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Abstract: Increasing energy costs are at the origin of the great progress in the field of
phase change materials (PCMs). The present work aims at studying the application of
clathrate hydrates as PCMs in buildings. Clathrate hydrates are crystalline structures in
which guest molecules are enclosed in the crystal lattice of water molecules. Clathrate
hydrates can form also at ambient pressure and present a high latent heat, and for this
reason, they are good candidates for being used as PCMs. The parameter that makes a
PCM suitable to be used in buildings is, first of all, a melting temperature at about 25 °C.
The paper provides an overview of groups of clathrate hydrates, whose physical and chemical
characteristics could meet the requirements needed for their application in buildings.
Simulations with a dynamic building simulation tool are carried out to evaluate the
performance of clathrate hydrates in enhancing thermal comfort through the moderation of
summer temperature swings and, therefore, in reducing energy consumption. Simulations
suggest that clathrate hydrates have a potential in terms of improvement of indoor thermal
comfort and a reduction of energy consumption for cooling. Cooling effects of 0.5 °C and
reduced overheating hours of up to 1.1% are predicted.
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1. Introduction

The building sector is the dominant energy consumer around the world with a total of 30% of the
share of the overall energy consumption [1].

Moreover, in recent years, the energy demands for buildings have increased very rapidly due to an
increase in the growth rate of the population, an evolving indoor comfort expectation and technological
development worldwide. Increasingly, advanced technologies and methodologies have been investigated
and developed to cope with the increasing demand of energy and resources [2—4].

Thermal energy storage is an efficient method to improve the energy efficiency of buildings and
obtain a significant economic benefit [5].

Thermal energy storage can be accomplished either by using sensible heat storage or latent heat
storage [6]. Sensible heat storage has been used for centuries by builders to store/release thermal
energy passively, but a much larger volume of material is required to store the same amount of energy
in comparison to latent heat storage.

Latent heat storage is a very efficient way of storing thermal energy: unlike sensible heat storage,
latent heat storage is characterized by a higher storage density and by a smaller temperature difference
between storing and releasing heat [7]. Latent heat storage is achieved using the so-called phase
change materials (PCMs).

The principle of using the phase change materials is simple: as the heat is supplied, the material
changes its phase from solid to liquid and vice versa at a constant temperature, until it completely
converts into a solid. Similarly, when heat is released, the material changes phase from liquid to solid,
again at a constant temperature, until it solidifies completely [8].

The latent heat storage by using PCMs in buildings is an attractive way to compensate for the small
storage capacity of most existing modern buildings. Using PCM material in buildings can decrease the
temperature fluctuation, particularly due to incident solar radiation loads, as proven in several
numerical studies [9].

In the last 40 years, several materials have been studied, in particular hydrated salts, paraffin waxes,
fatty acids and eutectics of organic and non- organic compounds [10—14]. In addition to the mentioned
materials, clathrate hydrates show an interesting behavior as a PCM.

Clathrates are crystalline structures in which molecules of one type are enclosed in the crystal
lattice of another. Clathrate hydrates have been studied as a technology for gas storage and
separation [15,16], but thanks to formation occurring also at ambient pressure and a high latent heat,
they are also good candidates for being used as a PCM [17].

Generally, PCMs should meet several requirements, divided into three main groups:

e Physical requirements (high density, high latent heat of fusion for unit mass, high specific heat);

e Chemical requirements (chemical stability, chemical non decomposition, non-corrosiveness with
respect to the construction materials, non-toxicity);

¢ Economic requirements (wide availability of material, low material costs).
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The objective of the present work is to provide an overview of groups of clathrate hydrates, whose
physical and chemical characteristics meet the requirements needed for their application
in buildings.

After a brief description of thermal storage applications for which clathrate hydrates are already
used, data on the physical and chemical characteristics of clathrate hydrates for building applications
are provided.

Simulations are carried out to evaluate the performance of clathrate hydrates in enhancing thermal
comfort through the reduction of summer temperature swings and, therefore, in reducing energy
consumption. The effect of clathrate hydrate PCM wallboard on indoor temperatures is examined for a
building located in Rome using a dynamic building simulation tool and is compared to commercial
wax PCM wallboards.

