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Abstract: Islanded, renewable energy microgrids for use at remote operating facilities reduce logistical
burdens associated with fossil fuel based electrical power sources and provide greater operational
flexibility; however, energy generation can be intrinsically intermittent on renewable microgrids.
This intermittent electrical generation can be mitigated with electrical energy storage. Liquid air
energy storage (LAES) is one promising technology proposed to meet this energy storage issue due
to its high energy density and lack of geographical constraints. Small-scale microgrids may not have
enough excess capacity to store pressurized liquid air (LA), and instead may rely on unpressurized LA
storage and their associated unpressurized power recovery systems. Using commercial off-the-shelf
components, this article conducts a performance-based tradespace study for several dual opening,
unpressurized Dewar designs for use with Stirling- or Peltier-based power recovery cycles. The
dual opening Dewar design is found to be ineffective for the short-term LA storage times necessary
for small-scale microgrid use, primarily due to excessive conductive thermal losses; however, the
design may be useful as a LA receiver and immediate use energy storage medium for a connected
Stirling generator. A proposed alternative solution using a self-pressurized Dewar for LA storage
and transport for microgrid applications is presented for future work.

Keywords: Dewar; liquid air; liquid air energy storage; renewable microgrid; islanded microgrid;
remote microgrid; Stirling generator; Stirling cryocooler; Peltier thermoelectric generator

1. Introduction

Historically, electrical grid energy sources have primarily come from fossil fuel based
regional power stations, with backup sources of electrical power at an installation or facility
level also relying on fossil fuel based energy, most commonly taking the form of emergency
diesel generators (EDGs) [1]. This energy distribution model does not work when a regional
powergrid is unavaible, such as remote research stations. Over the last several years there
has been an increased interest regarding remote, islanded, and renewable energy microgrids
for use in remote locations, allowing for a reduction in logistics burdens associated with
fossil fuel based electrical power sources [2,3]. The Department of Energy (DOE) defines a
microgrid as, “a group of interconnected loads and distributed energy resources within
clearly defined electrical boundaries that acts as a single controllable entity with respect
to the [electrical] grid. A microgrid can connect and disconnect from the grid to enable
it to operate in both grid-connected or islanded-mode” [4] (p. 84). This definition can be
modified to define a remote, islanded microgrid as one that does not connect to a larger,
regional power grid [5]. Furthermore, a remote, islanded, and renewable microgrid is one
that supplies the majority of its electrical power from renewable sources, such as wind and
solar [6]. While these type of microgrids aim to address electrical energy supply issues
for isolated locations, the energy generated by them is intrinsically intermittent due to the
microgrid’s reliance on renewable energy sources, which are often cyclic in their energy
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production (e.g., photovoltaic cells only producing electrical power at night) [7]. This can
be mitigated with energy storage, which enables electrical power to be sent to islanded,
renewable microgrids when their renewable energy sources are incapable of meeting the
grid’s electrical power demands [8].

Energy storage on microgrids during power interruption presents its own problems [9].
Typically, when a renewable energy power source supplies electrical power that is greater
than the grid’s electrical demand, the electrical supply is metered down, as is the case of
wind turbines, or it is rejected as heat via a resister bank for non-adjustable sources such as
photovoltaic cells; however, with attached microgrid energy storage this excess electrical
power can be used to store energy for later use [10,11]. Several generalized types of energy
storage systems exist, including electrical, mechanical, thermal, chemical, electrochemical,
and magnetic; each of these solutions has their own set of advantages and disadvantages,
including cost, size, energy density, efficiency, lifespan, charging rate, reliability, ease of use,
environmental impact, life cycle cost, and disposability [1,12,13]. Additionally, depending
on the storage method, the energy recovery options are limited, with each option having
its own advantages and disadvantages [14]. This work focuses on thermal energy storage
in the form of cryogenic liquid air (LA).

Typically, liquid air energy storage (LAES) systems are used for large or industrial-scale
applications due to inefficiencies in liquifying air, which use one, or a combination of, sev-
eral thermo-dynamic cycles, such as the Linde Hampson, Claude, mixed regrigerant, and
Solvay cycles [15–17]. However, at smaller-scales, which would be viable on an islanded
microgrid, these tradiational LAES systems use liquefaction and power-recovery cycles that
are innapropriate due to excessive electrical power requirements for LA production andthe
immense size of their componenets. Due to these electrical power and size considerations,
other liquifaction options are considdered. This consideration at the microgrid level is
made due to LA’s high energy density and lack of geographic placement requirements
like many similar renewable energy capture and storage techniques, such as compressed
air energy storage (CAES) and pumped hydro [18,19]. The most common low-power
liquifaction options, which are capable of being effectively power by an islanded microgrid,
include the Stirling, pulse tube, Gifford-McMahon, Brayton, and Joule-Thomson cycles [17].
This combination of unfetted access to air, coupled with a high energy density, makes
investigation into LAES for remote, islanded, renewable microgrids a useful endeaver.

Previous work on small-scale LAES has primarily focused on feasibility, modeling, or
component performance analyses. Building on the work of Joshi and Patel, and Howe et al.,
Willis et al. modeled a small-scale liquid air energy storage and expansion system using
a process modeling and simulation software common to the oil and gas industry [20–22].
Girouard et al. and Fredrickson et al. proposed component selection for a scaled-down ver-
sion of an industrial LA energy storage process [23,24]. These investigations showed that
turbine and other similar industrial level technologies do not scale well, and subsequent
analyses focused on cycles and technologies that were more promising for small-scale appli-
cations, agreeing with work presented by Damak et al. [16,25–28]. Two of these promising
small-scale energy recovery methods are a Stirling generator, using a Stirling cycle, and
a thermoelectric generator, leveraging the Peltier effect [27,29]. The patent application
for a dual Stirling cycle liquid air battery by Bailey et al. uses a wide mouth Dewar that
contains a lower-power Stirling cryocooler for liquefaction and Stirling generator power
recovery [27]. This combination of Stirling cycles provides a low-power method of produc-
ing LA at atmospheric pressure, while allowing for the recovery of electrical power from
the LA at the same atmospheric pressure.

