concentration
of the landfill gas collected from the plurality of wells 1s too
low and should be increased by adjusting the tlow rate of one
or more of the plurality of wells. In that case the process
1000' proceeds to act 10568 where a local level controller
determines which of the one or more wells to adjust. In some
embodiments, when nitrogen concentration of aggregate
landfill gas 1s determined to be too low, 1t may be most
cllicient to adjust flow rates of the gas extraction wells
having the highest methane concentration by increasing a
flow rate of the one or more wells with the highest methane
concentration. Increasing the flow rate of landfill gas being
extracted from a well causes the nitrogen concentration of
the landfill gas stream to increase and the methane concen-
tration to decrease.

In some embodiments, determining which gas extraction
wells have the highest methane concentration may comprise
determining whether one or more wells of the plurality of
wells have a methane concentration greater than an upper
local threshold. Thus, 1n the illustrated embodiment, process
1000' proceeds to act 10568 where a measure of methane
concentration of landfill gas collected from a first well 1s
obtained by the local level controller. Although acts 1056B-
1058B are described with reference to a first well of the
plurality of wells, 1t should be appreciated that the method
may be performed for any number of the plurality of wells
(e.g., each of the plurality of wells, a subset of the plurality
of wells including a second well).
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At act 1058B, the local level controller determines
whether the measure of methane concentration obtained at
act 10568 1s greater than an upper local threshold for
methane concentration. When the local level controller
determines that the measure of methane concentration
obtained at act 10568 1s greater than the upper local thresh-
old, the determination may indicate that a flow rate of the
landfill gas being extracted from the first well should be
adjusted, and the process therefore proceeds through the yes
branch to act 1060B where the local level controller
increases the tlow rate of the first well. When the local level
controller determines that the measure of methane concen-
tration obtained at act 1056B 1s not greater than the upper
local threshold, the process returns through the no branch to
act 1052, or alternatively, may end.

Thus, FIGS. 7A-10B provide embodiments of site-level
control methods using various characteristics of landfill gas
to determine whether to adjust tlow rates of a plurality of
wells (as a top level parameter) and which of the plurality of
wells to adjust (as a secondary parameter). However, 1t
should be appreciated that any suitable characteristic may be
used as a top level and/or secondary parameters for aggre-
gate control of landfill gas extraction (e.g., methane con-
centration, energy content, oxygen concentration, nitrogen
concentration, flow rate).

In some embodiments, methods for site-level control may
provide for multiple aggregate control methods performed
sequentially. For example, FIG. 11 1s a flowchart of another
illustrative process for controlling extraction of landfill gas
through a gas extraction system illustrating the use of
multiple characteristics of aggregate landfill gas to control
landfill gas extraction.

Process 1100 begins at act 1102 where one or more
measurements from a sensor, such as a gas chromatograph
are received, for example, using a multi-well controller. In
some embodiments, the one or more measurements may be
measures of concentrations of constituent gasses 1n landfill
gas collected from a plurality of wells such as oxygen,
methane, nitrogen, carbon dioxide, and/or hydrogen sulfide,
for example.

At act 1104, the process may optionally include predicting
a next set of measurements. For example, 1n some embodi-
ments, control system 500 may be configured to predict
future states of the landfill under control, and/or may be
configured to use such predictions to control the operation of
a gas extraction system associated with the landfill under
control. In some embodiments, using one or more predic-
tions regarding the future state(s) of the landfill under
control to control the operation of the gas extraction system
may 1mprove the performance (e.g., efliciency) of the gas
extraction system, relative to the performance of conven-
tional gas extraction systems. Further aspects of predictive
control methods are described 1n U.S. Pat. No. 10,029,290,
titled “DEVICES AND TECHNIQUES RELATING TO
LANDFILL GAS EXTRACTION,” filed on Nov. 4, 2014,
which 1s hereby incorporated by reference in its entirety
herein.

At act 1106, the multi-well controller uses a measure of
oxygen concentration of the landfill gas collected from the
plurality of wells obtained at act 1102 to determine whether
the oxygen concentration of the landfill gas collected from
the plurality of wells 1s too high, for example, by comparing
the measure of oxygen concentration to a global range, a
global target value, and/or a global upper threshold. When
the multi-well controller determines, at act 1104, that the
oxygen concentration of the landfill gas collected from the
plurality of wells 1s too high, the process proceeds through
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the yes branch to act 1107 where the multi-well controller
and/or one or more local level controllers close (e.g.,
decreasing flow rate of) gas extraction wells with high
oxygen concentrations (e.g., gas extraction wells with oxy-
gen concentrations above a local threshold, gas extraction
wells having the relative highest oxygen concentration of the
plurality of wells). Otherwise, the process proceeds through
the no branch to act 1108. Although not shown in FIG. 11,
process 1100 may further include determining whether the
oxygen concentration of the landfill gas collected from the
plurality of wells 1s too low, for example by comparing the
measure of oxygen concentration obtained at act 1102 to a
global range, a global target value, and/or a global lower
threshold.

At act 1108, the multi-well controller uses a measure of
nitrogen concentration of the landfill gas collected from the
plurality of wells obtained at act 1102 to determine whether
the nitrogen concentration of the landfill gas collected from
the plurality of wells 1s too high, for example, by comparing,
the measure of nitrogen concentration to a global range, a
global target value, and/or a global upper threshold. When
the multi-well controller determines, at act 1104, that the
nitrogen concentration of the landfill gas collected from the
plurality of wells 1s too high, the process may proceed
through the yes branch to act 1109. At act 1109, the
multi-well controller and/or one or more local level control-
lers adjust the tlow rate of one or more gas extraction wells.
In some embodiments, gas extraction wells having the
highest balance gas concentration may be adjusted (e.g., gas
extraction wells with balance gas concentrations greater than
a local threshold, gas extraction wells having the relative
highest balance gas concentration) by decreasing a flow rate
of such wells. In some embodiments, gas extraction wells
having the lowest methane concentration may be adjusted
(e.g., gas extraction wells with methane concentrations less
than a local threshold, gas extraction wells having the
relative lowest methane concentration) by decreasing a flow
rate of such wells. Otherwise, the process proceeds through
the no branch to act 1110.

At act 1110, the multi-well controller uses a measure of
nitrogen concentration of the landfill gas collected from the
plurality of wells obtained at act 1102 to determine whether
the nitrogen concentration of the landfill gas collected from
the plurality of wells 1s too low, for example, by comparing
the measure of nitrogen concentration to a global range, a
global target value, and/or a global lower threshold. When
the multi-well controller determines, at act 1110, that the
nitrogen concentration of the landfill gas collected from the
plurality of wells 1s too low, the process may proceed
through the yes branch to act 1122. At act 1122, the flow rate
of one or more gas extraction wells may 1s adjusted by the
multi-well controller and/or one or more local level control-
lers. In some embodiments, gas extraction wells having the
lowest balance gas concentration may be adjusted (e.g., gas
extraction wells with balance gas concentrations less than a
local threshold, gas extraction wells having the relative
lowest balance gas concentration) by increasing a flow rate
of such wells. In some embodiments, gas extraction wells
having the highest methane concentration may be adjusted
(c.g., gas extraction wells with methane concentrations
greater than a local threshold, gas extraction wells having
the relative highest methane concentration) by increasing a
flow rate of such wells. Otherwise, the process proceeds
through the no branch to act 1112.

In some embodiments, before increasing a flow rate of
landfill gas being extracted from one or more of the plurality
of wells, the process may proceed to act 1118 where a
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multi-well controller and/or one or more local level control-
lers determine whether a closure limit of a valve of one or
more gas extraction wells has been reached. I a closure limit
has been reach but landfill gas quality 1s still inadequate, the
system may require additional action be taken before con-
tinuing to extract landfill gas according to the aggregate
control process. When, at act 1118, 1t 1s determined that a
closure limit of a valve of one or more gas extraction wells
has been reached, the process may proceed to one or more
of acts 1119A-C to transmit one or more alerts that a closure
limit has been reached, close all landfill gas extraction wells
of the landfill, and/or to wait for a measure of energy content
which 1s deemed to be normal (e.g., within a target range,
below or above a target threshold, equal to a target value).

In some embodiments, before increasing a tlow rate of
landfill gas being extracted from one or more of the plurality
of wells, the process may proceed to act 1120 where the
multi-well controller and/or one or more local level control-
lers determine whether a characteristic of the landfill gas
collected from the plurality of wells 1s too high (e.g., by
comparing the characteristic to a target range, a target value,
an upper threshold). For example, the process 1100 may
prevent (e.g., using the multi-well controller and/or one or
more local level controllers) increasing a tlow rate of landfill
gas being extracted from the plurality of wells when the
carbon dioxide concentration of the landfill gas collected
from the plurality of wells 1s too high to prevent further
increasing the carbon dioxide concentration. In some
embodiments, the characteristic may comprise nitrogen con-
centration, hydrogen sulfide concentration, oxygen concen-
tration, and/or a flow rate of the landfill gas being extracted
from the plurality of wells. When 1t 1s determined, at act
1120, that a characteristic of the landfill gas collected from
the plurahty of wells 1s too high, the process returns through
the yes branch to act 1102.

The mventors have appreciated that the product of the
flow rate of extracted landfill gas and the concentration of
methane 1n the extracted landfill gas, which may indicate the
rate of methane extraction, provides a good estimate of the
energy content in the extracted landfill gas, as methane 1s a
major source of energy extracted from landfills (e.g., energy
may be generated by burning methane). Accordingly, some
of the technmiques developed by the inventors seek to regulate
a product of methane concentration and flow rate. At act
1112, the multi-well controller uses a measure of energy
content (BTU) of the landfill gas collected from the plurality
of wells obtained at act 1102 to determine whether the
energy content of the landfill gas collected from the plurality
of wells 1s too low, for example, by comparing the measure
ol energy content to a global range, a global target value,
and/or a global lower threshold. When the multi-well con-
troller determines, at act 1112, that the energy content of the
landfill gas collected from the plurality of wells 1s too low,
the process may proceed through the yes branch to act 1109.
At act 1109, the tlow rate of one or more gas extraction wells
1s adjusted by the multi-well controller and/or one or more
local level controllers. In some embodiments, gas extraction
wells having the highest balance gas concentration may be
adjusted (e.g., gas extraction wells with balance gas con-
centrations greater than a local threshold, gas extraction
wells having the relative highest balance gas concentration)
by decreasing a flow rate of such wells. In some embodi-
ments, gas extraction wells having the lowest methane
concentration may be adjusted (e.g., gas extraction wells
with methane concentrations less than a local threshold, gas
extraction wells having the relative lowest methane concen-
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tration) by decreasing a tlow rate of such wells. Otherwise,
the process may proceed through the no branch to act 1114.