2. Clathrate Hydrates as Phase Change Materials

An attractive application of clathrate hydrates is thermal storage as a PCM. In general, the use of
PCMs depends on their melting temperature: (i) T < 15 °C, they are used for storing coolness in air
conditioning applications; (i) T > 90 °C, they are used for absorption refrigeration; and
(1) 15 °C < T <90 °C, they are used in solar heating and in heat load leveling applications. Among
these uses, residential building applications have been receiving growing attention in the last few years
in order to obtain PCMs with the required melting point and thermal properties. Exhaustive surveys on
various existing types of PCM can be found in the literature [5,6,11-14,18-27], and data are reported
in Table 1. Figure 1 shows the thermal properties of clathrate hydrates with respect to the other
existing PCMs.

Figure 1. Melting temperature and fusion heat of existing phase change materials (PCMs),
based on [5,6,11-14,18-27].
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Table 1. PCM classification, based on [5,6,11-14,18-27].

Latent Other
Melting . .
PCMs Heat of Investigated Advantages/Disadvantages
Temperature .
Melting Parameters
Advantages
e High volumetric latent heat storage capacity
e Availability and low cost
e Sharp melting point
Thermal . ..
. o e High thermal conductivity
Inorganic conductivity: . )
e High heat of fusion
PCM: From ~8 °C ~150-200 ~0.5 W/m °C
o o Non-flammable
Hydrated to~117 °C kJ/kg (liquid), .
Disadvantages
salts ~0.8 W/m °C ) )
) Change of volume is very high
(solid) . . .
Super cooling is a major problem in the
solid-liquid transition
e Nucleating agents are needed, and they often
become inoperative after repeated cycling
Organic From ~22 °C Advantages
Thermal : . .
PCM: to ~67 °C . e Crystallize without much supercooling
. ~200 kJ/kg conductivity: »
Paraffin commercial Ability to melt congruently
~0.2 W/m °C . .
waxes waxes e Self-nucleating properties
e Compatibility with conventional material
of construction
e No segregation
e Chemically stable
. From e High heat of fusion
Organic Thermal .
From ~30°C  ~153 kl/kg . e Safe and non-reactive
PCM: Fatty conductivity:
. to ~65 °C. to Recyclable
acids ~0.15W/m°C .
~182 kl/kg Disadvantages
e Low thermal conductivity in their solid state
e Low volumetric latent heat storage capacity
e Flammable
e High costs
Advantages
o Eutectics have a melting point similar to the
pure substance
Eutectics of F From Density: ~1283to e Volumetric storage density is slightly above
rom
organic and 30°C t ~131 kJ/kg ~1126 (liquid), organic compounds
~ 0
non-organic 10 °C To ~1251 to ~1105 Disadvantages
compounds ~283 kl/kg (solid) e Only limited data is available on the

thermo-physical properties, as the use of these
materials is relatively new to thermal

storage applications
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Clathrate hydrates as PCMs have been mostly studied for cold storage in air conditioning
systems [28-30]. Since this type of novel cold storage medium was first proposed, research activities
have obtained outstanding achievements [31-36].

Clathrate hydrates used in cold storage applications are formed by hydrofluorocarbon (HFC),
CO,, tetra-n-butylammonium bromide (TBAB), Tetrabutyl ammonium chloride (TBAC) and
tetrahydrofuran (THF).

Most refrigerant hydrates can be formed under low pressure (below 1 MPa) with a suitable phase
change temperature for air-conditioning and large fusion heat (270430 kJ/kg). Refrigerant hydrates
have a larger fusion heat than eutectic salts, paraffin waxes and fatty acids.

Chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) hydrates, such as CFC-11,
CFC-12, HCFC-21, HCFC-22 and HCFC-141b hydrates, were first studied, but have been gradually
prohibited, because of their environmental impact. Hydrofluorocarbon (HFC) hydrates instead were
studied by [32,35,37,38].