A Dewar is a vessel designed to store cryogenic fluids by minimizing heating of the
stored fluid by conduction, convection, and radiative heat transfer, which causes evapora-
tion of the LA, preventing its stored energy from being used for other applications [30]. In
its simplest form, a Dewar has an inner and outer wall with a vacuum drawn between them
to minimize thermal conductivity, a low emissivity reflective radiation shield to minimize
radiative heating, and a lid or stopper at the mouth of the Dewar to minimize the vapor
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mass flow rate of the stored liquid as it evaporates, thus limiting thermal convection [31].
Atmospherically vented storage Dewars typically use a long and narrow neck, as this low-
ers the overall heat flux conducted down the neck, reducing the LA evaporation rate [32,33].
Additionally, typical storage Dewars contain a spherical or semi-spherical storage area
to maximize the volume of LA to the physical surface area of the Dewar’s material in
contact with the LA [33]. This reduces conductive losses of the LA. The wide mouth Dewar
design used by Bailey et al., necessary to support a Stirling cryocooler and generator in a
single opening, increases the convection energy losses compared to narrow neck Dewar
variants and relies on an extended cold side of the Stirling generator to be in contact with
LA throughout the storage volume, which also increases conduction due to its continuous
contact with the stored LA [27].

This article explores alternatives to Bailey et al.’s Dewar design that may be efficacious
in improving energy extraction from LA for small-scale LAES applications connected to a
microgrid using a non-pressurized LA storage and energy recovery system. Specifically,
it explores the use of a two opening Dewar, with the opening at the top designated for
a cryocooler to produce LA and a second penetration of the Dewar at the bottom used
for a power recovery cycle. This design reduces the width of the upper Dewar neck,
reducing convection from the surface of the LA while also reducing the higher conductivity
associated with a wider Dewar mouth. The lower port allows for energy extraction from
the LA’s entire stored volume as it evaporates without the need for an extended cold side
for an attached Stirling generator. This configuration does increase the conductive losses of
the Dewar, which is the performance-based tradespace that will be explored. Additionally,
this Dewar configuration could be adapted to other low pressure energy recovery methods,
such as a thermoelectric generator.

2. Materials and Methods

This research utilized commercial off-the-shelf (COTS) components and readily avail-
able additive manufactured apparatuses to explore the evaporative performance tradespace
of a dual opening Dewar. This comparison was done by measuring the evaporation rate
(g/min) of liquid nitrogen (LN2), which is readily commercially available, for each Dewar
configuration and graphing the LN2 mass versus elapsed time.

To facilitate rapid, low-cost Dewar experimentation, 473 mL Hydroflask TempShield
bottles were used, which were found to have a comparable physical design to typical
experimental Dewars and have been shown to be efficacious in approximating their per-
formance [31,34]. These bottles contain a 1 mm thick stainless-steel outer shell, a 0.75 mm
thick stainless-steel inner shell, a vacuum jacket between these shells, and physical contact
between the shells only occurring at the top mouth of the bottle. The baseline bottle was
modified to create an additional five experimental Dewar configurations.

Each flask was placed on a 3D printed polylactic acid (PLA) plastic cylinder (3 in
outside diameter, 2 in inside diameter, 2 in height, density 0.33 g/cm3). The 2 in inner
cavity of the plastic cylinder was filled with low-density polyurethan ether foam (density
0.03 g/cm3) to provide support for experimental Dewar modifications. An additional
polyurethan ether foam cylinder (62 mm diameter, 50 mm height) was used to cover the
mouth of the experimental Dewars to limit convective heat transfer differences that might
be caused by natural room air current fluctuations.

Data collection runs started with a temperature equalization step, which required
filling the experimental Dewar with 350 g of LN2 and allowing 300 g of the LN2 to evaporate
or 1 h to elapse, whichever came first. After temperature equalization, the experimental
Dewar was again filled to a level of 350 g of LN2 and evaporation data was recorded and
graphed between LN2 levels of 300 g to the first LN2 mass measurement of 50 g, or less,
on its standard data recording cycle. The mass data recording cycle was once per minute
for the modified experimental Dewars and once per 10 min for the baseline, unmodified
experimental configuration. To measure the change in LN2 mass, two laboratory scales
were used: an Ohaus CS 5000 and a Bonvoisin BCS-30. Four data runs for each experimental
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configuration were conducted and then averaged together. The experimental results were
graphed and normalized exponential decay evaporation equations were determined using
MATLAB, which approximated the various complex heat transfer mechanism taking
place [30]. Stagnant air within the experimental area was maintained to the greatest extent
possible to limit airflow and changes in humidity and lighting conditions were maintained
constant. Ambient temperature ranged from 20.1◦C to 21.9◦C. The basic experimental setup
used for each data run is shown in Figure 1.
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Figure 1. (a) Basic experimental setup with component labels with baseline configuration shown;
(b) Basic experimental setup characteristic dimensions with baseline configuration shown. All
measurements are shown in mm.

Six different experimental Dewar configurations were analyzed for LN2 evaporation
rates: a baseline, unmodified 473 mL Hydro Flask TempShield bottle; an experimental
Dewar configuration that modifies the baseline by removing the vacuum jacket; an ex-
perimental Dewar configuration without a vacuum jacket containing a brass fitting at the
bottom of the Dewar that does not come in physical contact with the outer Dewar shell;
an experimental Dewar configuration without a vacuum jacket with a Teflon fitting at the
bottom of the Dewar; an experimental Dewar configuration without a vacuum jacket and
a brass fitting at the bottom of the Dewar; and an experimental Dewar with a vacuum
jacket and a brass fitting at the bottom of the Dewar. The baseline Dewar configuration
did not modify the physical structure of the bottle, while the five experimental Dewar
configurations modified this baseline in some way.

