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Abstract

This study investigates mixtures of water and cryoprotectant agents (CPAS) to store high-grade cold energy. Although water is
an ideal material for a cold thermal storage (CTS) due to its high specific heat, undesirable volume expansion may cause structural
stresses during freezing. The volume expansion can be alleviated by adding the CPAs to water. However, the CPA aqueous
solutions not only have different thermal properties but also transit to amorphous state different from pure water. Therefore, these
characteristics should be considered when using them as material of the CTS. In experiments, glycerol and dimethyl sulfoxide
(DMSO) are selected as the candidate CPA. The volume expansion of the solution is measured by an in-situ strain gauge in low
temperature region. The specific heat capacity of the solution is also measured by differential scanning calorimetry (DSC). Both
the amount of volume expansion and the specific heat capacity of the CPA aqueous solution decrease in the case of higher
concentration of CPA. These characteristics should be contemplated to select optimal aqueous solution for CTS for liquid air energy
storage system (LAES). The CPA solutions have advantages of having wide temperature range to utilize the latent heat of water
and higher sensible heat of the CPA. The CPA solutions which can satisfy the allowable stress of the structure are determined.
Consequently, among the CPA solutions investigated, DMSO 20% w/w solution is the most suitable for the CTS.
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1. INTRODUCTION

The energy storage systems (ESS) have been researched
actively as contribution of the renewable energy sources to
worldwide electricity generation becomes higher. Liquid
air has been emerged to store excess electricity from
renewable energy, which is called as the liquid air energy
storage (LAES) system. Fig. 1 shows a typical
configuration of the LAES system [1]. The LAES system
operates in three stages. First, air is compressed and
liquefied by the excess to charge the electricity. Second,
liquid air is stored in an insulated container. Third, liquid
air is pressurized, vaporized, and expanded to generate
electricity.
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Fig. 1. Configuration of liquid air energy storage (LAES)
system. [1]
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High-grade cold energy is released by vaporizing the
liquid air at third stage. It can be stored in a cold thermal
storage (CTS) and utilized during liquefaction of the
compressed air in the first stage. Therefore the CTS is
important part of the LAES system since the recycling of
the high-grade cold energy highly affects the round-trip
efficiency (the ratio of energy put in to energy retrieved
from storage, also called AC/AC efficiency) of the LAES
system. In addition, The CTS should be safe since the
LAES system is a large-scale system. For example, a 350
kW LAES pilot plant was operated in UK. The round-trip
efficiency of the pilot plant was as low as about 8% [2].

One of the main reasons for the low round-trip efficiency
was poor recycling level of the high-grade cold energy. In
the pilot plant, a packed bed type CTS using quartzite rock
was adopted due to its economics and safety. However, the
recycling level was significantly low, about 50%. They
reported that the recycling level should be more than 90%
in order to achieve a high round-trip efficiency in the
commercial grade LAES system [3]. Another CTS using
methanol and propane as a material was studied by Kim J
et al [4]. Since they have low freezing points and large heat
capacities, the CTS can achieve high round-trip efficiency
and be compact by using methanol and propane. The LAES
system achieved the round-trip efficiency more than 70%.

However, the use of methanol and propane has a safety
risk due to their toxicity and flammability [5]. Water, on
the other hand, can be a material to store the high-grade
cold energy. Since water is inexpensive and safe, the CTS
can be constructed economically without safety risk. In
addition, the CTS can be designed in a compact structure
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because water has relatively large specific heat. However,
the volume expansion of the water during freezing can
cause fracture of the structure [6]. The volume expansion
problem can be alleviated by adding a cryoprotectant agent
(CPA) to water. The CPA can not only decrease the
freezing point of water but also suppress the volume
expansion. However, thermodynamic properties, such as
specific heat and thermal conductivity, are also changed
when the CPA is added to water. In addition, the CPA
aqueous solution shows a different phase transition
phenomena unlike pure water. In the case of the CPA
solution, liquid is in an amorphous state instead of a
crystalline solid at low-temperature region. This is so
called vitrification phenomenon, and the amorphous state
is called glass. As the glass has different thermodynamic
properties from the crystalline solid, these characteristics
must be considered to use the CPA solution in CTS. The
requirements of the CPA solution for the CTS are small
thermal expansion and large specific heat capacity.
However, both the volume expansion and specific heat
capacity can be diminished by adding CPA into water.
Therefore, the concentration of the CPA in solution is
required to determine properly. Currently, glycerol and
dimethyl sulfoxide (DMSO) are widely used as the CPAs.
However, there is insufficient data of the CPA aqueous
solutions  with  various  concentration  although

thermodynamic properties of pure CPAs have been studied.

