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MODULAR SYSTEM FOR WASTE
TREATMENT, WATER RECYCLING, AND
RESOURCE RECOVERY IN A SPACE
ENVIRONMENT

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims the benefit and priority of U.S.
Provisional Application No. 62/705,290, filed on Jun. 19,

2020, which 1s incorporated herein by reference in 1ts
entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
S8ONSSC18K 1692 awarded by the National Aeronautics and
Space Administration. The government has certain rights 1n
the 1nvention.

TECHNICAL FIELD

This disclosure 1s directed to a system for treating waste,
recycling water, and recovering additional resources such as
energy and nutrients. More specifically, the system 1s a
modular system for treating both liquid and solid organic
waste 1 a space (e.g. zero gravity or micro-gravity) envi-
ronment, which can be transported easily and rapidly reas-
sembled onsite within a spacecrait or space station to form
the modular system, and which can be mterconnected with
other modular systems to form a larger architecture.

BACKGROUND

Long-duration, deep-space human exploration missions
will demand robust and reliable technologies to ensure crew
health, safety, and mission success. However, current Envi-
ronmental Control and Life Support Systems (ECLSS) tech-
nologies, such as those used aboard the International Space
Station (ISS), are not optimized for long-duration, deep-
space human exploration, but rather, for the low earth orbit
(LEO) environment of the ISS.

For example, the Water Recovery System (WRS) does not
treat all forms of waste, namely fecal and food waste, which
are disposed of without any recovery efforts. Additionally,
while the Water Processor Assembly (WPA) achieves
approximately 85% recovery, 1t also utilizes consumables
including disposable filters and stored oxygen. Further, food
1s solely supplied via resupply shipments, as sustainable
food production technologies are only on an experimental
level and are dependent on resupply shipments for cultiva-
tion resources (nutrients, fertilizer, etc.). While resupply of
such resources may be viable for short-term or LEO mis-
s10ms, the increased costs, lengthened transit times, and more
frequent resupply shipments associated with long-term and
deep-space travel present additional financial and logistical
challenges that highlight the need for a more sustainable
ECLSS architecture for long-duration, deep-space human
exploration.

Thus, to make such long-duration explorations possible,
in situ food production and waste management 1s essential
for these missions to maintain crew health, nutrition, morale,
and to ensure crew safety 1n the event of delays or failures.
One way to address both of these problems 1s to provide
resource and waste recovery systems that are capable of
achieving nearly closed-loop systems. In particular, solid
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organic wastes (1.e., fecal and food) offer a renewable source
of carbon, nitrogen, phosphorous (C, N, P), water and other

trace elements to sustain water and food production. How-
ever, these high-strength waste streams are diflicult to treat,
due to factors such as heterogeneity, complexity, high solids
content, and presence of pathogens. Currently, there are no
flight-ready technologies capable of treating mixed organic
wastes, underlining a technology gap for long-duration and
deep-space missions.

In light of at least the above, a need exists for a waste and
resource recovery system having the ability to treat both
solid and liquid organic wastes, and which 1s able to operate
ciiciently and reliably in the harsh conditions of space.
Furthermore, 1t 1s desirable that such a waste and resource
recovery system be modular to be used in a wide variety of
applications and so that 1t can be broken down into various
sub-systems that can be easily transported and replaced, and
which can be combined with other systems as part of a larger
ECLSS. The discussion above 1s merely provided for gen-
eral background information and 1s not mtended to unduly
limit the scope of the claimed subject matter.

SUMMARY

The above problems can be solved by providing a modu-
lar system for waste treatment, water recycling, and resource
recovery, that does not rely on gravity-driven separation.

In some embodiments a modular system for waste treat-
ment, water recycling, and resource recovery 1 a space
environment includes a bufler tank, at least one reactor tank,
a membrane module, a permeate collection tank, a pump
system, and a control system. The bufler tank 1s configured
to receive and pre-treat raw organic waste. The at least one
reactor tank 1s configured as an anaerobic bioreactor that
receives and digests pre-treated waste from the buller tank.
The membrane module has a membrane configured to filter
digested waste from the at least one reactor tank to produce
a permeate. The permeate collection tank 1s configured to
collect and store the permeate generated by the membrane
module. The pump system has a plurality of pumps to pump
waste between the bufler tank, the at least one reactor tank,
the membrane module, and the permeate tank. The control
system 1s configured to momitor the flow of waste and to
control the pump subsystem to control the flow waste
between the bufler tank, the at least one reactor tank, the
membrane module, and the permeate collection tank

In other embodiments a modular system for waste treat-
ment, water recycling, and resource recovery includes a
support structure, a waste treatment system, a pump system,
and a control system. The waste treatment system 1ncludes
a bufler tank configured to receive and pre-treat raw organic
waste, a first reactor tank configured as an anaerobic digester
that recerves and digests pre-treated waste from the bufler
tank, a second reactor tank configured as an anaerobic
digester that receives digested waste from the first reactor
tank, a membrane module having a membrane configured to
filter waste from the digested waste from the second reactor
tank to produce a permeate, and a permeate collection tank
configured to collect and store the permeate generated by the
membrane module. The pump system has a plurality of
pumps configured to pump waste through the waste treat-
ment system. The control system 1s configured to monitor
the flow of waste and to control the pump system to control
the flow of waste through the waste treatment system.

In another aspect, the present disclosure provides a
method for installing, configuring, and/or maintaining a
modular system for waste treatment. The method may
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comprise: 1dentitying a first modular unit of a modular waste
treatment system that 1s 1n a replacement state, based upon
at least one of a fault indicator, a liquid indicator, a pressure
indicator, a low-level indicator, a high-level indicator, or a
flow indicator; disconnecting fittings of the first modular
unit, and removing the first modular unit from a storage rack
containing a group of modular units; connecting {ittings of
a replacement modular unit to at least one other modular unit
of the waste treatment system, and disposing the replace-
ment modular umt i place of the first modular unit 1n the
storage rack; initializing the waste treatment system after
connecting the fittings of the replacement modular umt; and
wherein the waste treatment system consists essentially of
modular units comprising one or more pumping subsystems;
one or more control subsystems; and one or more tank
subsystems.

This Summary and the Abstract are provided to introduce
a selection of concepts 1n a simplified form that are further
described below 1n the Detailed Description. This Summary
1s not intended to 1dentify key features or essential features
of the claimed subject matter.

DRAWINGS

The following detailed description 1s to be read with
reference to the figures, 1n which like elements 1 diflerent
figures have like reference numerals. The figures, which are
not necessarily to scale, depict selected embodiments and
are not mtended to limit the scope of embodiments of the
disclosure. Given the benefit of this disclosure, skilled
artisans will recognize the examples provided herein have
many useful alternatives that fall within the scope of the
disclosure.