At act 1114, the multi-well controller uses a measure of
energy content (BTU) of the landfill gas collected from the
plurality of wells obtained at act 1102 to determine whether
the energy content of the landfill gas collected from the
plurality of wells 1s too high, for example, by comparing the
measure ol energy content to a global range, a global target
value, and/or a global upper threshold. When 1t 1s deter-
mined, at act 1112, that the energy content of the landfill gas
collected from the plurality of wells 1s too high, the process
proceeds through the yes branch to act 1122. In some
embodiments, the process may first proceed to acts 1118
and/or 1120 before proceeding to act 1122, as described
herein. At act 1122, the flow rate of one or more gas
extraction wells 1s adjusted by the multi-well controller
and/or one or more local level controllers. In some embodi-
ments, gas extraction wells having the lowest balance gas
concentration may be adjusted (e.g., gas extraction wells
with balance gas concentrations less than a local threshold,
gas extraction wells having the relative lowest balance gas
concentration) by increasing a flow rate of such wells. In
some embodiments, gas extraction wells having the highest
methane concentration may be adjusted (e.g., gas extraction
wells with methane concentrations greater than a local
threshold, gas extraction wells having the relative highest
methane concentration) by increasing a flow rate of such
wells. The process then proceeds through the no branch to
act 1124 where the system may wait a predetermined period
of time (e.g., 60 minutes) before returning to act 1102 to
obtain another set of measurements from one or more sensor.
When, at act 1114, the multi-well controller determines that
the energy content of the landfill gas collected from the
plurality of wells 1s not too high, the process proceeds to act
1116 where the process restarts by returning to act 1102, or
alternatively, may end.

As such, FIG. 11 illustrates an example of a site-level
control method using multiple characteristics of collected
landfill gas to control extraction of landfill gas from a
plurality of wells. Although the illustrated embodiment
gives a specific example where the process begins by using
oxygen concentration to control extraction of landfill gas,
then nitrogen concentration, and using energy content last,
other orders of process 1100 are possible. In addition, 1n
some embodiments, one or more other characteristics of the
landfill gas collected from the plurality of wells may addi-
tionally or alternatively be used to control landfill gas
extraction, such as methane concentration or flow rate, for
example.

Well-Level Landfill Gas Extraction Control

According to Some Aspects of the Technology Described
Herein, Landfill Gas Extraction from respective gas extrac-
tion wells may be controlled according to local gas extrac-
tion methods 1n addition or 1n the alternative to the site-level
extraction methods described herein. For example, local gas
extraction methods may be based on one or more charac-
teristics of landfill gas extracted from an individual well.

The techniques and devices disclosed herein may be used
to modulate the rate of gas extraction of a well or set of wells
in accordance with any suitable control scheme. Some
examples of control schemes might include, but are not
limited to:

Modulation of the flow-control mechanism to maintain
and/or obtain a constant vacuum pressure in the gas
extraction well (1n spite of varying atmospheric pres-
sure, temperature, and/or varying rates of gas genera-
tion, etc.);
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Modulation of the flow-control mechanism to maintain
and/or obtain a constant flow rate of landfill gas from
the extraction well;

Modulation of the flow-control mechanism to control the
flow rate of landfill gas from the extraction well;

Modulation of the flow-control mechanism to maintain
and/or obtain a constant percentage of any of the
constituent gases (including but not limited to methane,
carbon dioxide, oxygen, mitrogen, etc.) in the landfill

gas coming from the extraction well;

Modulation of the flow-control mechanism to control
(e.g., increase or decrease) the concentration of any of
the constituent gases in the landfill gas coming from the
extraction well;

Modulation of the flow-control mechamism to control
(e.g., increase and/or decrease) the energy content of
the landfill gas (e.g., increase the total quantity of
methane extracted 1 a given period of time, etc.)
coming from the extraction well;

Modulation of the flow-control mechanism to control the
total volume of the landfill gas (e.g., increase the total
quantity of landfill gas extracted 1n a given period of
time, etc.) coming from the extraction well;

Modulation of the flow-control mechanism to increase the
rate of extraction during periods of increased energy
demand (e.g., increasing generation during the peaks of
real time, hourly, daily, weekly, monthly, or seasonal
clectricity prices);

Modulation of the tlow-control mechanism to decrease
the rate of extraction during periods of reduced energy
demand (e.g., reducing generation during the lows of
real time, hourly, daily, weekly, monthly, or seasonal
clectricity prices);

Modulation of the flow-control mechanism to control
(e.g., maintain, improve, and/or establish) the long term
stability of the biochemical decomposition processes
(aerobic or anaerobic digestion, etc.) occurring within
the section of waste that 1s 1n the vicinity of the gas
extraction well;

Modulation of the flow-control mechamism to control
(e.g., increase and/or decrease) the rates of decompo-
sition occurring within the section of waste that 1s in the
vicinity of the gas extraction well;

Modulation of the flow-control mechamism to match the
operating parameters or limitations of the gas collection
system;

Modulation of the flow-control mechanism to prevent or
extinguish underground fires or other potentially dan-
gerous events occurring within the section of waste that
1s 1n the vicinity of the gas extraction well;

Modulation of the flow-control mechanism to mitigate
emission of odors:

Modulation of the flow-control mechamism to control
(e.g., reduce) emissions of landfill gas or components
of landfill gas (H,S, methane, etc.) in the vicinity of the
gas extraction wells;

Modulation of the flow-control mechamism to control
(e.g., reduce) gas losses 1nto the atmosphere;

Modulation of the flow-control mechanism to control
(e.g., maintain, improve, and/or establish) compliance
of the gas extraction system with local, state and/or
tederal regulations; and/or

Modulation of the flow-control mechanism to reduce
damage to an engine, turbine, or other energy genera-
tion equipment from contaminants emanating from the
vicinity of a gas extraction well.
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Examples of local level control methods are now provided
herein 1n further detail. Additional details of local level
controls methods are further provided i U.S. Pat. No.
10,576,514, titled “DEVICES AND TECHNIQUES
RELATING TO LANDFILL GAS EXTRACTION,” filed
on Apr. 21, 2017, which 1s hereby incorporated by reference
in its entirety herein.

Local Level Control Methods Using Measurements of Gas
Composition

In some embodiments, landfill gas extraction from a gas
extraction well may be based at least in part on the compo-
sition of landfill gas collected from the gas extraction well.
For example, in some embodiments, the In-Situ Control
Mechanism of the gas extraction well may adjust the tlow
rate of the gas extraction well (e.g., by changing a degree to
which a valve of the well 1s open) based on a measured
concentration of one or more constituent gasses 1n the
landfill gas collected from the gas extraction well.

For example, in some embodiments, a measure of a
concentration of a constituent gas 1n landfill gas collected
from a first well may be obtained and used to determine
whether to adjust flow rate of the first well. In some
embodiments, the concentration of the constituent gas may
be compared to a target value, and a tlow rate of the first well
may be adjusted when the concentration of the constituent
gas does not match the target value. In some embodiments,
the concentration of the constituent gas may be compared to
a target range, and the flow rate of the first well may be
adjusted when the concentration of the constituent gas is
outside of the target range. In some embodiments, the
concentration of the constituent gas may be compared to an
upper threshold, and the flow rate of the first well may be
adjusted (e.g., to decrease the concentration of the constitu-
ent gas) when the concentration of the constituent gas is
above the upper threshold. In some embodiments, the con-
centration of the constituent gas may be compared to a lower
threshold, and the flow rate of the first well may be adjusted
(e.g., to 1ncrease the concentration of the constituent gas)

when the concentration of the constituent gas 1s below the
lower threshold.

In some embodiments, the constituent gas 1s one of

oxygen, nitrogen, and/or balance gas. In such embodiments,
when 1t 1s determined to adjust a tlow rate of the first well
to decrease the concentration of nitrogen, oxygen, and/or
balance gas, the tlow rate may be decreased (e.g., by closing
a valve of the first well). Further, when it 1s determined to
adjust a flow rate of the first well to increase the concen-
tration of oxygen, nitrogen, and/or balance gas, the flow rate
may be increased (e.g., by opening a valve of the first well)

In some embodiments, the constituent gas 1s methane. In
such embodiments, when 1t 1s determined to adjust a flow
rate of the first well to decrease the concentration of meth-
ane, the flow rate may be decreased (e.g., by closing a valve
of the first well). Further, when 1t 1s determined to adjust a
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methane, the flow rate may be increased (e.g., by opening a
valve of the first well).
Local Level Control Using Measurements of Energy Con-
tent

In some embodiments, landfill gas extraction from a gas
extraction well may be based at least in part on an energy
content of landfill gas collected from the gas extraction well.
For example, in some embodiments, the In-Situ Control
Mechanism may adjust the tlow rate of the gas extraction
well (e.g., by changing a degree to which a valve of the well
1s open) based on a measured energy content of the landfill
gas collected from the gas extraction well.
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In some embodiments, energy content of extracted landfill
gas may be determined based on product of the flow rate of
extracted landfill gas from a first well and the concentration
of methane 1n the extracted landfill gas. The calculated
measure ol energy content may be used to determine
whether to adjust a flow rate of the first well. In some
embodiments, the measured energy content may be com-
pared to a target value, and a flow rate of the first well may
be adjusted when the measured energy content does not
match the target value. In some embodiments, the concen-
tration of the constituent gas may be compared to a target
range, and the flow rate of the first well may be adjusted
when the energy content 1s outside of the target range. In
some embodiments, energy content may be compared to an
upper threshold, and the flow rate of the first well may be
adjusted (e.g., to decrease the energy content) when the
energy content 1s above the upper threshold. In some
embodiments, the energy content may be compared to a
lower threshold, and the tlow rate of the first well may be
adjusted (e.g., to increase the energy content) when the
energy content 1s below the lower threshold.