The experimental Dewar without a vacuum jacket modified the baseline configuration
by drilling a 5/32 in (4 mm) hole into the center-bottom of the baseline bottle’s outer shell.
The purpose of this test configuration was to measure the effect of the vacuum jacket on
LN2 evaporation rate compared to the baseline.
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The experimental Dewar without a vacuum jacket with a brass fitting at the bottom of
the Dewar that does not come in physical contact with the outer Dewar shell was modified
to assess the effect of conduction between the brass fitting and the outer Dewar shell. A
1-9/64 in (29 mm) hole was drilled in the center-bottom of the outer Dewar shell and a
1/4in NPT threaded tap was drilled into the center-bottom of the inner shell. A 1/4 in NPT,
1-1/2 in long, brass double end threaded fitting with a 1/4 in NPT cap on one side was
threaded into the tap on the inner Dewar wall and sealed with cryogenic rated Scotch-Weld
Epoxy Adhesive 2216 B/A Gray.

The experimental Dewar with a vacuum jacket and a brass fitting at the bottom of
the Dewar was modified to support the bottom brass fitting and to restore the vacuum to
the Dewar. A 1/4 in NPT threaded tap was drilled into the center-bottom of the Dewar’s
inner and outer shell. A 1/4in NPT, 1-1/2 in long, brass dual threaded fitting with a 1/4 in
NPT cap was threaded into this tap and sealed with cryogenic rated Scotch-Weld Epoxy
Adhesive 2216 B/A Gray. A 1/4 in NPT hole was drilled into the outer Dewar wall 90 mm
from the base, allowing for a 1/4 in NPT brass vacuum ball valve to be installed with a
1/4in brass barbed hose fitting. This facilitated a 29.9 in Hg vacuum to be drawn between
the inner and outer Dewar shells. Scotch-Weld Epoxy Adhesive 2216 B/A Gray was used
to seal the vacuum ball valve to the outer Dewar wall. This configuration allowed for the
assessment of LN2 evaporation rate due to the conductive effects through the installed
brass fitting to the outer Dewar wall. This same experimental Dewar configuration was
also used to determine the LN2 evaporation rate without a vacuum by maintaining the
brass vacuum ball valve open.

The experimental Dewar without a vacuum jacket and a Teflon fitting at the bottom of
the Dewar was modified in the same way as the Dewar with a vacuum jacket and a brass
fitting, except a Teflon fitting of the same dimensions as the brass fitting was used; however,
a constant vacuum could not be maintained using the Teflon fitting. This configuration
enabled assessing the use of a Teflon, vice brass, fitting material on LN2 evaporation rate.
This was done because Teflon has a lower heat transfer coefficient than brass, which was
hypothesized to lower convective heat losses to the outer Dewar shell compared to an
equivalent configuration using brass [35].

These six experimental configurations were assigned an experiment configuration
designator, A through F, as described in Table 1.

Physical representations of the experimental Dewar configurations are shown in
Figure 2. The scale, PLA support cylinder, and low-density polyurethan ether foam are not
shown but are used the same as in Figure 1 during data collection runs. Specific Dewar
measurements are not shown but are to scale to those provided in Figure 1.

Table 1. Experimental Dewar configuration designations for the baseline Hydro Flask and five
modified configurations of the baseline.

Experimental Dewar Configuration Description

A Baseline 473 mL Hydro Flask TempShield bottle-Dewar with no modification.
Contains a vacuum jacket.

B Modified baseline bottle-Dewar with a hole in the bottom outer shell and no
vacuum jacket.

C
Modified baseline bottle-Dewar with a hole in the bottom outer and inner

shells, a bottom mounted capped brass fitting that does not have metal-metal
conduction to the outer bottle-Dewar shell, and no vacuum jacket.

D Modified baseline bottle-Dewar with a capped threaded Teflon fastener
penetrating the bottom outer and inner shells with no vacuum jacket.

E Modified baseline bottle-Dewar with a capped threaded brass fastener
penetrating the bottom outer and inner shells with no vacuum jacket.

F Modified baseline bottle-Dewar with a capped threaded brass fastener
penetrating the bottom outer and inner shells with a vacuum jacket.
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configuration F. A 1/4 in brass barbed hose fitting was attached to the vacuum ball value for
experimental configurations D, E, and F, but are not shown in this figure.
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3. Results

Each experimental Dewar had four data runs collected. The average results of these
runs for configurations B through F are shown in Figure 3. Raw data is provided in
Appendix A.
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Figure 3. Evaporation rates for modified experimental Dewar configurations B, C, D, E, and F. Each
curve is the average of four data runs, with data plotted in one-minute increments. Each data point’s
associated y-axis standard deviation (SD) is contained in Appendix A. All curves start at 300 g of
LN2 and continue until the first averaged data point is less than or equal to 50 g of LN2.

The performance of each experimental Dewar is based on the Dewar’s rate of LN2
evaporation, with higher evaporation rates being considered worse performance and lower
evaporation rates being considered better. Experimental Dewar configuration F had the
lowest evaporation rate among the modified Dewars, evaporating from 300 g of LN2 to
48 g of LN2 in 69 min. Aside from the baseline experimental Dewar configuration A,
presented in Figure 4, which evaporates from 300 g to 49 g of LN2 in 570 min, configuration
F was the only Dewar configuration which contained a vacuum jacket. This highlights the
importance of a vacuum jacket with regard to Dewar performance. Despite this enhanced
performance compared to the other modified Dewar configurations, the holding time of
LN2 for Dewar configuration F is only 12.1% of the baseline Dewar, configuration A. This
is due to conduction directly to the outer Dewar shell via the brass fitting, which in turn
increases the convective heat transfer to the atmospheric air in contact with the outer
Dewar shell.