FIG. 1 1s a perspective view of an example modular
system for treating waste, recycling water, and recovering
additional resources according to aspects of the disclosure;

FIG. 2 1s a schematic view of a flow diagram of the
modular system of FIG. 1;

FIG. 3 1s a method of anaerobic digestion of waste than
can be performed by the modular system of FIG. 1

FIG. 4 1s a diagram showing the anaerobic processes
carried out by the modular system of FIG. 1;

FIG. 35 15 a side view of an example membrane module of
the modular system of FIG. 1 according to according to
aspects of the disclosure;

FIG. 6 1s section view of the membrane module of FIG.
5 taken along line 2-2;

FIG. 7. 1s a schematic view of a flow diagram of the
modular system of FIG. 1 including additional processes;

FIG. 8 1s a method of anaerobic digestion of waste that
can be performed by the modular system of FIG. 7; and

FIG. 9 1s a schematic view of the modular system of FIG.
1, showing the control system.

FIG. 10 1s a graph showing results of an experiment
performed using one embodiment of the systems and meth-
ods disclosed herein.

DETAILED DESCRIPTION

Before any embodiments of the disclosure are explained
in detail, 1t 1s to be understood that the disclosure 1s not
limited 1n its application to the details of construction and
the arrangement of components set forth in the following
description or illustrated in the following drawings. The
disclosure 1s capable of other embodiments and of being
practiced or of being carried out in various ways. Also, it 1s
to be understood that the phraseology and terminology used
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herein 1s for the purpose of description and should not be
regarded as limiting. The use of “including,” “comprising,”
or “having,” and variations thereof, herein i1s meant to
encompass the items listed thereafter and equivalents thereof
as well as additional items. Unless specified or limited
otherwise, the terms “mounted,” “connected,” “supported,”
and “coupled,” and variations thereot, are used broadly and
encompass both direct and indirect mountings, connections,
supports, and couplings. Likewise, “connected” and
“coupled” are not restricted to physical or mechanical con-
nections or couplings unless 1dentified as such. Furthermore,
throughout the description, terms such as front, back, side,
top, bottom, up, down, upper, lower, inner, outer, above,
below, and the like are used to describe the relative arrange-
ment and/or operation of various components of the example
embodiment; none of these relative terms are to be construed
as limiting the construction or alternative arrangements that
are within the scope of the claims

The following discussion 1s presented to enable a person
skilled 1n the art to make and use embodiments of the
disclosure. Given the benefit of this disclosure, various
modifications to the illustrated embodiments will be readily
apparent to those skilled in the art, and the generic principles
herein can be applied to other embodiments and applications
without departing from embodiments of the disclosure.
Thus, embodiments of the disclosure are not intended to be
limited to embodiments shown, but are to be accorded the
widest scope consistent with the principles and features
disclosed herein. The following detailed description 1s to be
read with reference to the figures, in which like elements in
different figures have like reference numerals. The figures,
which are not necessarily to scale, depict selected embodi-
ments and are not mtended to limit the scope of embodi-
ments ol the disclosure. Skilled artisans will recogmize the
examples provided herein have many useful alternatives and
tall within the scope of embodiments of the disclosure.

As noted above, a need exists for an eflicient waste and
resource recovery system having the ability to treat both
solid and liquid organic wastes 1n a space environment, zero
gravity environment, micro gravity environment, or partial
gravity environment. In some applications i which such a
system would prove usetul, the system may encounter more
than one of these environments during the same mission.
Embodiments of the disclosure can be useful for these
purposes and may be particularly adapted to use 1n long-
duration space exploration.

However, systems and methods such as described herein
may also be useful 1n other applications where compactness,
portability, ease of transport and assembly, modularity, efli-
ciency and long-term durability are desirable, for example,
marine, military, emergency, household, parks and camp
grounds, eco-tourism, and various remote oil-grid applica-
tions For instance, in situations in which a specialist or
technician could not arrive to assist 1 diagnosing and
solving a system problem, or 1n which it 1s important to be
able to quickly imstall, modily, or repair a system, the rapid
and easy nature of 1nstallation of modular units of a system
such as disclosed herein 1s particularly advantageous.

As described below, a modular system having the various
features and advantages described herein can allow {for
simple, rapid fault diagnosis and component replacement,
even by individuals who are not specialists or technicians.
By having a modular design that does not rely on a specific
gravity driven process, various pumps, controllers, and tanks
can be eflectively rearranged and swapped out of an overall
compact wastewater treatment system. For example, in some
embodiments, modular units may each contain a subsystem
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(e.g., pumping, controls, tanks, etc.) or subassembly (an
individual tank plus connections, or an individual control
unit responsible for a specific function, like user interface or
pump control, or interfacing with other systems like nutrient
collection). Each module may be self contained, and sealed
except for the quick connect junctions. And, sensors may be
disposed to help 1dentity which module 1s causing a fault or
requires maintenance. For example, water sensors may be
disposed throughout each module, to detect the presence of
water 1n an area that should not ordinarily contain water
(such as water present outside of a tank or hose, 1n the
bottom of a module, or any water/moisture 1mn a control
subsystem module). Similarly, pressure, flow and fill level
sensors may be disposed throughout modules containing
pumping and tank functions. If an over-pressure or water
alert 1s detected 1n a given module, a user (even a user who
1s not a specialist or technician for wastewater treatment
systems) can be alerted via a user interface, LED, etc., that
a module should be swapped out. This way, the user 1s not
required to attempt to diagnose and solve a problem with, for
example, a leaking seal within a tank——rather the entire tank
module would simply be removed and replaced.

FIG. 1 illustrates an example modular a system 100 for
treating waste, recycling water, and recovering additional
resources such as energy and fertilizer nutrients. As shown,
the modular a system 100 may be configured as an Organic
Processor Assembly (OPA), which 1s particularly adapted
for operation 1n a space, partial gravity, zero gravity, micro
gravity or other environment, and more specifically for
long-duration space travel and surface habitats. The OPA
100 may be configured to process raw organic waste 104,
that 1s, the solids and organics found 1n fecal waste, liquid
waste (e.g., urine), and/or other organic matter (e.g., food
waste) to produce an eflluent capable of downstream treat-
ment by additional systems.

For example, the OPA 100 may be configured to connect
with a nutrient processor assembly (NPA), a food production
assembly (FPA), a water processor assembly (WPA), and/or
a solids processor assembly (SPA). In some embodiments,
the OPA can interconnect with other systems to coordinate
and allow for additional functions to be provided to the crew
in accordance with mission requirements. The early phase of
planetary habitat establishment may focus mainly on sur-
vival, with few systems available. However, later phases
may focus more on sustainable architecture with emphasis
on resource recovery for food production, so additional
systems might be brought in to add function. As such, having
a modular system for waste treatment that can be rearranged
and repositioned would be advantageous. For example, 1n
some embodiments, the OPA can go from operating as a
standalone assembly providing its own function to connect-
ing with a nutrient processor assembly (NPA), food produc-
tion assembly (FPA), water processor assembly (WPA),
and/or solids processor assembly (SPA). Each of the assem-
blies may have sub-systems and/or sub-assemblies of their
own, similar to the design on the organic processor assem-
bly, or a different utilization of the sub-assembly spaces in
a common rack system.