This paper investigates the thermal expansion and the
specific heat of the CPA solutions with various
concentrations in low temperature range. In addition, the
CPA aqueous solution suitable for the CTS is determined
according to thermodynamic properties and experimental
results.

2. EXPERIMENTAL APPARATUS AND METHOD

2.1. CPA selection

In this study, the CPA aqueous solutions of glycerol and
DMSO with various concentrations are prepared for the
experiment. The strain and specific heat of the CPA
solutions are measured in low temperature range. The
concentrations of the glycerol solutions are range from
25% wiw to 40% w/w at 5% interval. In the case of the
DMSO solutions, the concentrations are 20% w/w, 25%
wiw, and 30% w/w.

2.2. Experimental apparatus
2.2.1. Volume expansion measurement

Experimental setup are shown in Fig. 2 for measuring
the strain, which is caused by the volume expansion of the
solutions. Fig. 3 shows the CPA aqueous container, which
is made of aluminum 6061 - T6. Its inner diameter and
height are 60 mm and 30 mm, respectively. The wall
thickness is 0.5 mm. A Stirling cryocooler is connected to
a CPA aqueous container to cool down the solutions. The
container is cooled down from 300 K to 140 K by the
stirling cryocooler. An E-type thermocouple (TT-E-36-
SLE-200, OMEGA) and a strain gauge (CFLA-3-350-23,
Tokyo Sokki Kenkyujo, Japan) are attached at 15 mm
height on the wall from the bottom of the container to
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Fig. 2. Experimental apparaus to measure the strain value
of the volume expansion.

Fig. 3. CPA aqueous container.

TABLE |
SPECIFICATION OF EACH INSTRUMENT.

Instrument Specification Error
Strain gauge (CFLA-3-350-23,Tokyo Sokki | +1 %
Kenkyujo, Japan)
Thermocouple | TT-E-36-SLE-200, OMEGA +1K
DsC DSC 214 Polyma 0.1 pw
J,NETZSCH, German

Strain gauge

thermocouple

Fig. 4. CFLA-3-350-23 Strain gauge, Tokyo Sokki
Kenkyujo Co., Ltd.

measure the temperature and the strain of the container
simultaneously. The container is insulated by a styrofoam
box to prevent external heat ingress from the environment.

The strain gauge is attached to the container as shown in
Fig. 4. Wheat stone bridge circuit is utilized to receive the
signal from strain gauge. As this strain gauge sends a signal
excluding thermal expansion of the container itself, the
output value is the strain by volume expansion of the CPA
solution only. The cooling rates of the container are -2.0
K/min and -2.2 K/min for the case of glycerol and DMSO
solutions, respectively as shown in Fig. 5
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Fig. 5. Temperature history of the CPA solutions.

2.2.2. Specific heat measurement

For the CPA aqueous solutions, the specific heat and the
glass transition temperature are measured by a differential
scanning calorimetry (DSC 214 Polyma from NETZSCH,
Germany)

2.2.3. Analysis method

As the CPA solutions are cooled down, the solutions are
expanded and pressurizing the container. The relation
between strain and pressure can be expressed as equation
(1) and equation (2) [7].

f= (1) @
-2

P, R, t denote the internal pressure, the radius and the
thickness of the container respectively. E represents the
Young's modulus of the container material. € and v are the
strain and the Poisson's ratio, and subscripts 6 and z
denote the hoop direction and the axial direction of the
container, respectively. The pressure causes the stress on
the container wall. The stress can be obtained by the
following equation (3).

o (G 2O

t 2t 2t

o means the stress on the wall. This stress should not
exceed the structural design criteria for the container
according to the ASME Boiler and Pressure Container
Code. Its design criteria is following equation (4) [8].

(oF
0 < Ogiiow = % 4)

Oaow and oy are the allowable stress and the ultimate
strength of the container material. This criteria should be
satisfied to use proper CPA aqueous solutions for the CTS.