Mixtures of solid CO, hydrate crystal and liquid aqueous solution are produced by
non-mechanical generation processes, with a higher heat of fusion than that of ice. The production
conditions can change melting the point of CO, hydrate slurries and their content of solid crystals, so
that they can release plentiful latent heat in delayed time [39].

Furthermore, TBAB, TBAC and THF are characterized by rapid hydrate formation [40—47]. TBAC
hydrates have a melting point of 15.0 °C and a latent heat of 200.7 kJ/kg [44,45], while THF hydrates
have a melting point of 4.4 °C and a latent heat of 260 kJ/kg [46,47].

TBAB hydrates are the most studied as phase change materials. They have a melting temperature of
12 °C, good fluidity and a large cold storage density, which is about 2—4 times of that of chilled water.
Researchers have conducted many investigations on the crystallization characteristics of TBAB
hydrate crystals and their practical applications. The thermal and thermodynamic properties of TBAB
semiclathrate hydrates, including their phase diagram [40,48,49], have been measured, and some data
are presented in Table 2.

Real-sized prototypes have been implemented and studied [50]. A compression cycle refrigeration
unit (with a condenser installed outside the building) allowed, via a scraped surface heat exchanger
(cooled down by the evaporator), the creation of TBAB hydrates slurries, which were stored in a tank
during the night [36].

Since 2005, the JFE Engineering Corporation (Japan) has shown the feasibility of the large-scale
utilization of clathrate hydrate slurry for air conditioning [43]. The experiments demonstrated the
feasibility of an air-conditioning system using TBAB hydrate slurry as a secondary refrigerant, with
some technological problems to be solved, but different solutions have been proposed and tested.
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Table 2. Thermal properties of tetra-n-butylammonium bromide (TBAB) hydrates.

. Melting . Thermal
Hydration Latent heat ) 3 Heat capacity .
Guest temperature Density (kg/m’) conductivity
number (kd/kg) (kJ/(kg-K))
(WY (W/(m-K))
12.0 [40],
193.2 [40], 2.22-2.61 [51],
Type A 26 12.3 [41], 1080 [51] 0.42 [51]
210 [48] 1.859-2.605 [40]
TBAB hydrate 11.8[37,38]
crystal 199.6 [40], 2.00-2.54 [51]
Type B 9.9 [40],
205 [42,43], 1030 [51] 2.5(5°C) [48]
36/38 9.6 [41]
224 [48] 1.995-2.541 [40]
TBAB clathrate
1015.69-1015.56 0.469-0.485
hydrate slurry - 4.001-3.667 [51]

(5-30 Wt%) 51 51

Clathrate Hydrates of Organic Compounds

Another potential application of clathrate hydrates as PCMs is in buildings to deliver possible
energy savings and peak load time shift. During the last few decades, clathrate hydrates of organic
compounds have been characterized in terms of molecular structure, enthalpy of formation and melting
temperatures. Among several hydrate-forming molecules, there are some that have the required
thermodynamic features: (i) a fairly high melting point, which can also be near or equal to room
temperature; (ii) the formation by cooling their aqueous solutions at atmospheric pressure; and
(ii1) a very wide concentration range from which the hydrate is separated out [44].

Studies on clathrate hydrates of quaternary ammonium halides, quaternary ammonium fluorides,
bolaform salts, tetrabutylammonium carboxylates and tetrabutylammonium alkane-sulfonates are
available in the literature.

The thermal properties of clathrate hydrates of quaternary ammonium fluorides (n-C4Hg);RNF were
investigated in [49]: depending significantly on the type of the alkyl group (R: CHjs, C,Hs, n-C3H7,
1-C3H7, n-C4Ho, 1-C4Ho, n-CsH;;, 1-CsH;;, CcHsCH,), the melting temperature varies from —1.5 °C to
28.3 °C. In Table 3, data on the physical and chemical properties of four quaternary ammonium
halide clathrate hydrates ((n-C4Hg)4sNF-30H,O; (n-C4Ho)sNCI-30H,O, (i-CsH;;)4NF-39H,0,
(i-CsH;1)4aNCI1-39H,0) are reported.