One advantage of the disclosed system architecture is that
it can be mixed and matched depending on mission nature
and duration. For example, early missions to Moon or Mars
tend to be shorter in duration and may be more focused on
survivability. Supplies to enable short term survival would
likely be included as part of the cargo. Because of the limited
nature of available supplies, 1t might be the case that the only
resource recovered 1s water. Food will not be produced
locally, due to the complexities and extra mass/volume
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associated with food production. Without food production,
there 1s little incentive to recover nutrients for fertilizer.
Organic wastes (fecal and food wastes) will not be recycled;
rather, they may be processed to render harmless via the
solids processing assembly. Thus, 1n some circumstances a
nutrient processor assembly (NPA) will be utilized for
pretreatment of urine and hygiene water before a WPA, and
will perform nutrient removal rather than recovery.
Examples of technologies for the NPA include (but are not
limited to) algae photobioreactor, aerobic MBR, 1on
exchange, precipitation, electrochemical deiomization sys-
tems, and membranes, used separately or in combinations.

As human presence on Moon or Mars expand, later phase
missions will focus more on sustainability, meaning recov-
ery of resources locally as much as possible, 1n order to
reduce reliance on resupply missions. A major part of
sustainable presence 1s local food production via the FPA.
Hence, the OPA would be needed 1n order to enable resource
recovery to support the FPA. The NPA will shift to nutrient
recovery mode rather than nutrient removal. As the popu-
lation of the habitat or colony grows, additional units of the
processor assemblies can be brought 1 for additional func-
tion and operated 1n a coordinated fashion to expand system
capacity.

Accordingly, 1t can be seen that the modular nature of
systems such as disclosed herein allow for gradual addition,
rearrangement, and modification of functions performed by
various waste processing assemblies.

According to some embodiments, a system (such as an
OPA) 100 may be a modular system that may include a
waste treatment system 108, a pump system 112, and a
control system 116. As shown, the waste treatment system
108 may include a bufler tank 120, a reactor 124 (i.e., a
two-stage reactor 124 having a first reactor tank 128 and a
second reactor tank 132), a membrane module 136, and a
permeate tank 140. Each of the bufler tank 120, the first
reactor tank 128, the second reactor tank 132, and the
permeate tank 140 are shown as being the same size,
however, this may not always be the case and the respective
sizes of the buller tank 120, the first reactor tank 128, the
second reactor tank 132, and the permeate tank 140 can be
modified to fit a specific application. For example, 1t may be
advantageous to have a buller tank 120 that 1s larger or to
have more than one builer tank 20 to increase the capacity
of the OPA 100 and/or increase residence time of the waste
104 1n the buffer tank 120. It should be appreciated that
similar principles may be equally applied to any of the other
components and/or systems of the OPA 100. Additionally,
the waste treatment system 108 may include a gas collection
system 144 configured to collect biogas (e.g. methane) from
any of the bufler tank 120, the first reactor tank 128, the
second reactor tank 132, and/or the permeate tank 140. The
gas collection system 144 may include a gas meter 148
configured to measure the amount and/or pressure of biogas
in the waste treatment system 108, and a tlexible and/or
expandable gas collection bag 152 configured to temporarily
store any biogas produced by the waste treatment system
108 to bufler the OPA 100 against potential internal pressure
changes due to water level fluctuations. Because a system
such as the OPA shown in FIG. 1 can be configured as a
closed-tank, anaerobic system, the design of the system
should take into account that there may be fluctuations in
tank fill volume and flow rate. Due to the movement of
liquids being pumped 1nto the bufler tank and then succes-
sively 1nto the rest of the tanks, it can be assumed that there
might be minor fluctuations 1n water level 1n all the tanks
which are controlled by level sensors. Thus, the gas collec-
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tion bag 152 serves as a small, additional, variable head-
space, volume or reservoir that can automatically inflate or
deflate to help maintain appropriate volume for such fluc-
tuations. By using the bag 152, water level fluctuations will
not create an abrupt over pressurization or vacuum in the
system. As biogas 1s produced by the reactors, or if there 1s
an increase in water level, the gas first fills up the gas
collection bag before 1t continues on to the gas measurement
meter. However, 11 there 1s a decrease 1n water level, the gas
bag detlates to maintain constant pressure in the reactors. In
other words, gas bag 152 expands and deflates in accordance
with fluctuations 1n water levels 1n the tanks. The actual
storage (or immediate usage) of produced biogas can then be
disposed outside of the OPA and/or the rack system.

The pump system 112 may include a plurality of pumps
156 that are configured to control the flow of waste 104
through the OPA 100. That 1s, the pump system 112 may
cause the flow of waste 104 between each of the bufler tank
120, the first reactor tank 128, the second reactor tank 132,
the membrane module 136, and the permeate tank 140. Here
the pumps 156 are perlstaltlc pumps, which can operate
independently of gravity, and which are easy to maintain and
can easily be monitored for burst tubing, however other
types of pumps may be used. It should be appreciated that
the pump system 112 may further include a plurality of hoses
or pipes and corresponding {ittings to facilitate the transfer
of waste 104 between the respective tanks. Additionally, the
pump system 112 may include a number of pressure gauges,
shut-oil valves, and or sample valves to allow the pump
system 112 and the waste treatment system 108 to be
monitored without needing to pause operation of the OPA
100.

The control system 116 may be configured to monitor and
control the flow of waste 104 through the OPA 100. More
specifically, the control system 116 may include a program-
mable logic controller 160 (PLC) or other microprocessor
(e.g., running operating systems such as Arduino, Raspberry
P1, Latte, Panda, etc.), onboard memory 164, and a plurality
of sensors 168 (e.g., capacitive liquid level sensors, pressure
sensors, flow rate sensors, and/or temperature sensor) con-
figured to measure the amount of waste 104 1n each of the
bufler tank 120, the first reactor tank 128, the second reactor
tank 132, and the permeate tank 140, and to control the
pump system 112 to control the flow waste 104 between
cach of the respective tanks. In particular, the sensors 168
may provide a signal (e.g. an electrical signal) to the control
system 116, which may be configured receive an input signal

any ol the sensors 168 to operate the pump system 112 to
maintain a desired level material in each the bufter tank 120,
the first reactor tank 128, the second reactor tank 132, and
the permeate tank 140. In this way, the control system 116,
by controlling the pump system 112 in response to the
signals of the sensors 168, can ensure that none of the butler
tank 120, the first reactor tank 128, the second reactor tank
132, and the permeate tank 140 overflow or become empty.

In some cases, the OPA 100 may also include one or more
support structures 172 configured to support at least a
portion of the OPA 100. Here, the OPA 100 1s shown being
supported by a support rack 172, and more specifically an
EXPRESS (Expedite the Processing of Experiments to
Space Station) rack that may be used to contain and support
experiments to be conducted on the ISS. Use of an
EXPRESS rack may be advantageous as 1t 1s commonly
used and has a standardized size that can allow 1t to be used
in numerous applications. However, other forms of support
structures 172 are also contemplated, for example, other

modular racking systems being developed for space appli-
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cations (orbital, transit or surface habitat), by governmental
or private entities, such as but not limited to Boeing,
Space-X, Bigelow, Blue Origin, Sierra Nevada, Collins
Aerospace, etc.