In some embodiments, a measure of energy content of
landfill gas collected from a first well may be obtained prior
to adjusting a flow rate of the first well (e.g., by increasing
or decreasing the flow rate of the first well). Subsequently,
a second measure ol energy content may be obtained to
determine whether the energy content of the landfill gas
stream has 1ncreased or decreased as a result of adjusting the
flow rate. If the result of adjusting the flow rate 1s desirable
(e.g., increased energy content where it 1s desired to maxi-
mize energy content), the adjustment to the flow rate may be
repeated.

Local Level Control Using Measurements ol One or More
Other Characteristics

In some embodiments, landfill gas extraction from a first
well may be controlled based on one or more other charac-
teristics of the landfill gas collected from the first well. For
example, 1n some embodiments, control of landfill gas
extraction may be based on a current flow rate of landfill gas
extraction (e.g., as compared to a target flow rate, threshold
flow rate, and/or target range for flow rates). In some
embodiments, control of landfill gas extraction may be
based at least mn part on landfill gas temperature and/or

humidity, for example, as described 1n U.S. patent applica-
tion Ser. No. 16/290,387, ftitled “LANDFILL GAS

EXTRACTION SYSTEMS AND METHODS,” filed on
Mar. 1, 2019, which 1s hereby incorporated by reference 1n
its entirety herein. In some embodiments, control of landfill
gas extraction may be based at least in part on pressure
measurements, for example, as described 1 U.S. patent
application Ser. No. 16/589,372, titled “LANDFILL GAS
EXTRACTION CONTROL SYSTEM,” filed on Oct. 1,
2019, which 1s hereby incorporated by reference in 1ts
entirety herein.

In some embodiments, control of landfill gas extraction
may be based on one or more environmental conditions in
and around the well, as described herein. In some embodi-
ments, the In Situ Control Mechanism may be configured to
control flow based on environmental data which may
include information about parameters including, but not
limited to atmospheric pressure, ambient temperature, wind
direction, wind speed, precipitation, humidity, and/or any
other suitable environmental parameter. The In Situ Control
Mechanism may use information from one or more other
sensors placed 1n or around the gas extraction well, includ-
ing, without limitation, atmospheric pressure sensor(s)
(sometimes termed barometric pressure sensor(s), subsur-
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face temperature probe(s), subsurface moisture probe(s),
collection well liquid level measurement sensors, measure-
ments ol the chemical and/or biological processes (for
example, pH measurements, tests for the presence of other
chemicals or biological by-products, etc.) occurring in the
section of waste that 1s 1n the vicinity of the gas extraction
well, and/or any other suitable immformation to determine
control adjustments to be made to the flow rate of the first
well.

Multi-Parameter Local Level Control Methods

In some embodiments, the techniques described herein for
local level control of landfill gas extraction from a first well
may be combined to provide a local level control method
using multiple characteristics of landfill gas collected from
the first well to determine adjustments to be made to the flow
rate of landfill gas being extracted from the first well. For
example, FIG. 12 illustrates an example process 1200 for
local level control of landfill gas extraction from a first well.
In some embodiments, the process 1200 1s performed by a
local level controller (e.g., one or more of local level
controllers 610A-C shown 1n FIG. 6).

Process 1200 begins at act 1202, where it 1s determined
whether vacuum pressure of the gas extraction well 1s too
weak to obtain gas composition measurements. The inven-
tors have recogmized that operating the one or more gas
composition sensors when the flow of the landfill gas stream
1s too weak may cause damage to the one or more gas
composition sensors as the sample being tested by the one or
more gas composition sensors may comprise mostly
leachate and/or other contaminants and relatively little land-
{11l gas. Thus, ensuring that the vacuum pressure of the gas
extraction well 1s strong enough (e.g., above a lower thresh-
old) before operating the one or more gas composition
sensors may prevent damage to the one or more gas com-
position sensors. In some embodiments, act 1202 may
comprise obtaining at least one measure of landfill gas
pressure from at least one sensor configured to measure
landfill gas pressure 1n the gas extraction well piping at a
location upstream of a valve of the gas extraction well. The
measure of landfill gas pressure may be compared to a
threshold pressure (e.g., by determining whether the mea-
sure of landfill gas pressure 1s less than or greater than the
threshold pressure). In some embodiments the threshold
pressure may be atmospheric pressure 1n a region of the
landfill. In some embodiments, the threshold pressure value
may be -5 mbar, -4 mbar, -3 mbar, -2 mbar, -1 mbar, 1
mbar, 2 mbar, 3 mbar, 4 mbar, or S mbar. When, at act 1202,
it 1s determined that the vacuum pressure 1n the gas extrac-
tion well 1s too weak (e.g., by determining that the measure
of landfill gas pressure 1s greater than the threshold pres-
sure), the process proceeds through the yes branch to act
1203 to increase a flow rate of the landfill gas being
extracted from the first well by opening a valve of the first
well. Otherwise, the process proceeds to act 1204.

At act 1204, 1t 1s determined whether an oxXygen concen-
tration of the landfill gas collected from the first well 1s too
high (e.g., by comparing a measure of oxygen concentration
of the landfill gas collected from the first well to an upper
threshold). In some embodiments, the upper threshold 1s 5%,
4.5%, 4%, 3.5%, 3%, 2.5%, 2%, 1.5%, 1%, 0.5% oxygen or
any other suitable value including any value within the
percentages described herein. When 1t 1s determined, at act
1204, that the oxygen concentration of the landfill gas
collected from the first well 1s too high (e.g., by determining
that the measure of oxygen concentration of the landfill gas
collected from the first well 1s greater than the upper
threshold), the process proceeds through the yes branch to
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act 1205 to decrease the concentration of oxygen in the
landfill gas being extracted from the first well by closing a
valve of the first well. Otherwise, the process proceeds to act
1206. Although in the illustrated embodiment act 1204
comprises determining whether the oxygen concentration of
landfill gas collected from the first well 1s too high, in some
embodiments act 1204 may additionally or alternatively
comprise determining whether a measure of oxygen con-
centration matches a target value, 1s outside of a local range,
and/or 1s less than a lower threshold.

At act 1206, 1t 1s determined whether a balance gas
concentration of the landfill gas collected from the first well
1s too high (e.g., by comparing a measure of balance gas
concentration of the landfill gas collected from the first well
to an upper threshold). In some embodiments, the upper
threshold 1s 5%, 4.5%, 4%, 3.5%, 3%, 2.5%, 2%, 1.5%, 1%,
0.5% balance gas or any other suitable value including any
value within the percentages described herein. When 1t 1s
determined, at act 1206, that the balance gas concentration
of the landfill gas collected from the first well 1s too high
(e.g., by determining that the measure of balance gas con-
centration of the landfill gas collected from the first well 1s
ogreater than the upper threshold), the process proceeds
through the yes branch to act 1205 to decrease the concen-
tration of balance gas 1n the landfill gas being extracted from
the first well by closing a valve of the first well. Otherwise,
the process proceeds to act 1208. Although 1n the 1llustrated
embodiment act 1206 comprises determining whether the
balance gas concentration of landfill gas collected from the
first well 1s too high, 1n some embodiments act 1206 may
additionally or alternatively comprise determining whether a
measure of oxygen concentration matches a target value, 1s
outside of a local range, and/or 1s less than a lower threshold.

At act 1208, 1t 1s determined whether a methane concen-
tration of the landfill gas collected from the first well is too
high (e.g., by comparing a measure of methane concentra-
tion of the landfill gas extracted from the first well to an
upper threshold). In some embodiments, the upper threshold
1s 55%, 56%, 57%, 58%, 59%, 60%, 61%, 62%, 63%, 64%.,
65%, 66%, 67%, 68%, 69%, 70% methane or any other
suitable value including any value within the percentages
described herein. When 1t 1s determined, at act 1208, that the
methane concentration of the landfill gas collected from the
first well 1s too high (e.g., by determining that the measure
of methane concentration of the landfill gas collected from
the first well 1s greater than the upper threshold), the process
proceeds through the yes branch to act 1203 to decrease the
concentration ol methane 1n the landfill gas being extracted
from the first well by opening a valve of the first well.
Otherwise, the process proceeds to act 1210.

At act 1210, 1t 1s determined whether a methane concen-
tration of the landfill gas collected from the first well 1s too
low (e.g., by comparing a measure of methane concentration
of the landfill gas extracted from the first well to a lower
threshold). In some embodiments, the lower threshold 1s
30%, 31%, 32%, 33%, 34%, 35%, 36%, 37%, 38%, 39%,
40%, 41%, 42%, 43%, 44%, 45% methane or any other
suitable value including any value within the percentages
described herein. When 1t 1s determined, at act 1210, that the
methane concentration of the landfill gas collected from the
first well 1s too low (e.g., by determining that the measure of
methane concentration of the landfill gas collected from the
first well 1s less than the lower threshold), the process
proceeds through the yes branch to act 1205 to increase the
concentration ol methane 1n the landfill gas being extracted
from the first well by closing a valve of the first well.
Otherwise, the process proceeds to act 1212.
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At act 1212, a prior adjustment to the tlow rate of the first
well may be considered to determine whether the prior
adjustment opened or closed the valve of the first well. After
determining whether the prior adjustment opened or closed
the valve at act 1212, 1t 1s determined, at acts 1214-1216,
whether methane concentration increased as a result of the
prior adjustment. At acts 1212-1224, 1f the prior adjustment
resulted 1n an increase to methane concentration of the
landfill gas collected from the first well, the prior adjustment
may be repeated by opening or closing the valve again.
When the prior adjustment did not result 1n an increase to
methane concentration of the landfill gas being collected
from the first well, the prior adjustment 1s reversed by
closing the valve when the prior adjustment opened the
valve or opening the valve when the prior adjustment closed
the valve. Although the illustrated embodiment gives a
specific example where the process begins by using oxygen
concentration to control extraction of landfill gas, then
balance gas concentration, and using methane concentration
last, other orders of process 1200 are possible. In addition,
in some embodiments, one or more other characteristics of
the landfill gas collected from the plurality of wells may
additionally or alternatively be used to control landfill gas
extraction.