The worst performing experimental Dewar was configuration E, which had 253.5 g
of LN2 evaporate in 46 min. The difference between this configuration and configura-
tion F was that the vacuum port for configuration E was opened to remove the vacuum
jacket. The removal of the vacuum allowed air to be in the vacuum space, dramatically
increasing the convection taking place between the inner Dewar shell to the outer Dewar
shell. Additionally, gaseous airflow can occur at the opening of the vacuum ball valve,
meaning an increase in convective heat transfer occurs as warm air is permitted to more
freely flow into the gap between the Dewar shells. This performance drop between the best
and worst performing configurations once again emphasizes the importance of a vacuum
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jacket between Dewar shells to reduce thermal convective and conductive losses, as the
physical design was exactly the same and only the presence of a vacuum differentiated
these two configurations.
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Figure 4. Evaporation rate of the baseline Dewar, configuration A, and the highest performing
modified experimental Dewar, configuration F. Each curve is the average of four data runs, with data
plotted in ten-minute increments for configuration A and one-minute increments for configuration F.
Each data point’s associated y-axis SD is contained in Appendix A. Both curves start at 300 g of LN2
and continue until the first averaged data point is less than or equal to 50 g of LN2.

The second best performing experimental Dewar was configuration D, which saw
251.5 g of LN2 evaporate in 65 min. Two differences existed between this configuration
and configuration F. First, no vacuum jacket existed, with air being permitted to freely
flow into and out of the vacuum ball valve, increasing the convective and conductive
losses in the same way as discussed concerning Configuration E. Second, the brass fitting
at the bottom of the experimental Dewar was replaced with a Teflon one of the same
dimensions. Compared to the worst performing Dewar, configuration E, the only difference
between them was this fitting material at the bottom of the Dewar. The combination of this
information confirms that replacing the high thermal conductivity brass fitting with a lower
conductivity material improves performance of a dual opening Dewar design by reducing
conductive losses to the outer Dewar shell. The evaporation curve for configuration
D (Figure 3) is also revealing. Compared to configurations B, C, E, and F, the slope of
the curve levels out faster as the volume of LN2 decreases. This is likely caused by an
increasing amount of conductive surface area in contact with the LN2 being Teflon as
the LN2 level lowers, versus being the stainless-steel or brass that is present in the other
modified experimental Dewar configurations. It is assumed that if configuration D was
manufactured to hold a vacuum, such as configuration F, then the combination of a Teflon
fitting and a vacuum jacket would prove to have better performance than configuration F.

Configuration C had the third best performance, with LN2 evaporating from 300 g
to 49.5 g in 56 min. This configuration removed metal-to-metal conduction between the
brass fitting and stainless-steel outer Dewar shell by removing a stainless-steel ring around
the brass fitting. Though this configuration sacrifices being able to restore a vacuum to the
Dewar, it still had better performance than Dewar configuration E; thus, it is confirmed that
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the metal-to-metal conduction at the brass fitting interface is greater than the conduction
of the brass-air-stainless steel interface produced. Despite this finding, it is still more
advantageous to restore a vacuum jacket to the Dewar.

Experimental Dewar configuration B had the second worst performance, evaporating
250.5 g of LN2 in 48 min. This configuration merely removed the vacuum from between
the inner and outer Dewar shells and did not add any brass fittings. Dewar configuration
E had a similarly sized hole via the vacuum ball valve and barbed hose fitting, but also
had the brass fitting protrude from the outer Dewar shell. The lack of this protrusion for
configuration B likely accounts for its slightly better performance than configuration E.

Normalized exponential decay evaporation curve fit equations for each of the experi-
mental Dewar Configurations were found using Equation (1).

y = (a)e−bx + (c)e−dx (1)

where y is the normalized mass of LN2, x is the normalized elapsed experimental evapora-
tion time, and a, b, c, and d are coefficients. Normalization was based on a 300 g LN2 initial
mass and the associated evaporation time for a given experimental Dewar configuration.
Table 2 contains the normalized evaporation equations and their associated R2 value, as well
as the final LN2 mass and evaporation time for each experimental Dewar configuration.

Table 2. Experimental Dewar LN2 normalized evaporation equations, R2 values, final mass, and
evaporation times. Initial LN2 mass for all configurations was 300 g with a start time of zero minutes.
Evaporation equations are valid when both x and y values are positive.

Experimental Dewar
Configuration

Normalized Evaporation
Equation and R2 Value Final LN2 Mass (g) Evaporation Time (min)

A y = 1.147e−0.8685x − 0.1477e0.7679x

R2 = 1.0000
49.0 570

B y = 1.081e−1.121x − 0.08338e0.811x

R2 = 1.0000
49.5 48

C y = 1.102e−1.07x − 0.1056e0.7096x

R2 = 1.0000
49.5 56

D y = 1.045e−1.317x − 0.04467e0.967x

R2 = 1.0000
48.5 65

E y = 1.207e−0.9559x − 0.2102e0.3818x

R2 = 1.0000
46.5 46

F y = 1.231e−0.9628x − 0.2302e0.2965x

R2 = 1.0000
48.0 69

4. Discussion

The LN2 storage performance of experimental Dewar configuration F is only 12.1%
that of the baseline Dewar, configuration A. Despite the vacuum jacket greatly minimizing
conduction through the vacuum space between the inner and outer Dewar shells, the
increase in conduction between the bottom fittings and the outer Dewar shell, as well as
the air and insulating foam around the producing fitting, greatly reduces the efficacy of
LN2 storage, making the configuration F inappropriate for a system designed to produce
LA in the container for later use on a small-scale remote, islanded, renewable microgrid.
This is because these microgrids typically require the use of their stored within a day
after production, such as during the night for solar power-based microgrids. Despite this,
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configuration F could be useful as a LA receiving vessel for a Stirling generator connected to
the bottom port. This is because the energy lost at the bottom port is primarily conductive in
nature and could be converted into electrical energy through an attached Stirling generator,
with further energy recovery improvements possible by combining the Stirling generator
with low temperature optimized thermoelectric generators (TEGs) on the outer Dewar
shell. Additional cost–benefit analysis should be conducted as future work to determine
which experimental Dewar configuration provides the most favorable solution, if this dual
opening Dewar design is pursued for use as this immediate LA storage device.