Here, the support structure 172 may be configured having
first shelt 176, a second sheltf 180, and a third shelf 184,
although a support structure with more or less shelves,
and/or drawers 1s also contemplated. The first shelf 176 may
be configured to support a tank subsystem modular unit,
which may contain each of the bufler tank 120, the first
reactor tank 128, the second reactor tank 132, and the
permeate tank 140. The second shelf 180 may be configured
to support one or more pump subsystem modular units, each
including at least a portion of the pumps 156 of the pump
system 112 (another portion of the pumps 156 may be
supported by either the first shelf 176 or the third shelf 184
to meet the requirements of a specific application, and
depending on configuration of the modular units). Because
at least a portion of the pump system 112 may be disposed
on one or more separate shelves, the hoses 188 may include
quick connect fittings 192 to allow the hoses 188 to be easily
attached and detached, adding to the modularity and porta-
bility of the OPA 100. The third shelf 184 may be configured
to support the control system 116, the membrane module
136, and the gas collection system 144.

It should be appreciated that when supported by the
support structure 172, each of the first sheltf 176, the second
sheltf 180, the third shelf 184, and their respective compo-
nents may constitute individual subsystems or modular units
that can be quickly attached and detached from any of the
other sub-assemblies. To {facilitate the attachment and
detachment of the various subassemblies, the respective
components may include a number of wiring harnesses and
hoses with quick connect fittings to allow for easy setup
and/or reconfiguration of the OPA 100. Any included wiring
harnesses 196 and/or hoses 188 may be routed behind the
support structure 172 to protect them from accidental dam-
age. Furthermore, while the relative positions of the first
shelf 176, the second shelf 180, and the third sheltf 184 may
be varied, it may be advantageous to position the first shelf
176 at the bottom so that the material contained inside each
of the bufler tank 120, the first reactor tank 128, the second
reactor tank 132, and the permeate tank 140 cannot acci-
dentally spill on the other, more sensitive components
contained on either of the second shelf 180 or the third shelf
184. Even so, spill trays 200 may be included to prevent
leaks or spills from contacting any lower-positioned com-
ponents. Similarly, keeping the third shelf 184 and its
respective components (1.e. the buller tank 120, the first
reactor tank 128, the second reactor tank 132, and the
permeate tank 140) near the bottom of the support structure
172 lowers the center of gravity of the OPA 100, making it
less likely that the OPA 100 tips over.

Furthermore, 1t should be appreciated that, due to the
modular nature of the OPA 100, the example embodiment
shown 1n FIG. 1 1s non-limiting and the OPA 100 may be
customizable to allow the OPA 100 to be reconfigured to
meet any number of use scenarios. In particular, 1t 1s
contemplated that the OPA 100 may include more or less
bufler tanks 120, reactors 124, permeate tanks 140, pumps
156, and control systems 116 to allow the OPA 100 to have
increase or reduced capacity, or more tanks can be added or
removed as needed to account for changing operational
requirements. Furthermore, due to the modular nature of the
OPA 100, the various systems and their subcomponents can
be taken apart for transport and reassembled by a crew at a
later time. Because the OPA 100 breaks down 1n this manner,
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the comparatively large system as a whole can be moved
through small/tight spaces, for example, a hatch on the ISS
or other spacecraft, or marine vessels. Similarly, the modular
nature of the OPA 100 allows for individual components to
be replaced or upgraded at a later time by a crew as new

technologies develop or as part of maintenance of the OPA
100.

With additional reference to FIGS. 2 and 3, the flow and
treatment of waste 104 through the OPA 100 may have a
plurality of steps that will now be discussed in greater detail.
To begin treating waste 104 at a first step 204, an 1nitial tlow
of raw organic waste 104 may be received by the bufler tank
120. The flow of raw organic waste 104 may be provided by
a first pump 208 of the pump system 112, which may be
supported by the support rack 172. However, the first pump
208 may also be separate from the OPA 100. The purpose of
the bufler tank 120 1s to increase the capacity of the OPA 100
by managing solids and shielding the reactor 124 (1.e. the
first reactor tank 128 and the second reactor tank 132) from
shock loading events. In particular, the bufler tank 120,
allows solids to increase residence time (which may be 1 to
10 days in some embodiments, depending on tank size and
loading rate/throughput) in the bufler tank 120 to allow the
bufler tank 120 to break those solids down and to better
control mtroduction of waste 104 into the first reactor tank
128 and the second reactor tank 132. In this way, the butler
tank 120 acts as a means of pre-treating the waste to allow
the OPA 100 to break down a greater variety of wastes, and
to 1ncrease the efliciency of the OPA 100.

With regard to the bufler tank 120 providing pretreatment
of the waste 104, the bufler tank 120 may be configured to
provide at least one of chemical or enzymatic breakdown of
the waste 104. To increase efliciency, the bufller tank 120
may be configured to operate under thermolytic conditions.
However, the bufler tank 120 may also operate at ambient
conditions, for example, 25 C. Under thermolytic condi-
tions, the bufler tank 120 may operate at elevated tempera-
tures (up to 200 C, but more preferably 60 C to 70 C) and/or
at elevated pressures (up to 3 bar). Such increased tempera-
tures and pressures provide increased energy for chemical
reactions to occur and for enzymes to break the waste 104
down. Elevated temperatures may be achieved by the inclu-
sion of a heater 212 (e.g., a resistive heating element) 1n the
bufler tank 120, which may be controlled by the control
system 116 1n conjunction with a temperature sensor 216
(c.g., a thermocouple). These clevated temperatures and
pressures can promote disintegration and hydrolysis of the
waste 104 (1.e. hydrothermal liquefaction), which allows the
buffer tank 120 to break the waste 104 down even faster,
leading to increased system capacity and improved etli-
ciency. Furthermore, by using such elevated temperatures,
the waste 104 may also be disinfected, which can lead to
overall increased safety of the OPA 100. Additionally, 1t
should be appreciated that breakdown of the waste 104 1n the
builer tank 120 may result in the production of some biogas,
which may be collected by the gas collection system 144.

At a second step 220, waste 104 that has been broken
down 1n the builer tank 120 (1.e., liquids and solids that have
been converted to liquids) can be transferred to the reactor
124. The reactor 124 may be configured as a two-stage
anaerobic digester (1.e., bioreactor). While an aerobic
digester may be used, an anaerobic digester has advantages
that make it more adaptable to the environment of space. In
particular, anaerobes have low energy requirement during
treatment due to no aeration requirement and their slow
metabolic activity, which consequently produces less bio-
logical sludge when compared to aerobic systems. Addition-
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ally, anaerobic digestion produces energy-rich biogas (con-
taining methane and or hydrogen), which has excellent
potential for recoverable energy and offsetting the energy
demand required for treatment of the waste 104. Further-
more, during anaerobic digestion of the waste, plant essen-
tial nutrients (1.e., N, P, K) are released, making anaerobic
treatment 1deal for fertigation which introduces fertilizer
into an 1rrigation system for plant delivery. Moreover,
despite their aversion to oxygen, anaerobes are robust organ-
isms and capable of immediate digestion, even after long-
term starvation, making them most ideal for dormancy
scenarios.