Hybrid Control Systems and Methods

Site-level and well-level methods for controlling extrac-
tion of landfill gas have been described herein. In some
embodiments, both site-level and well-level control methods
may be used to control extraction of landfill gas from one or
more wells. For example, FIG. 13 illustrates an example of
a hybrid control process 1300 for performing both site-level
and well-level control of one or more wells.

Process 1300 begins at act 1302. From act 1302, the
process concurrently proceeds to acts 1304A-1308A to
perform a global control method as well as acts 1304B-
1308B to perform a global control method. In this way, the
global and local control methods may each cause respective
adjustments to be applied to a particular a local well. For
example, a first adjustment may be made to a local well as
a result of the global control method, and a second adjust-
ment may be made to the local well as a result of the local
control method. In some embodiments, the first and second
adjustments may be performed at different times and sepa-
rately from one another. In other embodiments, the first and
second adjustments may be performed simultaneously by
determining a net adjustment from the first and second
adjustments and applying the net adjustments to the local
well.

In some embodiments, the global and local methods may
be performed at different frequencies, as described herein.
For example, the local control method may be performed
more frequently than the global control method. As such, in
some embodiments, 1n a given time period, the local control
method may make more adjustments to a local well than the
global control method makes. In some embodiments, the
local control method may make multiple adjustments to a
local well over a period of time where the global control
method makes a single adjustment to the local well i the
same period of time.

Referring to the global control method, at act 1304A, a
measure of a concentration of a constituent gas (e.g., 0Xy-
gen, methane, nitrogen) in landfill gas extracted from at least
some of a plurality of wells 1s obtained by a multi-well
controller. The at least some of the plurality of wells may
include at least a first and second well. At act 1306A, the
measure of the constituent gas concentration obtained at act
1304 A 1s used, by the multi-well controller, to determine
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whether to adjust a flow rate of one or more wells of the
plurality of wells, including the first well. For example, act
1306 A may comprise any ol the global control methods
described herein for site-level control of landfill gas extrac-
tion. When 1t 1s determined, at act 1306A, to make an
adjustment to the tlow rate of the first well, the process may
proceed to act 1308 where the multi-well controller and/or
one or more local controllers adjust the flow rate of landfill
gas being extracted from the first well. Otherwise, the
process returns through the no branch to act 1302. After
adjusting the flow rate of the first well at act 1308A, the
process returns to act 1302, or alternatively, the process may
end. Although acts 1306A-1308A are described with refer-
ence to a first well of the plurality of wells, it should be
appreciated that the method may be performed for any
number of the plurality of wells (e.g., each of the plurality
of wells, a subset of the plurality of wells, including the
second well).

Referring to the local control method, at act 1304B, a
measure of a concentration of a constituent gas (e.g., 0Xy-
gen, methane, balance gas) 1n landfill gas extracted from the
first well 1s obtained by a local level controller. At act
13068, the measure of the constituent gas concentration
obtained at act 1304B 1s used by the local level controller to
determine whether to adjust a flow rate of the first well. For
example, act 13068 may comprise any of the local control
methods described herein for well-level control of landfill
gas extraction. When the local level controller determines, at
act 13068, to adjust the flow rate of the landfill gas being
extracted from the first well, the process proceeds to act
1308B where the local level controller adjusts the flow rate
of the landfill gas being extracted from the first well.
Otherwise, the process returns through the no branch to act
1302. After adjusting the flow rate of the first well at act
1308B, the process returns to act 1302, or alternatively, may
end. It should be appreciated that the global control method
described 1n acts 1304B-1308 may be performed for one or
more other wells.

Thus, the process 1300 describes a hybrid control scheme
which results 1n respective adjustments being made to a first
well as a product of both site-level and well-level control. As
described herein, the global control method may be per-
formed at a first frequency and the local level control process
may be performed at a second frequency. In some embodi-
ments, the first frequency 1s less than the second frequency.
In some embodiments, the first frequency comprises no
more than once a month, once a week, once every three days,
once a day, or any other suitable frequency. In some embodi-
ments, the second frequency comprises at least once a day,
at least once each hour, at least once every 15 minutes, at
least once every 10 minutes, or any other suitable frequency.

The local level control method may provide fine-tuning of
a valve position (and consequently a flow rate) of the first
well while the global control method may provide for larger
scale adjustments to valve position. For example, in some
embodiments, valve adjustments performed by the global
control method may comprise changing the degree to which
a valve 1s open by a greater amount than valve adjustments
performed by the local control method.

The success or failure of any of the control schemes
described herein may be assessed in any suitable way. In
some embodiments, attributes of the landfill gas may be
monitored over a period of time, and a determination may be
made as to whether the monitored values comply with the
control scheme. For example, to determine whether a speci-
fied quantity of methane has been extracted from the landfill
in a specified time period, the concentration of methane 1n
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the extracted landfill gas and the tlow rate of the extracted
landfill gas may be monitored during the time period, and
quantity of extracted methane may be determined based on
the monitored methane concentration levels and gas flow
rates. In some embodiments, attributes of the landfill gas
may be measured at a specified time, and a determination
may be made as to whether the measured values comply
with the control scheme. For example, to determine whether
the tlow rate of extracted landfill gas matches a target tflow
rate, the flow rate of extracted landfill gas may be measured
at some time and compared to the target flow rate.

In some embodiments, the control system 500 may be
used to monitor the effect of other treatments besides just the
setting of the control valve (e.g., monitoring effects of
microbial treatment, leachate recirculation, watering out/
pumping of the wells, adding 1ron, H,S abatement, etc.).
Additional Control Aspects
Methods for Scaling Valve Adjustments

FIG. 14 shows a block diagram of a control system 1400
tor locally controlling flow of landfill gas at a gas extraction
well. In some embodiments, the control system 1400 may be
implemented, in part, by one or more local controllers
610A-C described above with reference to FIG. 6.

In the 1llustrated embodiment, the system 1400 obtains
control variables 1402A-E and applies respective gains
1404 A-E to the control variables 1402A-E to obtain respec-
tive adjustments for each of the control variables. The
control varniables 1402 A-E may be used as control inputs by
the system 1400. The system 1400 includes an accumulator
1406 which combines and accumulates the adjustments. The
system 1400 includes a gate 1408, which prevents applica-
tion of the adjustments until a threshold adjustment pressure
1410 1s reached. The threshold pressure 1410 may be a
mimmum magnitude of adjustment required to trigger appli-
cation of the adjustment by the system 1400. Once the
pending adjustments reach the threshold 1410, the pending,
adjustments are applied to a valve actuator 1411 which then
causes the position of a valve disposed 1 piping of a
collection well 1412 to change.

In some embodiments, an adjustment to a valve may be
specified 1n terms of a degree to which a valve 1s to be
opened or closed. For example, the adjustment may be a
percentage change in position of the valve (e.g., 10% more
open or closed). In another example, the adjustment may be
an amount by which the valve position 1s to be changed (e.g.,
+/-5 degrees). In some embodiments, an adjustment may be
an absolute position of the valve. For example, the adjust-
ment may be a percentage specitying a particular position of
the valve (e.g., 0-100% open). In another example, the
adjustment may be a degree value specilying an absolute
position of the valve (e.g., 0-180 degrees).

In the 1llustrated embodiment, the system 1400 includes a
sensor package 1414 to obtain measurement(s) of one or
more performance metrics. The system 1400 includes a latch
1416 for storing a previous measurement of the performance
metric(s). The system 1400 compares a measurement of the
performance metric(s) taken after application of an adjust-
ment to a measurement of the performance metric(s) taken
prior to the application of the adjustment. The result of the
comparison 1s used as feedback control mput 1402E. In
some embodiments, a performance metric may be an energy
content of landfill gas being extracted from the collection
well 1412, a concentration of methane 1n the landfill gas
being extracted from the collection well 1412, and/or a flow
rate of landfill gas being extracted from the collection well

1412.
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In the i1llustrated embodiment, the system 1400 includes a
second accumulator 1409 which accumulates adjustments
that have been applied to the valve actuator 1411. The
applied adjustments that have been accumulated by the
accumulator 1409 are subtracted from pending adjustments
such that the adjustments may be applied 1n discrete incre-
ments. For example, 11 a pending adjustment of 5 degrees
meets the action threshold 1410, and 1s applied to the valve
actuator 1411, the 5 degree adjustment that 1s applied to the
valve actuator 1411 1s tracked by the accumulator 1409. In
a subsequent control cycle, the pending adjustment value
may remain at 5 degrees. The previous 5 degree adjustment
tracked by the accumulator 1409 1s subtracted from the
pending adjustment value such that the adjustment pressure
1s 0. Accordingly, no additional adjustment 1s applied to the
valve actuator 1411. This allows pending adjustments to be
applied 1in discrete increments such that an effect of an
applied adjustment can be measured by the sensor package
1414.