The performance improvement gained by using a Teflon fitting in Configuration D,
compared to the brass fitting used in configuration E, provides sufficient evidence that
replacing additional metallic Dewar material with Teflon may prove to further improve
the dual opening Dewar design. If manufacturing of this Teflon based Dewar can also
support a vacuum jacket, then performance should exceed that of configuration F, the best
performing modified Dewar. This investigation is the basis for the patented Dewar design
mentioned in Section 6.

Overall, these findings show that the dual opening Dewar design is insufficient for
efficacious storage of LA for a directly connected cryocooler and energy recovery cycle.
An alternative design is next proposed for development as future work. The proposed
future design uses a COTS storage Dewar with a cryocooler connected to the top of the
Dewar’s neck. An elongated displacer chamber, or equivalent, would extend the cold
finger of the cryocooler below the bottom of the neck and into the main storage volume
of the Dewar, allowing for effective production of LA. It is proposed that the cryocooler
make a pressure-tight connection with the Dewar upper opening except for two ports for
connected tubing. One of these ports requires connection to a short tube to act as an air vent
of the Dewar, allow for air to enter the Dewar for liquification during cryocooler operation
and to prevent overpressure during normal LA storage. This vent would have a normally
open electrical solenoid valve attached to it such that when the valve is energized and
shuts the upper portion of the Dewar can be pressurized. Normal evaporation of LA in
the Dewar would naturally increase its pressure. As pressure increases it forces the LA
to travel through a low thermal conductivity tube, such as Teflon, that travels from the
bottom of the LA storage volume and passes through the second port at the Dewar neck to
a power recovery phase. This tube would act as a smaller, secondary neck of the Dewar,
meaning it would slightly increase conductive losses via the neck opening, though this is
likely minimal. Once a sufficient volume of LA has been delivered to the power recovery
component, the solenoid valve would deenergize, reliving the internal pressure of the
Dewar and allowing the LA to continue long-term, efficient storage. Figure 5 outlines a
physical configuration for this proposed system.

This proposed LA storage Dewar configuration takes advantage of modern, optimized
unpressurized Dewar design elements, which will allow for longer LA storage times while
also leveraging natural evaporative processes to facilitate the resultant pressure increase to
transport LA from storage to a power recovery cycle. This design does add a small, periodic
electrical load via the solenoid valve compared to a design that must only intermittently
operate a cryocooler. Since both the cryocooler and solenoid valve must be operated with
any microgrid configuration integrating this LAES system, a control system for them must
be in place. This control system would likely be able to integrate with the control logic
that already exists for the microgrid, but the additional electrical load they draw must be
accounted for in determining the net electrical power that would be recoverable by this
design. It is recommended that a LA storage system following this design is built and
tested for use on a small-scale remote, islanded, and renewable microgrid.
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Figure 5. Proposed LA storage Dewar. The storage Dewar is normally unpressurized, but when
power recovery is required by a connected microgrid, a solenoid valve on the vent port closes,
allowing for a natural pressure increase to occur, forcing stored LA to be transported to a power
recovery cycle.

5. Conclusions

A dual opening LA storage Dewar is not effective for storage times (i.e., 24 h) required
for a small-scale remote, islanded, renewable microgrid due to excessive conductive thermal
losses to the outer Dewar shell from the bottom opening. however, this dual opening
Dewar design would be effective for the shorter-term LA holding required by processes
that take advantage of immediate thermal energy conversion to electrical energy. These
processes include a connected Stirling generator, a TEG, or a combination of these electrical
energy production devices that take advantage of the thermal losses at the bottom opening.
Further investigation may result in other uses for this system, such as controlled cooling of
components. Additionally, the replacement of metallic portions of the dual opening Dewar
with lower thermal conductivity material, such as Teflon, coupled with a vacuum jacket
should be explored to further improve the performance of this dual opening design.

Due to the dual opening Dewar not being adequate for use in a LAES system using a
normally unpressurized LA storage system, an alternative system should be perused. It is
recommended that a COTS Dewar is developed and tested that is modified to allow for
self-pressurization to low-pressures, allowing for LA transport from this high performance
COTS Dewar to a separate power recovery subsystem that is not in continuous contact
with the stored LA medium. This power recovery subsystem could utilize the vacuum
jacketed dual opening Dewar design (i.e., Configuration F) presented in this work for
immediate electrical power recovery from the LA via a connected Stirling generator, TEG,
or combination of these devices.
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6. Patents

Insights gained from the experimental Dewar configurations presented in Figure 3
resulted in the submission of US Patent Application 63/343,020, 2022, titled “Two Opening
Dewar with Desiccant Annulus”. This Dewar is designed to be the receiving vessel for LA
being used in conjunction with a Stirling generator. The Dewar design leverages a vacuum
jacket to reduce convective and conductive thermal losses; Teflon inner Dewar walls to
reduce conduction; dual layer reflective shielding to minimize radiative losses; Teflon to
metal interfacing at the bottom Dewar penetration to reduce conductive energy losses from
the Stirling generator metal fitting to the outer Dewar wall; and has an integrated desiccant
annulus to minimize long-term moisture and accumulation within the Dewar.
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Appendix A

Tables A1–A6 contain the raw mass data for each of the four data runs conducted for
each experimental configuration, as well as average mass and the associated SD.

Table A1. Configuration A mass data.