With additional reference to FIG. 4, anaerobic digestion 1s
a complex biologically mediated degradation process that 1s
performed 1n the absence of oxygen. Anaerobic digestion
has four key phases: hydrolysis, acidogenesis, acetogenesis,
and methanogenesis. In the hydrolysis phase, anaerobes
utilize extracellular enzymes to breaks down the large com-
plex organics such as carbohydrates into simpler organic

monomers. However, hydrolysis 1s dithicult to carry out with
solids, which can reduce the capacity of the OPA 100 due to
increased residence time. This increased residence time 1s
avoilded by the pretreatment of the waste 104 1n the butler
tank 120. Next, acidogenesis further breaks down these
monomers to produce volatile fatty acids (VFAs), which
have many commercial uses including biodiesel and bio-
plastics. Acetogens then uptake the VFEAs to produce acetate,
and a combination of hydrogen and carbon dioxide gas.
Lastly methanogenesis utilizes the formed acetate to create
a gaseous product primarily of methane, carbon dioxide, and
trace amounts ol including hydrogen sulfide, water vapor,
and hydrogen. Due to the interconnection ol microorgan-
isms associated with anaerobic digestion the process 1is
susceptible to various inhibitions. For example with the
acids, hydrogen, and carbon dioxide produced during these
last two stages, the pH of the reactor 124 can often be
reduced and can potentially inhibit the methanogenesis.
To avoid some of these shortcomings and improve reactor
124 performance and efliciency, the reactor 124 may be split
into a two-stage reactor (1.e., the first stage being in the first
reactor tank 128 and the second stage being in the second
reactor tank 132). In such a two-stage reactor, the second
step 220 may be divided in to two sub-steps. In the first
sub-step 224, a second pump 228 can pump at least a portion
ol the waste 104 from the bufler tank 120 and into the first
reactor tank 128. It should be appreciated, that the waste 104
being pumped to the first reactor tank 128 may be primarily
liquids since any solids (which would not break down as
casily 1n the first reactor tank 128) tend to settle in the butler
tank 120. The first reactor tank 128 may be configured to
primarily carry out the acidogenesis and acetogenesis phases
of anaerobic digestion which creates an acidic environment
and may be characterized by a lower pH (4-6). The acidic
environment results from fermentative acid-producing bac-
teria (e.g., Pelotomaculum sp., Syntrophobacter sp., and
Syntrophomonas sp.) continuing to breakdown particulates
similarly to hydrolysis and producing organic acids. How-
ever, it should be appreciated that some methanogenesis
may still occur in the first reactor tank 128 and the resultant
biogas can be collected 1n the gas collection system 144.
By primarily carrying out the acidogenesis and acetogen-
es1s phases 1n the first reactor tank 128, the organic acids can
be better 1solated so that they can be slowly and controllably
introduced into the second reactor tank 132 and allow both
the first reactor tank 128 and the second reactor tank 132 to
operate more efliciently. In particular, the efliciency of the
acidogenesis and acetogenesis phases can be improved by
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operating the first reactor tank under thermophilic condi-
tions, at temperatures ranging from 50 C to 60 C, and more
preferably 55 C, as these temperature are 1deal for anaerobes
that create organic acids and alcohols. To help maintain
these temperatures, the first reactor tank 128 may be
wrapped 1n an insulating material, for example, a mylar
blanket and other plumbing can be wrapped with 1nsulation
to reduce heat loss between tanks. Alternatively, each modu-
lar unit 1n the system can have an isulated housing such that
the entire unit 1s 1nsulated rather than each component. In
this way, individual components of a unit could be repur-
posed into other units without having to re-insulate on a
component by component basis. Furthermore, the first reac-
tor tank 128 may include a temperature sensor 216 to allow
the control system 116 to monitor the temperature of the first
reactor tank 128. In addition to thermal cascade from the
buffer tank 120, first reactor tank 128 and second reactor
tank 132 can also optionally each be heated directly with a
heating element 212.

In a second sub-step 232, at least a portion of the waste
104 that has underwent acidogenesis in the first reactor tank
128 can then be pumped by a third pump 236 to the second
reactor tank 132. The second reactor tank 132 may be
configured to primarily carry out the methanogenesis phase
of anaerobic digestion, which comparatively produces the
most biogas of any of the other stages. By the time the waste
104 enters the second reactor tank 132, after having passed
through both the buffer tank 120 and the first reactor tank
128, a majority of the digested particulates 1n the waste 104
have been fragmented down from complex polymers and
carbohydrates 1into simple organic compounds (i.e., volatile
fatty acids, 1n particular, acetic acid). In this final stage of
anaerobic digestion, these digested constituents are con-
verted by methanogenic anaerobes (e.g. archea, including
Methanothrix sp. Methanosaeta sp., and Methanosarcina
sp.) 1nto a biogas, primarily comprised of methane, carbon
dioxide and hydrogen, and a fraction of some of the con-
stituents utilized for biomass generation. This produces a
highly digested waste 104 (e.g., effluent) contaiming minimal
solid particulates, liberated and soluble constituents, and a
biogas that possesses a strong energy potential.

Furthermore, because the more acidic acidogenesis and
acetogenesis phases are carried out primarily in the first
reactor tank 128, there may be minimal inhibition from the
acids produced in the first reactor tank 128, which can allow
for the methanogenic anaerobes to operate more efhiciently,
as they tend to prefer a more neutral pH (6.5-7.5). Addi-
tionally, the methanogenic anaerobes tend to prefer lower
temperature, so the second reactor tank 132 may be kept at
ambient (15 C-25 C) or mesophillic temperatures of 30 C to
35 C. To help maintain these temperatures, the second
reactor tank 132 may be wrapped in an 1nsulating material,
for example, a mylar blanket. Furthermore, the second
reactor tank 132 may include a temperature sensor 216 to
allow the control system 116 to monitor the temperature of
the second reactor tank 132.

It 1s to be appreciated that, upon initial setup and peri-
odically throughout operation, 1n maybe necessary to 1nocu-
late the first reactor tank 128 and/or the second reactor tank
132 with anaerobes to allow the first reactor tank 128 and/or
the second reactor tank 132 to digest the waste 104. It 1s
contemplated that such anaerobes may be specifically
selected for each of the first reactor tank 128 and/or the
second reactor tank 132, so that each respective tank may be
inoculated with anaerobes that are particularly adapted to
cach specific environment. However, 1t 1s also contemplated
that a mixed batch of anaerobes could be introduced into
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either tank, as those anaerobes that are capable of surviving
their respective environments would thrive and reproduce,
while the others would die ofl, thereby naturally selecting
for the most eflicient anaerobes for each respective tank and
stage ol digestion.

It should be appreciated that while each of the bufler tank
120, first reactor tank 128, and second reactor tank 132 are
configured to primarily carry out one or more step of
anaerobic digestion, 1n practice the respective tanks may
carry out any of the other steps to a lesser extent. Further,
while each of the tanks may operate most efliciently at the
above-described temperatures, the OPA 100 1s still able to
operate even when the tanks are not at these temperatures,
(c.g. wherein all tanks are kept at ambient temperature).