Table 3. Quaternary ammonium halide clathrate hydrates [39].

Densit
Guest Hydration number Melting temperature (°C)  Heat of fusion (kJ/mol) (ke1;51 3})7
g/m
30 [44], 30 [52], 28.3 [44], 25 [52], 184 [44], 197 [52],
(H-C4H9)4NF 1057 [44]
32 [53], 28 [53] 27.2 [53], 27.4 [49] 204 [54], 177 [54]
(n-C4Ho)4,NCl 30 [44] 15.0 [44] 156 [44] 1026 [44]
(i-CsH;,)4NF 39 [44], 28 [49] 31.5[44], 26.4 [49] 256 [44]

(i-CsH,1)aNCl 39 [44] 29.6 [44] 283 [44]
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The clathrate hydrate of bolaform salts [C4Hg);N(CH,),(C4Ho)3]F, may be regarded as extended
hydrates that have a large guest molecule. From the solid-liquid phase diagrams [55] of mixtures of
water, all salts appear to form hydrates that melt congruently and have large hydration numbers. The
melting temperatures ranges from —3.1 to 20.4 °C, not suitable for building applications.

Clathrate hydrates of tetraisopentylammonium alkanoates, [(i-CsH;;)sN]CH2,:1COO (n = 0-9),
instead present fairly high melting points between 10 and 28 °C [56], but to the extent of our
knowledge, there are no data about their latent heat.

3. Clathrate Hydrates for Building Applications: Thermal Comfort Evaluation

The effect of quaternary ammonium halide clathrate hydrates (n-C4Ho)sNF-30H,O incorporated
into the wallboard of the building envelope was examined using the PCM Express Building Simulation
tool, for a building located in Rome, Italy.

PCM Express, developed by Valentin Energy Software, in collaboration with the Fraunhofer
Institute for Solar Energy (ISE), is a simulation software for evaluating the effect of phase change
materials in building. The effectiveness of the PCM boards was evaluated in terms of indoor thermal
comfort, indoor temperature leveling and the increase in free cooling.

PCM Express was used to carry out simulations for three types of PCM: paraffin waxes Micronal®
with operating temperature of 23 °C and 26 °C (Case 1 and Case 2 in Table 4) and the selected
clathrate hydrate with an operating temperature of 25 °C (Case 3 in Table 4).

Simulations were carried out considering a one-room structure with a length of 5 m, a width of
5 m and a height of 3 m. The building model had one south-facing window of 2 m* with double

thermal-insulating glass. The stratigraphy of the envelope is shown in Table 4.

Table 4. Envelope features.

Envelope Layers Material thickness (mm) Thermal conductivity (W/(m"K))
Gypsum 15 0.2
» Concrete 250 1.6
o Floor/Ceiling
2 Polyurethane 20 0.025
E Cement floating screed 30 1.6
& Gypsum (Internal) 15 0.2
Full brick masonry 300 0.6
Walls
Expanded polystyrene 80 0.04
Mineral (External) 10 0.8
Envelope Layers Material thickness (mm) Thermal conductivity (W/(m'K))
Gypsum 15 0.2
» Concrete 250 1.6
Floor/Ceiling
— Polyurethane 20 0.025
% Cement floating screed 30 1.6
@)
Micronal PCM 23 15 0.196
Full brick masonry 300 0.6
Walls
Expanded polystyrene 80 0.04
Mineral (External) 10 0.8
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Envelope Layers Material thickness (mm) Thermal conductivity (W/(m'K))
Gypsum 15 0.2
» Concrete 250 1.6
Floor/Ceiling

~ Polyurethane 20 0.025

% Cement floating screed 30 1.6
@)

Micronal PCM 26 15 0.196

Full brick masonry 300 0.6
Walls
Expanded polystyrene 80 0.04
Mineral (External) 10 0.8
Envelope Layers Material thickness (mm) Thermal conductivity (W/(m-K))
Gypsum 15 0.2
. Concrete 250 1.6
Floor/Ceiling

n Polyurethane 20 0.025

Qé Cement floating screed 30 1.6
@]
(H-C4H9)4NF : 30H20 15 0.4
Full brick masonry 300 0.6
Walls

Expanded polystyrene 80 0.04
Mineral (External) 10 0.8

The thermo-physical properties of the clathrate hydrate used in the simulation are shown in Table 5.