Time
(min)

Run 1 Mass
(g)

Run 2 Mass
(g)

Run 3 Mass
(g)

Run 4 Mass
(g)

Average Mass
(g)

SD
(g)

0 300 300 300 300 300.0 0.0
10 294 294 294 294 294.0 0.0
20 290 288 288 288 288.5 1.0
30 282 282 284 284 283.0 1.2
40 276 276 278 276 276.5 1.0
50 270 272 272 272 271.5 1.0
60 264 266 266 266 265.5 1.0
70 260 260 260 260 260.0 0.0
80 254 256 256 256 255.5 1.0
90 248 250 250 252 250.0 1.6

100 244 244 244 246 244.5 1.0
110 238 240 240 242 240.0 1.6
120 234 234 234 236 234.5 1.0
130 228 228 230 230 229.0 1.2
140 222 224 224 226 224.0 1.6
150 218 218 218 222 219.0 2.0
160 214 214 214 216 214.5 1.0
170 208 210 210 212 210.0 1.6
180 202 206 204 208 205.0 2.6
190 200 200 200 202 200.5 1.0
200 194 196 196 198 196.0 1.6
210 190 190 190 194 191.0 2.0
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Table A1. Cont.

Time
(min)

Run 1 Mass
(g)

Run 2 Mass
(g)

Run 3 Mass
(g)

Run 4 Mass
(g)

Average Mass
(g)

SD
(g)

220 186 186 186 188 186.5 1.0
230 180 182 182 184 182.0 1.6
240 176 178 176 180 177.5 1.9
250 172 174 174 176 174.0 1.6
260 168 170 168 170 169.0 1.2
270 164 164 164 166 164.5 1.0
280 158 160 160 162 160.0 1.6
290 154 156 156 158 156.0 1.6
300 150 152 152 152 151.5 1.0
310 146 148 146 148 147.0 1.2
320 142 144 144 144 143.5 1.0
330 138 138 138 140 138.5 1.0
340 132 136 134 136 134.5 1.9
350 130 130 132 132 131.0 1.2
360 124 128 126 128 126.5 1.9
370 120 124 124 124 123.0 2.0
380 118 120 120 120 119.5 1.0
390 112 116 116 116 115.0 2.0
400 110 110 112 112 111.0 1.2
410 104 108 106 108 106.5 1.9
420 100 104 104 104 103.0 2.0
430 98 100 100 102 100.0 1.6
440 94 96 96 96 95.5 1.0
450 90 92 92 92 91.5 1.0
460 86 88 90 90 88.5 1.9
470 84 84 84 86 84.5 1.0
480 80 80 82 82 81.0 1.2
490 76 78 78 78 77.5 1.0
500 72 74 74 76 74.0 1.6
510 68 68 70 72 69.5 1.9
520 66 66 68 68 67.0 1.2
530 62 64 64 66 64.0 1.6
540 58 60 60 60 59.5 1.0
550 54 56 56 56 55.5 1.0
560 50 52 52 54 52.0 1.6
570 48 50 48 50 49.0 1.2

Table A2. Configuration B mass data.

Time
(min)

Run 1 Mass
(g)

Run 2 Mass
(g)

Run 3 Mass
(g)

Run 4 Mass
(g)

Average Mass
(g)

SD
(g)

0 300 300 300 300 300.0 0.0
1 290 292 292 292 291.5 1.0
2 284 284 284 284 284.0 0.0
3 276 276 274 278 276.0 1.6
4 268 268 266 270 268.0 1.6
5 262 260 260 262 261.0 1.2
6 256 254 252 254 254.0 1.6
7 248 246 244 248 246.5 1.9
8 240 240 238 240 239.5 1.0
9 236 234 232 236 234.5 1.9

10 228 226 224 228 226.5 1.9
11 222 220 220 222 221.0 1.2
12 216 214 214 216 215.0 1.2
13 210 208 208 210 209.0 1.2
14 204 202 202 204 203.0 1.2
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Table A2. Cont.

Time
(min)

Run 1 Mass
(g)

Run 2 Mass
(g)

Run 3 Mass
(g)

Run 4 Mass
(g)

Average Mass
(g)

SD
(g)

15 198 196 194 198 196.5 1.9
16 192 190 188 192 190.5 1.9
17 186 184 182 188 185.0 2.6
18 180 178 178 182 179.5 1.9
19 174 172 172 176 173.5 1.9
20 168 166 166 170 167.5 1.9
21 164 162 162 166 163.5 1.9
22 158 156 158 160 158.0 1.6
23 152 150 152 154 152.0 1.6
24 148 146 146 148 147.0 1.2
25 144 142 142 144 143.0 1.2
26 138 136 138 140 138.0 1.6
27 132 132 132 134 132.5 1.0
28 128 128 128 130 128.5 1.0
29 124 124 124 126 124.5 1.0
30 118 118 120 122 119.5 1.9
31 114 114 116 118 115.5 1.9
32 110 110 112 112 111.0 1.2
33 106 106 108 108 107.0 1.2
34 102 100 102 104 102.0 1.6
35 96 98 98 98 97.5 1.0
36 92 94 94 96 94.0 1.6
37 88 90 90 90 89.5 1.0
38 84 86 88 86 86.0 1.6
39 80 82 82 84 82.0 1.6
40 76 78 80 80 78.5 1.9
41 72 76 76 76 75.0 2.0
42 68 72 72 72 71.0 2.0
43 64 68 68 68 67.0 2.0
44 60 64 64 64 63.0 2.0
45 58 60 60 62 60.0 1.6
46 54 56 56 58 56.0 1.6
47 50 54 54 56 53.5 2.5
48 46 50 50 52 49.5 2.5

Table A3. Configuration C mass data.

Time
(min)

Run 1 Mass
(g)

Run 2 Mass
(g)

Run 3 Mass
(g)

Run 4 Mass
(g)

Average Mass
(g)

SD
(g)

0 300 300 300 300 300.0 0.0
1 294 294 294 292 293.5 1.0
2 286 288 286 284 286.0 1.6
3 280 282 280 276 279.5 2.5
4 274 274 272 268 272.0 2.8
5 266 270 266 262 266.0 3.3
6 260 262 260 256 259.5 2.5
7 254 256 256 250 254.0 2.8
8 248 250 250 246 248.5 1.9
9 242 244 244 240 242.5 1.9

10 236 240 238 234 237.0 2.6
11 232 234 232 228 231.5 2.5
12 226 228 226 224 226.0 1.6
13 220 222 222 218 220.5 1.9
14 214 216 216 214 215.0 1.2
15 208 210 212 208 209.5 1.9
16 204 206 206 204 205.0 1.2
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Table A3. Cont.