Having undergone methanogenesis 1n the second sub-step
232, the digested waste 104 can then be pumped i1nto the
membrane module 136 by a fourth pump 240 at a third step
244. With additional reference to FIGS. 5 and 6, the mem-
brane module 136 may include a one or more membranes
248 that may be configured to filter a permeate 252 (e.g.
water) from the waste 104. The membranes 248 may be
contained in a cylindrical body 256 configured to retain a
plurality of tubular ultrafiltration, polyvinylidene fluoride
(PVDF) membranes 248. The membranes 248 may have a
diameter of 5.2 mm and an average pore size of 0.03 um.
Additionally, the membrane module 136 may include one or
more spacers 256 to space the membranes 248. It should be
appreciated that the membrane module 136 as shown and
described 1s merely an example and that other sizes and
shapes of membrane modules 136 may also be used.

It should be appreciated that the body 256 of the mem-
brane module 136 may be made, at least partially, from a
clear material to allow a user to 1nspect the condition of the
membranes 248 for fouling (e.g., a cake layer of particulates
and biomass that decrease active membrane surface area by
clogging pores, and 1n severe cases clogging entire mem-
branes, all of which result 1n decreased membrane perme-
ability and reduce system etliciency).

To filter the permeate 252 from the waste 104 the mem-
brane module 136 relies on a pressure gradient formed
between the two sides of the membrane 248, known as
Transmembrane Pressure (TMP). To create the requisite
TMP, a fifth pump 264 may be configured to pump the
permeate 2352 from the membrane module 136 and into the
permeate tank 140. Together the fourth pump 240, which
provides positive pressure, and the fifth pump 264, which
provides negative pressure, establish the requisite pressure
gradient across the membranes 248 to create the TMP.

During filtration of the permeate 252 from the waste 104,
it may not be possible and/or advantageous to remove all of
the available permeate 252 from the waste 104. For
example, 1t may be desirable to only remove 90% of the
available permeate 252 due to the increased energy required
to filter any additional permeate 252. Having had at least a
portion of the permeate 252 removed, the remaining waste
104 may now be more concentrated. This concentrated
waste 104 may then be returned to the second reactor tank
132 for turther digestion. Because, the now concentrated
waste 104 may be returned back to the second reactor tank
132, the concentration of the waste 104 1n the second reactor
tank 132 may continue to build over time, leading to lower
system efliciency. To address this problem, 1t 1s contem-
plated that the concentrated waste 104 from the membrane
module 136 may alternatively be discarded. Alternatively,
the waste 104 can be continually fed through the membrane
module 136 rather than in batches. Moreover, as will be
discuss below, the OPA can be run in reverse to remove
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concentrated waste 104, which may increase the amount of
solids 1n the reactor 124, thereby flushing the concentrated
waste 104 from the reactor 124 and back to the bufler tank
120, where 1t may be removed or further processed in the
bufler tank 120.

Turning back to FIGS. 1-3, in a fourth step 268, having
been separated from the waste 104 by the membrane module
136, the permeate 252 may be pumped from the membrane
module 136 to the permeate tank 140, which may be
configured to collect and store the permeate 2352 for later use
by additional systems. Furthermore, the permeate tank 140
may include a temperature sensor 216 to allow the control
system 116 to monitor the temperature of the permeate tank
140. Then, 1 a fifth step 272, the permeate 252 can be
pumped to these additional systems by a sixth pump 276. It
should be appreciated that the sixth pump 276 may be part
of the pump system 112 of the OPA 100, or 1t may be
separate.

With regard to the gas collection system 144, 1n a sixth
step 280, the gas collection system 144 may be configured
to collect biogas (e.g. methane) from any of the buller tank
120, first reactor tank 128, and the second reactor tank 132.
To enable the collection of biogas from the bufler tank 120,
the first reactor tank 128, and the second reactor tank 132,
cach of the respective tanks must only be partially filled to
allow for an open and unused volume for biogas to collect
in. In particular, the biogas will rise to the top of each of the
bufler tank 120, first reactor tank 128, and the second reactor
tank 132, and having unfilled space at the top of the
respective tanks allows the biogas to be easily collected. It
should be appreciated that the biogas creates a positive
pressure 1n the tanks (1.e., greater than atmospheric pressure)
that can allow the biogas to be collected from the respective
tanks without the need for pumps. Furthermore, to help
promote an anaerobic environment, the upper, unfilled por-
tions of each of the bufler tank 120, first reactor tank 128,
and the second reactor tank 132 may be connected.

Turning briefly to FIGS. 7 and 8, 1t 1s contemplated that
it may be desirable to perform additional, optional processes
on the permeate 252. For example, even after following
separation via the membrane module 136, the permeate 252
may still contain dissolved gases. To recover these dissolved
gases, 1n a seventh step 284, a degassing membrane 288 may
be disposed between the membrane module 136 and the
permeate tank 140. The recovered gases may be pumped by
a gas pump 292 to be collected by the gas collection system
144.

Furthermore, 1n an e1ghth step 294, the permeate 252 that
has been stored for long period of time may be susceptible
to spoilage or other contamination. To reduce the possibility
of contamination and allow for longer storage durations, an
optional microstatic disinfection loop 296 may be included.
The microstatic disinfection loop 296 may be configured to
recirculate permeate 252 from the permeate tank 140 (1.e.,
drawn from the permeate tank 140, disinfected and/or
treated and then returned). The microstatic disinfection loop
296 may include a recirculation pump 300, a carbon scrub-
ber 304 (e.g., a granular activated carbon (GAC) column),
and a UV module 308 (e.g. a UV-LED that produces UV-C
light). The purpose of the carbon scrubber 304 1s to remove
organic carbon (e.g., aromatic carbon) which may absorb
UV light and interfere with the ability of UV-C generated by
the UV module 308 to penetrate and disinfect the permeate
252. The microstatic disinfection loop 296 may operate
continuously or intermittently.

Turning now to FIG. 9, an example control system 116 1s
shown. As mentioned, the control system 116 may be
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configured to monitor and control the flow of waste 104
through the OPA 100. To do so, the PLC 160 may run a
program that may be stored in the onboard memory 164. It
should be appreciated that the control system 116 may
include other components and features as known 1n the art,
for example, additional processors or sensors to allow the
control system 116 to carry out additional functions as may
be necessary for a specific application. The control system
116 may be designed to be fully automated and may incor-
porate many salety features and/or fail safes (electrical or
mechanical) to prevent system malfunction, and may be
configured to provide various warning signal (audible and/or
visual) to notify a user of a malfunction should one occur.
The control system 116 may be operatively connected to
cach of the pumps 156 of the pump system 112, such that the
control system 116 can individually power the pumps 156.
The control system 116 may be configured to operate the
pump system 112 1n accordance with mput signals recerved
from the plurality of sensors 168. The plurality of sensors
168 may include a high-level sensor 312 and a low-level
sensor 316 1n each of the bufller tank 120, first reactor tank
128, and the second reactor tank 132, and the permeate tank
140. In addition, the plurality of sensors 168 may include
one or more liquid sensors 320 to detect leaks in the OPA
100. The liquid sensors 320 may be installed on each of the
first shelf 176, the second shelf 180, and the third shelf 184
of the support structure 172. Furthermore, the plurality of
sensors 168 may include a gas bag sensor 324 to monitor gas
levels 1n the gas collection system 144, and may also include
various pressure sensors within the tanks and hoses, flow
sensors disposed with respect to the various hoses of the
system, and other sensors. Each sensor may be 1n commu-
nication with an indicator—the indicators may be associated
with a user interface for the system and/or indicators dis-
posed on the outside of each modular unit (e.g., LEDs on the
outside of the tank subsystem modular unit, to indicate
liquid leak; or a fault sensor located on the outside of the
pump subsystem to indicate a fault 1n pumping control).