Table 5. Thermo-physical properties of clathrate hydrates (n-C4Ho)sNF-30H,0.

Heat Thermal
Hydration Melting Heat of fusion Density . .
Guest 3 capacity conductivity
number temperature (°C) (kJ/mol) (kg/m”)
(kJ/(kg'K))  (W/(m-K))
(n-C4Ho)4sNF 30 [44] 25 [52] 197 [52] 1.057 [44] 3.6 [57] 0.4 [58]

Micronal® PCMs are microencapsulated. Clathrate hydrates are assumed to be stored in a wallboard

of the same thickness. PCM wallboards were compared to the base case, i.e., a structure with ordinary
gypsum wallboards. A heating system output of 50 W/m? is assumed during a heating period from
October 15 to March 31, with a heating threshold temperature of 20 °C. A heat recovery and
ventilation system operates with an efficiency of 85%, typical of passive house constructions [59].

Results and Discussion

Table 6 summarizes the results obtained for the three PCM used in a building located in
Rome, Italy.

Results show that in all cases, PCMs improve the indoor comfort in terms of a reduction of hours in
which the indoor temperature exceeds the comfort range. This means that, with respect to the base
case, all PCMs provide free cooling. It is noteworthy that clathrate hydrates theoretically provide freer
cooling that wax PCMs. Figure 2 shows that the effect of all PCMs is to increase the number of times
in which temperatures are in the range from 20 °C to 26 °C. The frequency of the room’s temperature
being inside the comfort range is higher in the case of clathrate hydrates (Case 3) than in the case of
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waxes (Case 1 and Case 2). On the other hand, clathrate hydrates shift room temperatures towards
26 °C and 27 °C, but the effect is negligible (0.1%).

Table 6. Results: the number of hours in which indoor temperature exceeds the comfort

range (>26 °C).
No. of hours with temperature Time with temperature exceeding
Case Study .
exceeding comfort range (>26 °C) (h) comfort range (>26 °C) (%)
Base Case 552 6.3
Case 1, Micronal 23 543 6.2
Case 2, Micronal 26 499 5.7
Case 3, (n-C4Hy)4NF-30H,0 456 5.2
Figure 2. Distribution of room temperatures.
25.526.325-9 263 M Base Case
M Case 1 - Micronal 23
Case 2 - Micronal 26
—_ M Case 3 - (n-C4H9)4NFe30H20
&3

83

73 7477 7672

7.3
60 5855 616 63 6665 5857 59
5 4.6

3.73.7343.8
2322123
2223

0.3 0202

16 17 18 19 20 2 2 2 2 25 2 27 28 29
Room air temperature (°C)

Figure 3 shows temperature profiles during the days with the best PCM effect. The largest free
cooling is obtained in Case 1 and Case 2 with a reduction of 1 °C in room temperature during the
daytime, while clathrate hydrates in Case 3 allow one to obtain a reduction of 0.5 °C. Anyway, the
damping effect of clathrate hydrates is comparable to that of commercial PCM.

Figure 3. The day with the greatest PCM effect (PCM internal temperature in blue,
conventional system internal temperature in red).

Day with greatest PCM effect

Temperature in °C

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 17 18 19 21 22 23
Day’s hours

Case 1, Micronal 23 (8 June 2014 )
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Figure 3. Cont.

Day with greatest PCM effect

Temperature in °C

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 17 18 19 21 22 23
Day’s hours

Case 2, Micronal 26 (14 June 2014)

Day with greatest PCM effect

Temperature in °C

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 17 18 19 21 22 23
Day’s hours

Case 3, (n-C4Hy)sNF-30H,0 (6 May 2014)
4. Conclusions

Clathrate hydrates have been suggested as a potential group of PCMs. The performed overview on
the thermo-physical characteristics of different clathrate hydrates allows one to assess which of them
are suitable for PCM applications in buildings.