In some embodiments, the system 1400 may be config-
ured to use a measured change in vacuum pressure 1402 A as
a control input. The change 1n vacuum pressure 1402A may
indicate a change in a pressure differential between a gas
output and the landfill. The pressure differential causes
landfill gas to flow from the landfill to the gas output through
collection well 1412. The system 1400 may apply a tunable
gain parameter (=K ;) 1404A to the measured change 1n
vacuum pressure. I the pressure differential decreases by a
certain amount, the system may obtain an adjustment to
reduce a flow rate of landfill gas being extracted from the
collection well 1412. For example, the adjustment may be
one that results 1n closing the valve further. If the pressure
differential increases by a certain amount, the system may
obtain an adjustment to increase a tlow rate of landfill gas
being extracted from the collection well 1412. For example,
the adjustment may be opening the valve further.

In some embodiments, the system 1400 may be config-
ured to use a measured change 1n barometric pressure 14028
as a control input. The change 1n barometric pressure may be
measured over a period of time. An increase 1n barometric
pressure over the period of time may increase a pressure
differential between the landfill and air outside of the land-
f1ll1. As a result, more air may permeate into the landfill and
allect composition of landfill gas being extracted from the
landfill. In some 1instances, this may result 1n decreased
concentration of methane 1n the land fill gas which results 1n
the landfill gas having a lower energy content. The system
may apply a gain parameter (-K ) 1404B to the measured
change in barometric pressure. If there 1s a positive change
in barometric pressure, the system may determine a corre-
sponding adjustment to reduce a flow rate of landfill gas
being extracted from the well 1412 to mitigate eflects of the
rise i pressure. If there 1s a negative change in barometric
pressure, the system may determine a corresponding adjust-
ment to increase a flow rate of landfill gas being extracted
from the well 1412.

In some embodiments, the system 1400 may be config-
ured to continuously obtain measurements of the barometric
pressure. In some embodiments, the system 1400 may be
configured to obtain a measurement every 1 minute, 2
minutes, 3 minutes, 4 minutes, 5 minutes, 6 minutes, 7
minutes, & minutes, 9 minutes, or 10 minutes. In some
embodiments, the system 1400 may be configured to cal-
culate a running average rate of change of barometric
pressure. In some embodiments, the system 1400 may be
configured to determine whether the magnitude of the cal-
culated rate of change of the barometric pressure 1s greater
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than a threshold rate of change. In response to determining,
that the magnitude of the calculated rate of change 1s greater
than the threshold rate of change, the system 1400 may
trigger a response to the change in barometric pressure. I
there 1s a positive change in the rate of change of the
barometric pressure, the system may determine a corre-
sponding adjustment to reduce a flow rate of landfill gas
being extracted from the well 1412 to mitigate eflects of the
rise 1n pressure. If there 1s a negative change 1n the rate of
change of the barometric pressure, the system may deter-
mine a corresponding adjustment to increase a flow rate of
landfill gas being extracted from the well 1412.

In some embodiments, the threshold rate of change may
be 0.05 mbar/hour, 0.1 mbar/hour, 0.15 mbar/hour, 0.2

mbar/hour, 0.25 mbar/hour, 0.3 mbar/hour, 0.35 mbar/hour,
0.4 mbar/hour, 0.5 mbar/hour 0.55 mbar/hour, 0.6 mbar/
hour, 0.65 mbar/hour, 0.7 mbar/hour, 0.75 mbar/hour, 0.8
mbar/hour, 0.85 mbar/hour, 0.9 mbar/hour, 0.95 mbar/hour,
or 1 mbar/hour.

In some embodiments, the system 1400 may be config-
ured to use a measured change in ambient temperature
1402C as a control mput. When an ambient temperature
outside of the landfill decreases by a certain amount, the
permeability of a covering placed over the landfill may
increase. As a result, additional air from the atmosphere
around the landfill may enter the landfill and aflect compo-
sition of the landfill gas being extracted. For example, a
concentration of methane 1n the landfill gas being extracted
may be reduced, which results 1n reduced energy content of
the landfill gas being extracted. The system 1400 may be
configured to apply a gain parameter (K,) 1404C to the
measured change in ambient temperature. If the ambient
temperature decreases over a period of time, the system may
obtain a corresponding adjustment that reduces a flow rate of
landfill gas from the well 1412 to mitigate effects of the drop
in temperature. If the ambient temperature increases, the
system may obtain a corresponding adjustment to increase a
flow rate of landfill gas being extracted from the well 1412.

In some embodiments, the system 1400 may be config-
ured to use an aggregate gas quality control variable 1402D.
The aggregate gas quality control variable may be obtained
from a multi-well controller that determines global adjust-
ments to be applied to multiple gas extraction wells at a
landfill. The aggregate gas quality control variable may be
determined as described below with reference to FIG. 18.
The system 1400 may apply a gain parameter (K ) 1404D to
the aggregate gas quality control variable 1402D. The sys-
tem may determine an adjustment to 1ncrease the flow rate
of landfill gas being extracted from the well 1412 1n
response to more positive values of the control variable, and
an adjustment to decrease the tlow rate of landfill gas being
extracted from the well 1412 in response to more negative
values of the control vanable.

In some embodiments, the system 1400 may be config-
ured to use a feedback control mput 1402E determined
based on a measured eflect of one or more applied adjust-
ments. In some embodiments, the system may be configured
to implement a greedy hill climbing feedback input. The
system 1400 may multiply a measured eflect of the perfor-
mance metric(s) of an applied adjustment by the applied
adjustment. If the applied adjustment resulted 1n a negative
ellect on the performance, the feedback 1404E will be an
opposite of the applied adjustment. For example, 11 an
applied adjustment of +1 degrees resulted 1n a —-2% decrease
in concentration of methane, the value of the feedback 1mnput
1402E will be -2 which 1s 1n the opposite direction of the
applied adjustment. Conversely, 11 the applied adjustment
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resulted 1n a positive eflect on the performance, the feedback
1404E will continue 1n a direction of the applied adjustment.
For example, 11 an applied adjustment of +1 degrees results
in a +2% increase in concentration of methane, the value of
the feedback mput 1402E will be 2. The system 1400 may
apply a gain parameter (K ;) 1404E to the feedback 1402FE.

In some embodiments, the system 1400 may be config-
ured to use a predlcted change in barometric pressure as a
control input. An increase 1 barometric pressure may aflect
landfill gas being extracted from the well 1412. Using
predicted changes in barometric pressure may allow the
system 1400 to bias a tlow of landfill gas to mitigate eflects
of future actual changes in barometric pressure on landfill
gas being extracted from the well 1412. The system 1400
may apply a gain parameter to a predicted change in
barometric pressure. If the system obtains a predicted
increase in barometric pressure, the system may obtain a
corresponding adjustment to decrease a flow rate of landfill
gas being extracted from the well 1412. If the system obtains
a predicted decrease in barometric pressure, the system may
obtain a corresponding adjustment to increase a flow rate of
landfill gas being extracted from the well 1412.

In some embodiments, the system 1400 may be config-
ured to use a predicted change in ambient temperature as a
control mput. As described above, a change in ambient
temperature may aflect landfill gas being extracted from the
well 1412. Using predicted changes 1n ambient temperature
may allow the system 1400 to bias the flow of landfill gas to
mitigate effects of future changes in the ambient temperature
on the landfill gas being extracted from the well 1412. The
system 1400 may apply a gain parameter to a predicted
change 1 ambient temperature. If the system obtains a
predicted increase in ambient temperature pressure, the
system may obtain a corresponding adjustment to increase a
flow rate of landfill gas being extracted from the well 1412.
If the system obtains a predicted decrease 1n ambient tem-
perature, the system may obtain a corresponding adjustment
to decrease a flow rate of landfill gas being extracted from
the well 1412.

In some embodiments, the system 1400 may use other
control inputs 1n addition to or instead of those illustrated 1n
FIG. 14. In some embodiments, the system 1400 may be
configured to use a value indicating a measured current
precipitation and/or predicted precipitation outside of the
landfill as a control input. A change 1n precipitation may
affect landfill gas being extracted from the landfill. For
example, the value may indicate a measured amount of
precipitation (e.g., inches) and/or a type of precipitation
(e.g., snow, rain, hail). Some embodiments are not limited to
any particular set of control inputs. Some embodiments may
use any combination of control mputs described herein.

In some embodiments, the system 1400 may be config-
ured to obtain values of one or more control 1nputs using
local sensors. For example, values of control 1inputs
1402A-C may be obtained using sensors that are part of the
control system. In some embodiments, the system 1400 may
be configured to receive values of one or more control mputs
from an external system. For example, the system 1400 may
access barometric pressure changes, ambient temperature
changes, forecasted barometric pressure changes, and fore-
casted ambient temperature changes from a computer sepa-
rate from the system 1400.

In some embodiments, the gain parameters used by the
system may be tunable. Diflerent wells may react differently
to various changes. The gain parameters may be tuned based
on unique characteristics of the well 1412. For example, a
constituent gas concentration (such as methane concentra-
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tion, for example) 1in 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 1n response to a change in flow rate as
compared to a constituent gas concentration of landfill gas at
other wells. In some embodiments, the sensitivity of the
landfill gas composition to a change in flow 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). Each well may have
a set of gain parameters that have been tuned for the well.
In some embodiments, gain parameters at each well may be
tuned to maximize performance at the well. In some embodi-
ments, gain parameters may be tuned such that effects of
control mputs are umiform across different wells. In some
embodiments, the gain parameters may be tuned manually
or automatically.

In some embodiments, the system 1400 may utilize dif-
ferent gains for controlling the opening and closing of the
valve. For example, a first set of one or more gains may be
used for controlling opening of the valve and a second set of
one or more gains may be used for controlling closing of the
valve, with the first and second sets of gains being diflerent
from one another. For example, different vacuum pressure
change gains K;- may be used for controlling opening and
closing a valve. Additionally or alternatively, diflerent baro-
metric pressure change gains K ; may be used for controlling
opening and closing a valve. Additionally or alternatively,
different ambient temperature change gains K, may be used
for controlling opening and closing a valve. Additionally or
alternatively, diflerent ambient temperature change gains K -
may be used for controlling opening and closing a valve.
Additionally or alternatively, diflerent aggregate gas quality
control gains K. may be used for controlling opening and
closing a valve. Additionally or alternatively, diflerent feed-
back gains K. may be used for controlling opening and
closing a valve. Additionally or alternatively, different action
thresholds 1410 may be used for controlling opening and
closing a valve. Thus, 1t should be appreciated that different
gains for any one or more of the gains K;, K., K., K K
and action thresholds may be used for controlling opening
and closing of the valves.