With regard to the high-level sensors 312 and the low-
level sensors 316, these sensors can output a signal to the
control system 116, which can signal the control system 116
to stop and/or start operating the pump system 112. The
high-level sensor 312 may be activated to output a signal
when waste 104 or permeate 2352 reaches or rises above the
high-level sensor 312 and the low-level sensor 316 may be
activated to output a signal when waste 104 or permeate 252
drops below the low-level sensor 316.

For example, each of the buller tank 120, first reactor tank
128, and the second reactor tank 132, and the permeate tank
140 may have a capacity of 20 L and the high-level sensor
312 may be positioned at a flmd level corresponding to 19
L of waste 104 or permeate 252 and the low-level sensor 316
may be positioned at a fluid level corresponding to 18 L of
waste 104 or permeate 252. When waste 104 and/or perme-
ate 252 1s drawn from one of the respective tanks such that
the fluid level drops below 18 L, the control system 116 may
be configured to operate the respective pump (e.g. operating
the first pump 208 to fill the builer tank 120, the second
pump 228 to fill the first reactor tank 128, etc.) of the pump
system 112 to begin filling the tank. Conversely, when the
waste 104 level reaches 19 L, the control system 116 may be
configured to stop operating the respective pumps of the
pump system 112 to prevent overdilling of the tank. Alter-
natively, 1f a tank becomes overtilled, the control system 116
may be configured to activate the pump system 112 to empty
the tank to permissible level, which may require lowering
the fluid level 1in one or more other tanks. For example, 11 the
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bufler tank 120 were overtfilled (1.e. greater than 19 L), the
control system 116 could operate the second pump 228 to
move waste 104 from the bufler tank 120 to the first reactor
tank 128. Additionally, 1t this causes the first reactor tank
128 to also become overtilled, the control system 116 could
also operate the third pump 236 to move waste 104 from the
first reactor tank 128 to the second reactor tank 132, etc.

Under standard operating conditions, 1t 1s contemplated
that the control system 116 operates the pump system 112 as
the waste 104 1s treated and removed from the OPA 100.
That 1s, when the permeate 252 i1s required by another
system, the control system 116 can power the sixth pump
276 to provide the permeate 252 to the other system. If the
permeate 252 drops below the low-level sensor 316, the
control system 116 can be signaled to operate both the fourth
pump 240 and the fifth pump 264 to transier waste 104 from
the second reactor tank 132 to the membrane module 136,
thereby creating more permeate 2352 to refill the permeate
tank 140. Once the high-level sensor 312 of the permeate
tank 140 or the low-level sensor 316 of the second reactor
tank 132 are activated, the control system 116 can be
signaled to stop operating the fourth pump 240 and/or the
fifth pump 264 to prevent over filling and/or over depletion
of the respective tanks.

Similarly, when the low-level sensor 316 of the second
reactor tank 132 1s activated, the control system 116 can be
signaled to operate the third pump 236. By activating the
third pump 236, waste 104 may be moved from the first
reactor tank 128 to the second reactor tank 132. Once the
high-level sensor 312 of the second reactor tank 132 or the
low-level sensor 316 of the first reactor tank 128 are
activated, the control system 116 can be signaled to stop
operating the third pump 236 to prevent over filling and/or
over depletion of the respective tanks.

[ikewise, when the low-level sensor 316 of the first
reactor tank 128 is activated, the control system 116 can be
signaled to operate the second pump 228. By activating the
second pump 228, waste 104 may be moved from the butler
tank 120 to the first reactor tank 128. Once the high-level
sensor 312 of the first reactor tank 128 or the low-level
sensor 316 of the buffer tank 120 are activated, the control
system 116 can be signaled to stop operating the second
pump 228 to prevent over filling and/or over depletion of the
respective tanks.

However, in some cases, 1t may be advantageous to

operate the OPA 100 in reverse (1.€. cause the permeate 252
and or waste 104 to flow through the OPA 100 from the

permeate tank 140 and back to the bufler tank 120). In
particular, such reverse operation may be usetul for inter-
mittently cleaning the membranes 248 to reduce fouling and
improve overall system performance and efliciency. More
specifically, the control system 116 may power both the
fourth pump 240 and the fifth pump 264 1in reverse to
transier permeate 252, at a high flow rate, from the permeate
tank 140, through the membranes 248 and into the second
reactor tank 132. In doing so, the high speed flow of
permeate 252 generated by the fourth pump 240 and the fifth
pump 264 can create a strong cross flow velocity that
extricates foulants that are caked onto the membranes 248.
The control system 116 may reverse the flow in this manner
for a predetermined period of time and/or until the low-level
sensor 316 of the permeate tank 140 1s activated. For
example, the control system 116 may be configured to
reverse tlow for 15 seconds for every 15 minutes forward
flow, and may also include a period of no tlow between
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forward and reverse flow cycles. In this way, the control
system 116 can ensure continued etlicient operation of the
OPA 100.

In addition, turning briefly to FIG. 7 1t 1s contemplated
that the OPA 100 may optionally include a cleaning loop 328
that may allow chemical agents (e.g. A 0.01% (500 ppm)
solution of sodium hypochlorite) to be added to further clean
the membrane 248 and remove foulants. The cleaming loop
328 may include a cleaning pump 332 may be configured to
recirculate the chemical agents through the membrane mod-
ule 136. To do so, the control system 116 may be configured
to have a chemical cleaning mode, which can pause normal
operation of the OPA 100, and which may be manually enter
by a user, or automatically by the control system 116 after
a predetermined period of time. In the chemical cleaning
mode, the chemical agents can be added, after which the
control system 116 may operate the cleaning pump 332 to
cause forward flow through the membranes 248 for 30
minutes, followed by 30 minutes of reverse flow. It should
be appreciated that these times may be varied or modified to
have a different flow cycle. Once the chemical agents have
cleaned the membranes 248, clean water or another fluid
may be run through the cleaning loop 328 to remove and/or
neutralize any remaining chemical agents. After the cleaning
mode has been completed, the control system 116 may be
configured to resume normal operation of the OPA 100.

Turning now to FIGS. 2 and 9, the control system 116 may
also be configured to monitor and maintain the temperature
of any of the builer tank 120, first reactor tank 128, and the
second reactor tank 132, and the permeate tank 140. For
example, as shown 1n FIG. 2, the bufller tank 120 can include
the heater 212 to create and maintain a thermolytic envi-
ronment and the temperature sensor 216 (e.g., a thermo-
couple). The control system 116 may be connected with the
heater 212 and the temperature sensor 216, and may power
the heater 212 1n accordance with a signal from a tempera-
ture sensor 216 to maintain the temperature of the bufler
tank 120 at a desired temperature (e.g. 70 C). Alternatively,
the two reaction tanks may also be heated directly, and/or
cach modular unit may be heated. In some embodiments, the
heaters may themselves be separate modules so that, in the
event of a heater failure, the heater module can be replaced
without having to replace an entire tank unit. In some cases,
a temperature sensor controller 336 (e.g. a PID controller)
may act to translate the signal from the temperature sensor
216 1nto a signal that can be understood by the control
system 116.