Time
(min)

Run 1 Mass
(g)

Run 2 Mass
(g)

Run 3 Mass
(g)

Run 4 Mass
(g)

Average Mass
(g)

SD
(g)

17 198 200 202 200 200.0 1.6
18 194 194 196 196 195.0 1.2
19 188 190 190 190 189.5 1.0
20 184 184 186 186 185.0 1.2
21 180 180 180 180 180.0 0.0
22 174 174 176 176 175.0 1.2
23 170 170 174 172 171.5 1.9
24 166 164 168 168 166.5 1.9
25 160 160 164 164 162.0 2.3
26 156 156 158 160 157.5 1.9
27 152 150 154 156 153.0 2.6
28 148 148 148 152 149.0 2.0
29 144 142 146 146 144.5 1.9
30 138 138 142 142 140.0 2.3
31 134 134 138 138 136.0 2.3
32 132 130 132 134 132.0 1.6
33 126 126 130 130 128.0 2.3
34 122 122 126 126 124.0 2.3
35 118 118 122 122 120.0 2.3
36 116 114 118 118 116.5 1.9
37 112 110 114 114 112.5 1.9
38 106 106 110 110 108.0 2.3
39 104 102 106 108 105.0 2.6
40 100 100 102 104 101.5 1.9
41 96 96 98 100 97.5 1.9
42 92 92 96 96 94.0 2.3
43 90 88 92 94 91.0 2.6
44 86 84 90 88 87.0 2.6
45 82 82 84 86 83.5 1.9
46 78 78 82 82 80.0 2.3
47 76 74 78 80 77.0 2.6
48 72 72 74 76 73.5 1.9
49 70 68 70 72 70.0 1.6
50 66 66 68 70 67.5 1.9
51 62 62 66 66 64.0 2.3
52 60 60 62 64 61.5 1.9
53 56 56 60 60 58.0 2.3
54 54 54 56 58 55.5 1.9
55 50 52 54 54 52.5 1.9
56 48 48 50 52 49.5 1.9

Table A4. Configuration D mass data.

Time
(min)

Run 1 Mass
(g)

Run 2 Mass
(g)

Run 3 Mass
(g)

Run 4 Mass
(g)

Average Mass
(g)

SD
(g)

0 300 300 300 300 300.0 0.0
1 292 292 294 294 293.0 1.2
2 286 286 288 286 286.5 1.0
3 282 280 280 280 280.5 1.0
4 276 274 276 274 275.0 1.2
5 270 268 268 268 268.5 1.0
6 264 262 264 262 263.0 1.2
7 258 258 258 256 257.5 1.0
8 252 252 252 250 251.5 1.0
9 246 246 246 244 245.5 1.0

10 240 242 240 240 240.5 1.0
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Table A4. Cont.

Time
(min)

Run 1 Mass
(g)

Run 2 Mass
(g)

Run 3 Mass
(g)

Run 4 Mass
(g)

Average Mass
(g)

SD
(g)

11 234 236 236 234 235.0 1.2
12 230 232 230 228 230.0 1.6
13 226 226 226 224 225.5 1.0
14 220 220 220 218 219.5 1.0
15 214 216 216 214 215.0 1.2
16 210 210 210 208 209.5 1.0
17 206 206 206 204 205.5 1.0
18 200 200 200 200 200.0 0.0
19 196 196 196 194 195.5 1.0
20 192 192 192 190 191.5 1.0
21 186 186 186 186 186.0 0.0
22 182 184 182 182 182.5 1.0
23 178 178 178 176 177.5 1.0
24 172 174 176 172 173.5 1.9
25 168 170 170 168 169.0 1.2
26 164 166 166 164 165.0 1.2
27 160 162 162 160 161.0 1.2
28 156 158 158 156 157.0 1.2
29 152 154 154 152 153.0 1.2
30 148 150 150 148 149.0 1.2
31 144 146 146 144 145.0 1.2
32 142 142 142 140 141.5 1.0
33 138 140 140 138 139.0 1.2
34 134 136 136 134 135.0 1.2
35 130 132 132 130 131.0 1.2
36 128 128 128 126 127.5 1.0
37 124 126 126 124 125.0 1.2
38 122 122 124 120 122.0 1.6
39 118 120 120 116 118.5 1.9
40 114 116 116 114 115.0 1.2
41 112 114 112 110 112.0 1.6
42 108 110 110 108 109.0 1.2
43 106 106 106 104 105.5 1.0
44 102 104 104 102 103.0 1.2
45 100 100 100 98 99.5 1.0
46 98 98 98 96 97.5 1.0
47 94 94 94 92 93.5 1.0
48 90 92 92 90 91.0 1.2
49 88 90 90 88 89.0 1.2
50 86 86 86 84 85.5 1.0
51 82 84 84 82 83.0 1.2
52 80 80 82 80 80.5 1.0
53 78 78 78 76 77.5 1.0
54 74 76 76 74 75.0 1.2
55 72 74 74 72 73.0 1.2
56 70 72 72 68 70.5 1.9
57 66 68 70 66 67.5 1.9
58 64 66 66 62 64.5 1.9
59 64 64 64 60 63.0 2.0
60 60 60 62 58 60.0 1.6
61 58 58 58 56 57.5 1.0
62 56 56 56 54 55.5 1.0
63 52 54 54 52 53.0 1.2
64 50 52 52 48 50.5 1.9
65 48 50 48 48 48.5 1.0
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Table A5. Configuration E mass data.