In some embodiments, one or more of the gains for a
valve may be based on how quickly the composition of gas
flowing through a valve from a well changes as a result of
a valve adjustment. When the composition of gas changes
more rapidly 1n response to a valve adjustment operation
(c.g., closing or opening), then the gain for that valve
operation may be set to a lower value. When the composition
ol gas changes more slowly in response to a valve adjust-
ment operation, then the gain for that valve operation may
set to a higher value. For example, suppose that the com-
position of gas flowing through a valve from a well changes
more rapidly in response to opening of a valve than to
closing of the valve. In that situation, one or more gains of
the valve may be set lower (e.g., a first gain) for the opening
adjustment than for the closing adjustment (e.g., a second
gain larger than the first gain).

In some embodiments, the system 1400 may include a
gate 1408 that allows application of adjustments that meet a
threshold 1410 level of adjustment. In some embodiments,
the threshold 1410 may be tuned to adjust sensitivity of the
system 1400 to adjustments. For example, a lower threshold
1410 will allow adjustments to be applied more frequently,
and will allow application of finer adjustments. A higher
threshold 1410 will limit frequency of adjustments applied,
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and will limit application to coarser adjustments. In some
embodiments, the threshold 1410 may be tuned to balance
stability of the system 1400 with precision of control. In
some embodiments, the controller may have limited power
resources, and the gate 1408 may moderate a frequency of
application of adjustments to limit use of the power. For
example, a controller may be powered by a solar panel
which stores energy. The gate 1408 may limit application of
adjustments to conserve the stored energy.

In some embodiments, the threshold 1410 may be a
minimum percentage of change. For example, the threshold
may be a magnitude of 1%, 2%, 3%, 5%, 10%, 15%, or 20%.
In some embodiments, the threshold may be a particular
number of degrees. For example, the threshold may be 1
degree, 2, 3, 5, 10, 135, 20, or 25 degrees.

In some embodiments, the system 1400 may be config-
ured to maintain one or more limits of the position of the
valve. The limit(s) may be referred to as “guard rails.” The
system 1400 may be configured to prevent adjustments to
the position of the valve beyond the limit(s). In some
embodiments, the system 1400 may prevent the valve from
opening beyond a first limit and/or closing beyond a second
limit. The limit may be a particular position of the valve. For
example, the system 1400 may prevent the valve from
opening beyond a position of 80 degrees. In another
example, the system 100 may prevent the valve from closing
more than a position of 5 degrees. In yet another example,
the system 1400 may prevent the valve from opening
beyond a position of 90% open. In vet another example, the
system 1400 may not allow the valve to close beyond a
position of 10% open.

In some embodiments, the system 1400 may be config-
ured to maintain a threshold concentration of one or more of
the gases that make up the landfill gas. In some embodi-
ments, the system 1400 may be configured to determine 1 a
measured concentration of oxygen in the landfill gas 1s
above a maximum oxygen concentration. It the system 1400
determines that the measured concentration of oxygen 1is
above the maximum oxygen concentration, the system 1400
may restrict a flow of landfill gas. For example, the system
1400 may prevent adjustments that further open the valve. In
another example, the system 1400 may close the valve by a
certain amount. In some embodiments, the system 1400 may
be configured to determine 1f a measured concentration of
nitrogen in the landfill gas 1s above a maximum nitrogen
concentration. If the system 1400 determines that the mea-
sured concentration ol nitrogen 1s above the maximum
nitrogen concentration, the system 1400 may restrict a flow
of landfill gas. For example, the system 1400 may prevent
adjustments that further open the valve. In another example,
the system 1400 may close the valve by a certain amount. In
some embodiments, the system 1400 may be configured to
determine 11 a measured concentration of methane in the
landfill gas 1s above a maximum methane concentration. If
the system 1400 determines that the measured concentration
of methane 1s above the maximum methane concentration,
the system 1400 may restrict a flow of landfill gas. For
example, the system 1400 may prevent adjustments that
turther open the valve. In another example, the system 1400
may close the valve by a certain amount.

Proportional Response

Some of the automated control techniques described
herein mvolve adjusting the degree to which one or more
valves are open or closed based on the difference between a
measured value of a quantity (e.g., BTU, energy content in
gas, percentage ol a particular type of gas such as methane
or oxygen or nitrogen in the landfill gas, etc.) and a target
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value for that quantity. In some embodiments, when 1t 1s
determined that a valve 1s to be closed or opened, the valve
1s controlled to close or open by a fixed amount. In some
embodiments, when 1t 1s determined that a valve 1s to be
closed or opened, the valve 1s controlled to close or open by
an amount that depends on the diflerence between the
measured value of the quantity and the target value for that
quantity. For example, when closing the valve serves to
decrease the diflerence between the measured value and the
target value of a quantity, then the valve may be closed to a
greater degree when the difference between the measured
and target values 1s large than when that difference 1s small.
In this way, a valve may be closed and opened by an amount
proportional to the difference between the measured and
target value of the quantity used for control. As a further
example, 1n some embodiments, when the measured gas
composition at the plant 1s farther away from the target gas
composition, the batch valve open/close command may be
greater (as retlected by the larger gains utilized).

Automated Shutoil

In some embodiments, automated control of one or mul-
tiple valves 1 a landfill gas extraction system may be
stopped 1n response to receiving one or more unexpected
measurements from one or more sensors parts of the auto-
mated control system. In this way, valve adjustments deter-
mined by any of the automated control techniques described
herein are not determined based on erroneous sensor read-
ings, especially erroneous sensor readings at the power
plant.

For example, 1n some embodiments, automated control
may be stopped in response to obtaiming gas composition
measurement (e.g., from power plant equipment) outside of
one or more specified ranges for constituent gasses. As
another example, 1n some embodiments, automated control
may be stopped in response to obtamning a BTU measure-
ment (e.g., from power plant equipment) outside of a speci-
fied BTU range. For example, automated control may be
stopped 1n response to obtaining a BTU measurement out-
side of the range of 940-1000 BTUs.

After automated control 1s stopped, it may be restarted 1n
any suitable way. For example, in some embodiments, the
automated control may be restarted after a threshold amount
of time has elapsed. As another example, 1n some embodi-
ments, the automated control may be restarted in response to
updated measurements falling within the specified ranges.
For instance, 11 automation control was stopped 1n response
to a measurement of a quantity falling outside of a specified
range of “normal” values for that quantity, automated con-
trol may be restarted when a subsequent measurement of
that same quantity i1s within the specified range. As yet
another example, 1n some embodiments, automated control
may be resumed 1n response to user mput (e.g., provided
through a computer interface, such as a graphical computer
interface) indicating that the automated control 1s to be
resumed.

Current and Predicted Measurements

The automated control techniques described herein, in
some embodiments, control the degree to which one or more
valves are open based on one or more sensor measurements
(e.g., one or more measurements of gas composition, flow
rate, ambient temperature, barometric pressure, BTU mea-
surements at the power plant, etc.). The i1nventors have
recognized that, while such valve adjustments can be eflec-
tive, 1n some embodiments the impact of the adjustments
takes time to take etlect. In other words, the overall response
time 1n the system to a valve adjustment may be slower than
desired.
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The inventors have recognized that, 1n some circum-
stances, the response time to valve adjustments may be
reduced, by using a predicted value of a quantity to control
the valves instead of a currently measured value of that same
quantity. By way of example, suppose that valve control 1s
being performed, 1n part, based on the percentage ol meth-
ane 1n landfill gas. The first measurement may indicate that
the percentage of methane 1s 46%. An hour later, the second
measurement may indicate that the percentage of methane 1s
45%. Another hour later, the third measurement may 1ndi-
cate that the percentage of methane 1s 44%. A valve adjust-
ment could be made, each hour, based on these measure-
ments. However, by using the 46% and 45% measurements,
it may be possible to predict that, in an hour, the predicted
value of methane concentration would be 44%. If such a
prediction could be made, then the automated control tech-
niques could determine the degree(s) to which to close/open
one or more respective values based on the predicted value
(1.e., 44%) rather than the measured values of 46% and 45%,
and to do so belfore the 44% value would be measured (an
hour later) thereby reducing the overall time needed to
control the gas extraction system to a target state.

Accordingly, 1n some embodiments, one or more (e.g.,
two, three, etc.) measured values of a quantity (e.g., one or
more measurements of gas composition, flow rate, ambient
temperature, barometric pressure, BTU measurements at the
power plant, etc.) may be used to predict a value that
quantity 1s likely to take during a specified time period 1n the
future (e.g., 1, 5, 10, 15, 20, 25, 30, 35, 40, 45, 30, 55, 60
minutes, 2 hours, 3 hours, between 1 and 5 minutes, between
10 and 20 minutes, between 30 minutes and 2 hours, or any
range within these ranges). In some embodiments, two
measurements may be used to obtain a predicted value using
linear projection (e.g., measure the slope of the line defined
by the two measurements and use the measured slope to
predict a third value). In embodiments, where a larger
number of measurements 1s used (1.e., three or more), a
higher order polynomial projection may be performed.

It should be appreciated that any of the control techniques
described herein may use predicted values of measurements
for any of the quantities utilized for control (e.g., gas
composition, flow rate, ambient temperature, barometric
pressure, BTU measurements at the power plant, etc.). In
some embodiments, predicted values may be used for all the
quantities utilized for control. In some embodiments, one or
more predicted values and one or more measured values
may be utilized for control. In some embodiments, predic-
tion may not be employed, and only measured values may
be used.