3. RESULTS AND DISCUSSIONS

3.1. Volume expansion

Fig. 6 and Fig. 7 show the strain of the CPA aqueous
solutions measured by the strain gauge. The strain curves
show concave downward tendency since the volume of the
solution contracts as the temperature decreases after
expansion upon freezing. As the concentration of the
solution increases, the amount of the expansion reduces. In
the case of high concentrations, the strain values are
negative at low temperature region. In the Fig. 6, the
glycerol aqueous solutions have the maximum strain
values at around 200 K to 220 K depending on the
concentration. It means that all water content of the
solutions freezes in this temperature range. At temperature
below 200 K, only contraction occurs. For the solutions
having higher concentrations than 30% wi/w, the strain has
negative values at temperature below about 180 K. In the
case of the DMSO aqueous solutions as shown in Fig. 7,
the strains are the maximum at around 220 K to 240 K. The
solutions of which concentration is more than 25% w/w
have negative strain values at low temperature region.
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Fig. 6. Strain of the glycerol aqueous solutions.
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Fig. 7. Strain of the DMSO aqueous solutions.

Fig. 8 and Fig. 9 show the stress obtained from (1) - (3)
and the allowable stress of aluminum 6061-T6 from (4).
The stress induced by the volume expansion must be lower
than the allowable stress.
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Fig. 8. Stress of the glycerol aqueous solutions.
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In the case of the glycerol aqueous solutions, only
glycerol 40% w/w solution is applicable for the CTS since
only 40% w/w solution can satisfy the requirement. In the
case of the DMSO solution, samples of which
concentration is more than 20% w/w satisfy the design
criteria from equation (4). Therefore, it can be utilized for
the CTS.

3.2. Specific heat measurement

The specific heat changes drastically in the range of 250
K - 280 K as shown in Fig. 10 and Fig. 11. The water
releases the latent heat since the phase of water content of
the solutions changes. Therefore, the amount of the

specific heat peaks decreases as the concentration increases.

According to the experimental results, glycerol 40% w/w
aqueous solution and the DM SO solutions can be used for
the CTS. In addition, the glycerol 40% w/w solution has
lower specific heat than the DMSO 20% wi/w solution as
shown in Fig. 12. Therefore, the DMSO 20% wi/w solution
is considered as the most suitable for the CTS. From both
Fig. 13 and Fig. 14, the glycerol solution starts the volume
expansion at 263 K. The specific heat increases sharply at
the same temperature because the water content of the
solution coagulates and releases latent heat.

At 210 K, the volume expansion becomes the maximum
and specific heat increase due to the latent heat release.
Therefore, the water content of the solution freezes in
temperature range from 273 K to 210 K.

It is known that crystallization of impure glycerol is
harder than pure material [9]. Comparing the specific heat

of the glycerol 40% w/w solution with that of the pure
materials, the specific heat of the solution is the weighted
average of the specific heat of the pure materials at each
temperature condition, except in the water freezing region.

Fig. 13 shows the specific heat of each phase of glycerol
and the specific heat of ice. The liquid state of glycerol is
the subcooled liquid phase before glass transition and glass
state of glycerol is the vitrified phase after glass transition
during cooling. Crystalline of glycerol is the state after
solidification with crystal structure. From 175 K to 210 K,
the specific heat of the solution is located between that of
the liquid glycerol and the ice as shown in Fig. 13. The
glycerol content of the solution at a subcooled liquid state

—=— Glycerol 25% w/w —e— Glycerol 30% w/w
4 Glycerol 35% w/w v Glycerol 40% w/w

14 F
12 i .

100 —

Specific heat (kJ/kg K)

1 1 ! | 1 1 L 1

140 160 180 200 220 240 260 280 30
Temperature (K)

Fig. 10. Specific heat of the glycerol aqueous solutions.
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Fig 11. Specific heat of the DMSO aqueous solutions.
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Fig. 14. Strain of the glycerol 40% w/w solution.

is not a crystalline solid, which has lower specific heat than
subcooled liquid state. It is known that crystallization of
impure glycerol is harder than pure material. Therefore, the
CPA solutions have advantages of utilizing the latent heat
of the water content in wider range and higher sensible heat
of the CPA content in low temperature range.

4. CONCLUSION

Water can be utilized to apply to CTS (Cold thermal

storage) for LAES system. The undesirable volume
expansion of water can be alleviated by adding
cryoprotectant agents, such as glycerol or DMSO, to water.
The volume expansion is measured as strain by a strain
gauge, and DSC is conducted for specific heat capacity.
Both volume expansion and the specific heat capacity of
the mixture decrease in the case of higher concentration of
CPA. Trade-off between volume expansion and the
specific heat capacity is considered to select the suitable
CPA solution. DMSO 20% aqueous solution is shown as
the most suitable as thermal storage material since it has
the highest specific heat and does not exceed the allowable
stress.
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