The effect of quaternary ammonium halide clathrate hydrates incorporated into the wallboard of the
building envelope was examined using the PCM Express Building Simulation program, for a building
located in Rome, Italy.

Simulations suggest that clathrate hydrates have a potential in terms of the improvement of indoor
thermal comfort and a reduction of energy consumption for cooling. Cooling effects of 0.5 °C and
reduced overheating hours of up to 1.1% are predicted. Therefore, there is an argument for the
experimental investigation of clathrate hydrates in building applications.

Anyway, further experimental work is necessary to better comprehend the kinetic and
chemical properties of clathrate hydrates and to assess if they meet the needed chemical and
economical requirements.
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Kinetic properties, such as a high nucleation rate and little or no supercooling of the liquid phase
and a high rate of crystallization, and chemical properties, such as completely reversible melt/crystallize
cycles, long-term chemical stability and no degradation after a large number of melt/crystallize cycles,
non-corrosiveness and compatibility with construction materials, non-toxic, non-flammable and non-
explosive, as well as economic properties, such as abundance, availability and cost effectiveness,
should be investigated. Properties, such as low embodied energy, separation facility from the other
materials and recycling potential, low environmental impact and non-polluting, are environmentally
requested. Studies on methods of micro- or macro-encapsulation should be also carried out.

The effectiveness of the wallboard is climate dependent, and care must be taken to choose the most
appropriate phase change temperature [59].

Since melting temperature and melting enthalpy depend on molecular effects and properties, such
as different chain lengths, ions, crystal structure and the position of the chain of anions, future
activities should focus on modifying molecular structures and synthesizing original molecules starting
from the selected clathrate-forming molecules. The objective is to obtain hydrate-forming compounds
with proper phase change temperatures and a high formation enthalpy.

Author Contributions

All authors contributed extensively to the work presented in this paper. All authors read and
approved the final manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1.  Administration USEI. How much energy is consumed in the world by each sector? Avaliable
online: http://www.eia.gov/tools/faqs/faq.cfm?id=447&t=3 (accessed on 20 September 2014).

2. Pisello, A.L.; Rossi, F.; Cotana, F. Summer and winter effect of innovative cool roof tiles on the
dynamic thermal behavior of buildings. Energies 2014, 7, 2343-2361.

3. Rossi, F.; Cotana, F.; Filipponi, M.; Nicolini, A.; Menon, S.; Rosenfeld, A. Cool roof as a strategy
to tackle global warming: Economical and technical opportunities. Adv. Build. Energ. Res. 2013,
7,254-268.

4. Rossi, F.; Pisello, A.L.; Nicolini, A.; Filipponi, M.; Palombo, M. Analysis of retro reflective surfaces
for urban heat Island mitigation: A new analytical model. Appl. Energ. 2014, 114, 621-631.

5. Pasupathy, A.; Velraj, R.; Seeniraj, R.V. Phase change material-based building architecture for
thermal management in residential and commercial establishments. Renew. Sustain. Energ. Rev.
2008, /2, 39-64.

6. Kuznik, F.; David, D.; Johannes, K.; Roux, J. A review on phase change materials integrated in
building walls. Renew. Sustain. Energ. Rev. 2011, 15, 379-391.

7. Farid, M.M.; Khudhair, A.M.; Razack, S.A.K.; Al-Hallaj, S. A review on phase change energy
storage: Materials and applications. Energ. Convers. Manag. 2004, 45, 1597-1615.



Sustainability 2014, 6 6826

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Kuznik, F.; Virgone, J. Experimental assessment of a phase change material for wall building use.
Appl. Energ. 2009, 86, 2038-2046.

Ibanez, M.; Lazaro, A.; Zalba, B.; Cabeza, L.F. An approach to the simulation of PCMs in
building applications using TRNSYS. Appl. Therm. Eng. 2005, 25, 1796—-1807.