Example Computing Systems

FIG. 15 illustrates an example of a suitable computing
system environment 1500 on which techniques disclosed
herein may be implemented. In some embodiments, portions
of a landfill gas extraction control system may be imple-
mented 1n a computing system environment. For example, in
some embodiments, Device Manager 502, Controller Mod-
ule 504, User Interface 508, and/or Database 510 may be
implemented 1n a computing system environment. In some
embodiments, aspects of one or more techniques described
herein may be implemented 1 a computing system envi-
ronment.

The computing system environment 13500 1s only one
example of a suitable computing environment and 1s not
intended to suggest any limitation as to the scope of use or
functionality of the devices and techniques disclosed herein.
Neither should the computing environment 1500 be inter-
preted as having any dependency or requirement relating to
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any one or combination of components illustrated 1n the
exemplary operating environment 1500.

The techmiques disclosed herein are operational with
numerous other general purpose or special purpose comput-
ing system environments or configurations. Examples of
well-known computing systems, environments, and/or con-
figurations that may be suitable for use with techniques
disclosed herein include, but are not limited to, personal
computers, server computers, hand-held devices (e.g., smart
phones, tablet computers, or mobile phones), laptop devices,
multiprocessor systems, microprocessor-based systems, set
top boxes, programmable consumer electronics, network
PCs, minicomputers, mainirame computers, distributed
computing environments that include any of the above
systems or devices, and the like.

The computing environment may execute computer-ex-
ecutable 1nstructions, such as program modules. Generally,
program modules include routines, programs, objects, com-
ponents, data structures, etc. that perform particular tasks or
implement particular abstract data types. The technology
described herein may also be practiced 1n distributed com-
puting environments where tasks are performed by remote
processing devices that are linked through a communica-
tions network. In a distributed computing environment,
program modules may be located 1n both local and remote
computer storage media including memory storage devices.

With reference to FIG. 15, an exemplary system for
implementing techmques described herein includes a gen-
eral purpose computing device in the form of a computer
1510. Components of computer 1510 may include, but are
not limited to, a processing unit 1520, a system memory
1530, and a system bus 1521 that couples various system
components including the system memory to the processing
unit 1520. The system bus 1521 may be any of several types
of bus structures including a memory bus or memory
controller, a peripheral bus, and/or a local bus using any of
a variety of bus architectures. By way of example, and not
limitation, such architectures include Industry Standard
Architecture (ISA) bus, Micro Channel Architecture (MCA)
bus, Enhanced ISA (EISA) bus, Video Electronics Standards
Association (VESA) local bus, and Peripheral Component
Interconnect (PCI) bus also known as Mezzanine bus.

Computer 1510 typically includes a variety of computer
readable media. Computer readable media can be any avail-
able media that can be accessed by computer 1510 and
includes both volatile and nonvolatile media, removable and
non-removable media. By way of example, and not limita-
tion, computer readable media may comprise computer
storage media and commumnication media. Computer storage
media includes both volatile and nonvolatile, removable and
non-removable media implemented 1n any method or tech-
nology for storage of information such as computer readable
instructions, data structures, program modules or other data.
Computer storage media includes, but 1s not limited to,
RAM, ROM, EEPROM, flash memory or other memory
technology, CD-ROM, digital versatile disks (DVD) or other
optical disk storage, magnetic cassettes, magnetic tape,
magnetic disk storage or other magnetic storage devices, or
any other medium which can be used to store the desired
information and which can accessed by computer 1510.
Communication media typically embodies computer read-
able structions, data structures, program modules or other
data 1n a modulated data signal such as a carrier wave or
other transport mechanism and includes any information
delivery media. The term “modulated data signal” means a
signal that has one or more of its characteristics set or
changed in such a manner as to encode information 1n the
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signal. By way of example, and not limitation, communi-
cation media includes wired media such as a wired network
or direct-wired connection, and wireless media such as
acoustic, RF, infrared and other wireless media. Combina-
tions of the any of the above should also be included within
the scope of computer readable media.

The system memory 1530 includes computer storage
media 1n the form of volatile and/or nonvolatile memory
such as read only memory (ROM) 1531 and random access
memory (RAM) 1532. A basic mput/output system 1533
(BIOS), containing the basic routines that help to transfer
information between elements within computer 1510, such
as during start-up, 1s typically stored in ROM 1531. RAM
1532 typically contains data and/or program modules that
are immediately accessible to and/or presently being oper-
ated on by processing unit 1520. By way of example, and not
limitation, FIG. 15 illustrates operating system 1534, appli-
cation programs 1535, other program modules 1536, and
program data 1537.

The computer 1510 may also include other removable/
non-removable, volatile/nonvolatile computer storage
media. By way of example only, FIG. 15 illustrates a hard
disk drive 1541 that reads from or writes to non-removable,

nonvolatile magnetic media, a magnetic disk drive 1551 that
reads from or writes to a removable, nonvolatile magnetic
disk 1552, and an optical disk drive 1555 that reads from or
writes to a removable, nonvolatile optical disk 1556 such as
a CD ROM or other optical media. Other removable/non-
removable, volatile/nonvolatile computer storage media that
can be used 1n the exemplary operating environment
include, but are not limited to, magnetic tape cassettes, flash
memory cards, digital versatile disks, digital video tape,
solid state RAM, solid state ROM, and the like. The hard
disk drive 1541 1s typically connected to the system bus
1521 through a non-removable memory interface such as
interface 1540, and magnetic disk drive 1551 and optical
disk drive 1555 are typically connected to the system bus
1521 by a removable memory interface, such as interface
1550.

The drives and their associated computer storage media
described above and illustrated in FIG. 13, provide storage
of computer readable instructions, data structures, program
modules and other data for the computer 1510. In FIG. 15,
for example, hard disk drive 1541 is illustrated as storing
operating system 1544, application programs 1545, other
program modules 1546, and program data 13547. Note that
these components can either be the same as or different from
operating system 1534, application programs 13535, other
program modules 1536, and program data 1537. Operating
system 1544, application programs 1545, other program
modules 1546, and program data 1547 are given diflerent
numbers here to illustrate that, at a minmimum, they are
different copies. A user may enter commands and 1nforma-
tion into the computer 1510 through input devices such as a
keyboard 13562 and pointing device 1561, commonly
referred to as a mouse, trackball or touch pad. Other input
devices (not shown) may include a microphone, joystick,
game pad, satellite dish, scanner, or the like. These and other
iput devices are often connected to the processing unit
1520 through a user mput iterface 1560 that 1s coupled to
the system bus, but may be connected by other interface and
bus structures, such as a parallel port, game port or a
umversal serial bus (USB). A monitor 1591 or other type of
display device 1s also connected to the system bus 1521 via
an interface, such as a video interface 1590. In addition to
the monitor, computers may also include other peripheral
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output devices such as speakers 1597 and printer 1596,
which may be connected through an output peripheral
interface 1595.

The computer 1510 may operate 1n a networked environ-
ment using logical connections to one or more remote
computers, such as a remote computer 15380. The remote
computer 1580 may be a personal computer, a server, a
router, a network PC, a peer device or other common
network node, and typically includes many or all of the
clements described above relative to the computer 1510,
although only a memory storage device 1381 has been
illustrated 1n FIG. 15. The logical connections depicted 1n
FIG. 15 include a local area network (LAN) 1571 and a wide
arca network (WAN) 1573, but may also include other
networks. Such networking environments are commonplace
in oflices, enterprise-wide computer networks, intranets and
the Internet.

When used in a LAN networking environment, the com-
puter 1510 1s connected to the LAN 1571 through a network
interface or adapter 1570. When used in a WAN networking
environment, the computer 1510 typically includes a modem
1572 or other means for establishing communications over
the WAN 1573, such as the Internet. The modem 1572,
which may be internal or external, may be connected to the
system bus 1521 via the user mput interface 1560, or other
appropriate mechanmism. In a networked environment, pro-
gram modules depicted relative to the computer 1510, or
portions thereol, may be stored in the remote memory
storage device. By way of example, and not limitation, FIG.
15 illustrates remote application programs 1585 as residing
on memory device 1581. It will be appreciated that the
network connections shown are exemplary and other means
of establishing a communications link between the comput-
ers may be used.

Conclusion

Embodiments of the above-described techniques can be
implemented 1 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 software 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 and/or a Controller 204 may be
implemented as software executed on one or more proces-
SOrS.

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 in the art by names such as CPU
chups, 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, semicustom 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, it should be appreciated that a computer may be
embodied 1 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-
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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
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 floppy discs, compact discs (CD), optical discs,
digital video disks (DVD), magnetic tapes, flash memories,
circuit configurations in 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 of the technology described herein. As i1s apparent
from the foregoing examples, a computer readable storage
medium may retain information for a suflicient time to
provide computer-executable instructions in 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.¢., 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 1n 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 1n a modular fashion amongst a number of
different computers or processors to implement various
aspects of the present technology.
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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 5
abstract data types. Typically the functionality of the pro-
gram modules may be combined or distributed as desired 1n
various embodiments.

Also, data structures may be stored 1n computer-readable
media i any suitable form. For simplicity of illustration, 10
data structures may be shown to have fields that are related
through location 1n 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 15
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 20
alone, 1n combination, or 1n a variety of arrangements not
specifically discussed in the embodiments described in the
foregoing and 1s therefore not limited in 1ts application to the
details and arrangement of components set forth in the
foregoing description or illustrated in the drawings. For 25
example, aspects described 1n 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, of which an example has been provided. The 30
acts performed as part of the method may be ordered 1n any
suitable way. Accordingly, embodiments may be constructed
in which acts are performed 1n an order different than
illustrated, which may include performing some acts simul-
taneously, even though shown as sequential acts 1n illustra- 35
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. 40

Use of ordinal terms such as “first,” “second,” “third.”
etc., 1n the claims to modily a claam element does not by
itself 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 45
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 1n some 50
embodiments, within x10% of a target value in some
embodiments, within +5% of a target value 1n some embodi-
ments, and yet within 2% of a target value in some
embodiments. The terms “approximately” and “about” may
include the target value. 55

Also, the phraseology and terminology used herein 1s 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 items listed thereafter and equiva- 60
lents thereof as well as additional items.