Furthermore, the control system 116 may be configured
with one or more failsate modes to prevent system failures
of the OPA 100, which could otherwise cause the OPA 100
to become damaged or inoperative. For example, 1t the
control system 116 determines that one or more of the of the
bufter tank 120, first reactor tank 128, and the second reactor
tank 132, and the permeate tank 140 become over or
underfilled, the control system 116 may drive any combi-
nation of the pumps 156 of the pump system 112 to bring the
tanks back to a desirable fill level. Additionally, 11 the control
system 116 determines that one or more of the pumps of the
pump system 112 have failed, the control system 116 may
place the OPA 100 1n a stasis or standby mode to preserve
the condition and future operability of the OPA 100. Fur-
thermore, 11 the control system 116 determines that one or
more ol the plurality of sensors 168 has experienced a
failure, the control system 116 may also place the OPA 100
in a stasis or standby mode to preserve the condition and
future operability of the OPA 100. Where a failure 1is

detected, the control system 116 may also be configured to
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trigger an audible and/or visual warning signal, along with
remote notification messages, to notily a user, crew, or
remote supervisor that there 1s a problem with the OPA 100.

Referring now to FIG. 10, a graph 1000 1s depicted. A
demonstration trial of one embodiment of an OPA {for
treating simulated fecal organic matter was conducted over
201 days. During Stage A (days 0-89), approx. 10 g/LL of the
simulant was added, and during Stage B (days 90-201),
approx. 30 g/LL of the simulant was added. FIG. 10 depicts
the concentration of total organic carbon (TOC) in the
influent and efifluent of the OPA. The OPA was able to
ciliciently remove TOC from approx. 7000 mg/L to approx.
700 mg/L, with a removal efliciency of approx. 90%.

We claim:

1. A modular system for waste treatment, water recycling,
and resource recovery, the modular system comprising:

a bufler tank configured to receive and pre-treat raw
organic waste, the raw organic waste comprising at
least one of solid fecal waste, complex polymers,
carbohydrates, proteins, and fats;

a first reactor tank configured to facilitate at least one of
hydrolysis, acidogenesis, and acetogenesis to form
organic acids and alcohols;

a second reactor tank configured as an anaerobic digester
that receives digested waste from the first reactor tank,
wherein the second reactor tank 1s configured to facili-
tate methanogenesis;

a membrane module having a membrane configured to
filter waste from the digested waste from the second
reactor tank to produce a permeate;

a permeate collection tank 1s configured to collect and
store the permeate generated by the membrane module;

a pump system having a plurality of pumps to pump waste
between the bufler tank, at least one of the first and
second reactor tanks, the membrane module, and the
permeate collection tank; and

a control system configured to monitor a tlow of waste
and to control the pump system to control the flow of
waste between the bufler tank, at least one of the first
and second reactor tanks, the membrane module, and
the permeate collection tank.

2. The modular system of claim 1, further comprising a
support structure configured to support any of the butler
tank, at least one of the first and second reactor tanks, the
membrane module, the pump system, and the control sys-
tem.

3. The modular system of claim 2, wherein the bufler tank,
at least one of the first and second reactor tanks, and the
permeate collection tank are positioned below the pump
system, the control system, and the membrane module.

4. The modular system of claim 3, wherein the pump
system 1s positioned below the control system, and the
membrane module.

5. The modular system of claim 2, wherein the support
structure 1s configured as an Expedite the Processing of
Experiments to Space Station (EXPRESS) rack.

6. The modular system of claim 1 further comprising a gas
meter and a gas bag to variably store biogas from at least one
of the first and second reactor tanks.

7. The modular system of claim 1, wherein at least one of
the first and second reactor tanks include anaerobes to
tacilitate anaerobic breakdown of the digested waste.

8. The modular system of claim 1, wherein each of the
bufler tank, at least one of the first and second reactor tanks,
and the permeate collection tank include a respective sensor
configured to measure an amount ol the waste or the
permeate 1 each respective tank, and
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wherein the control system 1s configured to move tluid
between the bufler tank, at least one of the first and
second reactor tanks, the membrane module, and the
permeate collection tank based on a signal from the
respective sensors.

9. The modular system of claim 8, wherein the control

system 15 configured to maintain a volume of contents 1n
each of the bufler tank, at least one of the first and second
reactor tanks, and the permeate collection tank.

10. The modular system of claim 1, wherein the mem-
brane module 1s configured to return a waste concentrate
from the membrane module to at least one of the first and
second reactor tanks.

11. The modular system of claim 1 further comprising a
disinfection loop that recirculates the permeate 1n the per-
meate collection tank, the disinfection loop including an
ultraviolet (UV) module to disinfect the permeate.

12. The modular system of claim 1 further comprising a
degassing membrane positioned between the membrane
module and the permeate collection tank, the degassing
membrane configured to remove dissolved gasses from the
permeate.

13. The modular system of claim 1, wherein each of the
buffer tank, at least one of the first and second reactor tanks,
the membrane module, the permeate collection tank, the
pump system, and the control system, are configured as
individual modules that can be customizably assembled by
a user.

14. A modular system comprising: a support structure; a
waste treatment modular unit including: a bufler tank con-
figured to receive and pre-treat raw organic waste; a {irst
reactor tank configured as an anaerobic digester that receives
and digests pre-treated waste from the bufler tank, wherein
the first reactor tank 1s configured to facilitate at least one of
hydrolysis, acidogenesis, and acetogenesis to form organic
acids and alcohols; a second reactor tank configured as an
anaerobic digester that receives digested waste from the first
reactor tank, wherein the second reactor tank 1s configured
to facilitate methanogenesis; a membrane module having a
membrane configured to filter waste from the digested waste
from the second reactor tank to produce a permeate; and a
permeate collection tank configured to collect and store the
permeate generated by the membrane module; a pump
modular unit having a plurality of pumps configured to
pump waste through the waste treatment modular unit; and
a control modular unit configured to monitor a flow of waste
and to control the pump modular unit to control the tlow of
waste through the waste treatment modular unat.

15. The modular system of claim 14, wherein each of the
waste treatment modular unit, the pump modular unit, and
the control modular unit contain quick connect adaptors, and
wherein the units are configured to be removed and 1nstalled
as entire units of the modular system and to be customizably
assembled by a user.

16. The modular system of claim 14, wherein the support
structure 1s configured as an Expedite the Processing of
Experiments to Space Station (EXPRESS) rack.

17. The modular system of claim 14, wherein the perme-
ate collection tank 1s configured to transier permeate to
another system for additional treatment.

18. The modular system of claim 14, wherein the bufler
tank 1s configured to facilitate at least one of chemical or
enzymatic breakdown of the raw organic waste.

19. The modular system of claim 18, wherein the bufler
tank 1s configured to operate under a temperature of 60 C to
70 C, the first reactor tank 1s configured to operate under a
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temperature of S0 C to 55 C, and the second reactor tank 1s
configured to operate under a temperature of 20 C to 35 C.
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