Time
(min)

Run 1 Mass
(g)

Run 2 Mass
(g)

Run 3 Mass
(g)

Run 4 Mass
(g)

Average Mass
(g)

SD
(g)

0 300 300 300 300 300.0 0.0
1 292 290 292 292 291.5 1.0
2 284 282 284 284 283.5 1.0
3 276 274 276 274 275.0 1.2
4 270 266 270 266 268.0 2.3
5 262 258 262 260 260.5 1.9
6 254 252 254 252 253.0 1.2
7 248 244 248 246 246.5 1.9
8 240 238 240 238 239.0 1.2
9 234 230 234 232 232.5 1.9

10 228 224 226 224 225.5 1.9
11 220 218 220 218 219.0 1.2
12 214 210 214 212 212.5 1.9
13 208 206 208 206 207.0 1.2
14 200 200 200 200 200.0 0.0
15 194 192 194 194 193.5 1.0
16 188 186 188 188 187.5 1.0
17 184 180 184 182 182.5 1.9
18 178 174 178 176 176.5 1.9
19 170 168 172 170 170.0 1.6
20 166 164 166 166 165.5 1.0
21 160 158 160 160 159.5 1.0
22 154 152 156 154 154.0 1.6
23 150 146 150 150 149.0 2.0
24 144 140 144 144 143.0 2.0
25 138 134 138 138 137.0 2.0
26 134 130 134 134 133.0 2.0
27 128 124 128 128 127.0 2.0
28 124 120 124 124 123.0 2.0
29 118 116 120 118 118.0 1.6
30 114 110 114 114 113.0 2.0
31 108 106 112 110 109.0 2.6
32 104 100 106 106 104.0 2.8
33 100 96 100 100 99.0 2.0
34 96 92 96 96 95.0 2.0
35 92 88 92 92 91.0 2.0
36 86 84 86 88 86.0 1.6
37 82 80 82 84 82.0 1.6
38 78 76 78 80 78.0 1.6
39 74 72 74 76 74.0 1.6
40 72 68 70 72 70.5 1.9
41 66 64 66 68 66.0 1.6
42 62 60 62 64 62.0 1.6
43 58 56 58 60 58.0 1.6
44 54 52 54 56 54.0 1.6
45 52 50 50 54 51.5 1.9
46 46 46 46 48 46.5 1.0
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Table A6. Configuration F mass data.

Time
(min)

Run 1 Mass
(g)

Run 2 Mass
(g)

Run 3 Mass
(g)

Run 4 Mass
(g)

Average Mass
(g)

SD
(g)

0 300 300 300 300 300.0 0.0
1 295 294 295 295 294.8 0.5
2 289 289 289 290 289.3 0.5
3 285 284 284 284 284.3 0.5
4 279 279 279 279 279.0 0.0
5 274 275 273 274 274.0 0.8
6 269 269 269 269 269.0 0.0
7 264 265 263 263 263.8 1.0
8 259 260 258 258 258.8 1.0
9 254 255 253 253 253.8 1.0

10 250 250 249 248 249.3 1.0
11 245 246 244 243 244.5 1.3
12 240 241 240 239 240.0 0.8
13 235 236 235 234 235.0 0.8
14 231 232 230 229 230.5 1.3
15 226 228 226 224 226.0 1.6
16 222 223 221 220 221.5 1.3
17 217 219 217 215 217.0 1.6
18 212 215 213 211 212.8 1.7
19 208 210 208 207 208.3 1.3
20 204 206 204 202 204.0 1.6
21 200 202 200 198 200.0 1.6
22 195 198 196 194 195.8 1.7
23 191 193 192 190 191.5 1.3
24 187 189 188 186 187.5 1.3
25 183 185 183 182 183.3 1.3
26 179 181 180 178 179.5 1.3
27 175 178 176 175 176.0 1.4
28 171 174 172 171 172.0 1.4
29 167 170 168 167 168.0 1.4
30 163 166 164 164 164.3 1.3
31 160 162 161 160 160.8 1.0
32 156 159 157 156 157.0 1.4
33 152 155 153 153 153.3 1.3
34 149 151 150 149 149.8 1.0
35 146 148 146 146 146.5 1.0
36 142 145 143 142 143.0 1.4
37 138 141 139 139 139.3 1.3
38 135 138 136 135 136.0 1.4
39 132 134 132 132 132.5 1.0
40 128 131 129 129 129.3 1.3
41 125 128 126 126 126.3 1.3
42 122 125 123 123 123.3 1.3
43 119 121 120 119 119.8 1.0
44 115 118 117 116 116.5 1.3
45 112 115 113 113 113.3 1.3
46 109 112 110 110 110.3 1.3
47 106 108 107 107 107.0 0.8
48 103 105 104 104 104.0 0.8
49 100 103 101 101 101.3 1.3
50 97 100 98 98 98.3 1.3
51 94 97 95 95 95.3 1.3
52 91 94 92 93 92.5 1.3
53 89 91 89 90 89.8 1.0
54 86 88 86 87 86.8 1.0
55 83 85 84 84 84.0 0.8
56 80 83 81 81 81.3 1.3
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Table A6. Cont.

Time
(min)

Run 1 Mass
(g)

Run 2 Mass
(g)

Run 3 Mass
(g)

Run 4 Mass
(g)

Average Mass
(g)

SD
(g)

57 77 80 78 79 78.5 1.3
58 75 77 75 76 75.8 1.0
59 72 74 72 73 72.8 1.0
60 69 72 70 71 70.5 1.3
61 67 69 67 69 68.0 1.2
62 65 66 64 66 65.3 1.0
63 62 64 62 64 63.0 1.2
64 59 61 59 61 60.0 1.2
65 57 59 57 59 58.0 1.2
66 54 56 54 57 55.3 1.5
67 52 54 52 54 53.0 1.2
68 50 51 49 52 50.5 1.3
69 47 49 47 49 48.0 1.2
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