Having thus described several aspects of at least one
embodiment of the technology, it 1s to be appreciated that
various alterations, modifications, and improvements will
readily occur to those skilled 1n the art. 65

Such alterations, modifications, and improvements are
intended to be part of this disclosure, and are intended to be

58

within the spirit and scope of the invention. Further, though
advantages of the present invention are indicated, it should
be appreciated that not every embodiment of the invention
will include every described advantage. Some embodiments
may not implement any features described as advantageous
herein 1 some i1nstances. Accordingly, the foregoing
description and drawings are by way of example only.

The mvention claimed 1s:

1. A method for controlling extraction of landfill gas from
a landfill via a gas extraction system, the gas extraction
system comprising well piping for coupling a plurality of
wells to a gas output, the method comprising:

performing, using a multi-well controller, a global control

method comprising:

obtaining, at the gas output, a measure of a concentra-
tion of nitrogen in landfill gas collected from at least
some of the plurality of wells, the at least some of the
plurality of wells including a first well;

determining, for one or more wells of the at least some
of the plurality of wells, using the measure of con-
centration ol nitrogen in the landfill gas collected
from the at least some of the plurality of wells and a
first measure of concentration of at least one con-
stituent gas 1n landfill gas collected from the first
well, whether to adjust respective flow rates of
landfill gas being extracted from the one or more
wells, the one or more wells including the first well;
and

when 1t 1s determined to adjust the flow rate of landfill
gas being extracted from the first well, adjusting the
flow rate of the first well; and

performing, using at least one first single well controller,

a local control method comprising:

obtaining, at the first well, a second measure of a
concentration of at least one second constituent gas
in landfill gas collected from the first well;

determining, using the second measure of the concen-
tration of the at least one second constituent gas 1n
the landfill gas collected from the first well, whether
to adjust the tlow rate of the first well; and

when 1t 1s determined to adjust the tlow rate of the first
well, adjusting the flow rate of the first well.

2. The method of claim 1, wherein the local control
method 1s performed at least once per hour and the global
control method 1s performed no more than once per day.

3. The method of claim 1, wherein the local control
method 1s performed more frequently than the global control
method.

4. The method of claim 1, further comprising performing,
using a second single well controller, a second local control
method comprising:

obtaining, at a second well of the plurality of wells, a third

measure of a concentration of the at least one second
constituent gas in landfill gas collected from the second
well;

determiming, using the third measure of the concentration

of the at least one second constituent gas in the landfill
gas collected from the second well, whether to adjust
the flow rate of the second well; and

when 1t 15 determined to adjust the tlow rate of the second

well, adjusting the tlow rate of the second well.

5. The method of claim 1, wherein the second measure of
concentration of the at least one second constituent gas 1n
landfill gas collected from the first well comprises at least
one ol methane concentration, oxygen concentration, or
balance gas concentration.
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6. The method of claim 1, wherein determining whether
to adjust respective flow rates of landfill gas being extracted
from the one or more wells comprises:

determining whether the measure of concentration of

nitrogen of the landfill gas collected from the one or
more wells 1s outside of a global range;

when 1t 1s determined that the measure of concentration of

nitrogen of the landfill gas collected from the one or
more wells 1s outside of the global range, determining,
whether the first measure of concentration of the at
least one constituent gas in landfill gas collected from
the first well 1s outside of a local range; and

when 1t 1s determined that the first measure of concen-

tration of the at least one constituent gas 1n the landfill
gas collected from the first well 1s outside of the local
range, determining to adjust the flow rate of the first
well.

7. The method of claim 1, wherein determining, using the
second measure of the concentration of the at least one
second constituent gas in the landfill gas collected from the
first well, whether to adjust the flow rate of the first well
comprises determining whether the second measure of the
concentration of the at least one second constituent gas in the
landfill gas collected from the first well 1s outside of a local
range for the second constituent gas.

8. The method of claim 1, wherein determining, using the
second measure of the concentration of the at least one
second constituent gas in the landfill gas collected from the
first well, whether to adjust the flow rate of the first well
comprises determining whether the second measure of the
concentration of the at least one second constituent gas in the
landfill gas collected from the first well 1s different from a
target concentration.

9. The method of claim 1, wherein determining, using the
second measure of the concentration of the at least one
second constituent gas in the landfill gas collected from the
first well, whether to adjust the flow rate of the first well
comprises determining whether the second measure of the
concentration of the at least one second constituent gas 1n the
landfill gas collected from the first well 1s greater than an
upper threshold.

10. The method of claim 1, wherein determining, using
the second measure of the concentration of the at least one
second constituent gas 1n the landfill gas collected from the
first well, whether to adjust the flow rate of the first well
comprises determining whether the second measure of the

concentration of the at least one second constituent gas in the
landfill gas collected from the first well 1s less than a lower
threshold.
11. The method of claim 1, further comprising:
before increasing the flow rate of the landfill gas being
extracted from the first well, determining whether a
measure of carbon dioxide concentration of the landfill
gas collected from the first well 1s less than a threshold
concentration; and
increasing the tlow rate of the landfill gas being extracted
from the first well when 1t 1s determined that the
measure of carbon dioxide concentration of the landiill
gas collected from the first well 1s less than the thresh-
old concentration.
12. The method of claim 1, further comprising;:
before increasing the flow rate of the landfill gas being
extracted from the first well, determining whether a
measure of hydrogen sulfide concentration of the land-
fill gas collected from the first well 1s less than a
threshold concentration; and
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increasing the flow rate of the landfill gas being extracted
from the first well when 1t 1s determined that the
measure of hydrogen sulfide concentration of the land-
f1ll gas collected from the first well 1s less than the
threshold concentration.

13. The method of claim 1, further comprising:

determining a scaling factor by which to proportionally

adjust a degree to which a valve of the first well 1s
opened or closed, the scaling factor being based at least
in part on a difference between the second measure of
concentration of the at least one second constituent gas
in the landfill gas collected from the first well and a
target concentration; and

wherein adjusting the flow rate of landfill gas being

extracted from the first well comprises adjusting the
flow rate of landfill gas being extracted from the first
well according to the scaling factor.
14. The method of claim 1, further comprising:
determinming a scaling factor by which to proportionally
adjust a degree to which a valve of the first well 1s
opened or closed, the scaling factor being based at least
in part on at least one characteristic of the first well; and

wherein adjusting the flow rate of landfill gas being
extracted from the first well comprises adjusting the
flow rate of landfill gas being extracted from the first
well according to the scaling factor.

15. The method of claim 1, wherein the first measure of
concentration of the at least one constituent gas 1n landfill
gas collected from the first well comprises a measure of
concentration ol balance gas 1n landfill gas collected from
the first well.

16. The method of claim 1, wherein the first measure of
concentration of the at least one constituent gas in landfill
gas collected from the first well comprises a measure of
concentration of methane 1n landfill gas collected from the
first well.

17. The method of claim 1, wherein the at least one
constituent gas and the at least one second constituent gas
are a same gas.

18. The method of claim 1, wherein the at least one
constituent gas and the at least one second constituent gas
are diflerent gasses.

19. A system for controlling extraction of landfill gas from
a landfill via a gas extraction system, the gas extraction
system comprising well piping for coupling a plurality of
wells to a gas output, the system comprising:

at least one multi-well controller configured to:

perform a global control method comprising:

obtaining, at the gas output, a measure of a concen-
tration of nitrogen in landfill gas collected from at
least some of the plurality of wells, the at least
some of the plurality of wells imncluding a first
well;

determining, for one or more wells of the at least
some of the plurality of wells, using the concen-
tration of nitrogen in the landfill gas collected
from the at least some of the plurality of wells and
a first measure ol concentration of at least one
constituent gas in landfill gas collected from the
first well, whether to adjust respective tlow rates
of landfill gas being extracted from the one or
more wells, the one or more wells 1including the
first well; and

when 1t 1s determined to adjust the flow rate of
landfill gas being extracted from the first well,
adjusting the flow rate of the first well; and
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at least one first single well controller configured to: determining, for one or more wells of the at least some
perform a local control method comprising: of the plurality of wells, using the measure of con-
obtaining, at the first well, a second measure of a centration of nmitrogen in the landfill gas collected

from the at least some of the plurality of wells and a
first measure of concentration of at least one con-
stituent gas 1n landfill gas collected from the first
well, whether to adjust respective flow rates of
landfill gas being extracted from the one or more

concentration of at least one second constituent

gas in landfill gas collected from the first well;
determining, using the second measure of the con-

centration of the at least one second constituent

gas 1n the landfill gas collected irom the first well, wells, the one or more wells including the first well;
whether to adjust the tlow rate of the first well; and and
when 1t 1s determined to adjust the flow rate of the 0 when 1t 1s determined to adjust the flow rate of landfill
first well, adjusting the flow rate of the first well. gas being extracted from the first well, adjusting the
20. At least one non-transitory computer-readable flow rate of the first well; and
medium having instructions encoded thereon, that, when performing, using at least one first single well controller,
executed by at least one controller, cause the at least one . a 10?31_ control method comprising:
controller to perform a method for controlling extraction of obtaiming, at the first well, a second measure of a

concentration of at least one second constituent gas
in landfill gas collected from the first well;

determining, using the second measure of the concen-
tration of the at least one second constituent gas 1n
the landfill gas collected from the first well, whether
to adjust the tlow rate of the first well; and

when 1t 1s determined to adjust the tlow rate of the first
well, adjusting the flow rate of the first well.

landfill gas from a landfill via a gas extraction system, the
gas extraction system comprising well piping for coupling a
plurality of wells to a gas output, the method comprising:
performing, using a multi-well controller, a global control ¢
method comprising:
obtaining, at the gas output, a measure of a concentra-
tion of nitrogen in landfill gas collected from at least

some of the plurality of wells, the at least some of the
plurality of wells including a first well; £k k% ok
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