Wutting, R. Phase Change Materials: Science and Applications; Springer: New York, NY,
USA, 2009.

Abhat, A. Low temperature latent heat thermal energy storage: Heat storage materials. Sol. Energ.
1983, 30, 313-332.

Lorsch, H.G.; Kauffman, K.W.; Denton, J.C. Thermal energy storage for heating and air
conditioning, future energy production system. Heat Mass Transf. Process. 1976, 1, 69—85.

Lane, G.A.; Glew, D.N.; Clark, E.C.; Rossow, H.E.; Quigley, S.W.; Drake, S.S.; Best, J.S.
Heat of fusion system for solar energy storage. In Proceedings of the Workshop on Solar
Energy Storage Subsystems for the Heating and Cooling of Buildings, Charlottesville, Virginia,
1618 April 1975.

Humphries, W.R.; Griggs, E.I. A design handbook for phase change thermal control and energy
storage devices. Recon Tech. Rep. 1977, 78, Article 15434.

Castellani, B.; Filipponi, M.; Rinaldi, S.; Rossi, F. Capture of carbon dioxide using gas hydrate
technology. In Proceedings of ECOS 2012—The 25th International Conference on Efficiency,
Cost, Optimization, Simulation And Environmental Impact Of Energy Systems, Perugia, Italy,
26-29 June 2012.

Rossi, F.; Filipponi, M.; Castellani, B. Investigation on a novel reactor for gas hydrates
production. Appl. Energ. 2012, 99, 167-172.

Youssef, Z.; Delahaye, A.; Huang, L.; Trinquet, F.; Fournaison, L.; Pollerberg, C.; Doetsch, C.
State of the art on phase change material slurries. Energ. Convers. Manag. 2013, 65, 120—-132.
Soares, N.; Costa, J.J.; Gaspar, A.R.; Santos, P. Review of passive PCM latent heat thermal
energy storage systems towards buildings’ energy efficiency. Energ. Build 2013, 59, 82—103.
Baetens, R.; Jelle, B.P.; Gustavsen, A. Phase change materials for building applications:
A state-of-the-art review. Energ. Build 2010, 42, 1361-1368.

Kenisarin, M.; Mahkamov, K. Solar energy storage using phase change materials. Renew. Sustain.
Energ. Rev. 2007, 11, 1913-1965.

Cabeza, L.F.; Castell, A.; Barreneche, C.; de Gracia, A.; Fernandez, A.l. Materials used as PCM
in thermal energy storage in buildings: A review. Renew. Sustain. Energ. Rev. 2011, 15, 1675-1695.
Zalba, B.; Marn, J.M.; Cabeza, L.F.; Mehling, H. Review on thermal energy storage with phase
change: materials, heat transfer analysis and applications. Appl. Therm. Eng. 2003, 23, 251-283.
Oro6, E.; de Gracia, A.; Castell, A.; Farid, M.M.; Cabeza, L.F. Review on phase change materials
(PCMs) for cold thermal energy storage applications. Appl. Energ. 2012, 99, 513-533.

Farid, M.M.; Mohamed, A.K. Effect of Natural convection on the process of melting and
solidification of paraffin wax. Chem. Eng. Commun. 1987, 57, 297-316.

Farid, M.M.; Kanzawa, A. Thermal performance of a heat storage module using PCMs with
different melting temperatures-mathematical modeling. Trans. ASME J. Sol. Energ. Eng. 1989,
111,152-157.



Sustainability 2014, 6 6827

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hasnain, S.M. Review on sustainable thermal energy storage technologies, Part 1: Heat storage
materials and techniques. Energ. Convers. Manag. 1998, 39, 1127-1138.

Schroder, J. Some Materials and Measures to Store Latent Heat. In Proceeding of IEA—Workshop
on Latent Heat Stores Technology and Applications; Zentralbibliothek der Kernforschungsanlage:
Julich, Germany, 1985.

Wang, X.; Dennis, M.; Hou, L. Clathrate hydrate technology for cold storage in air conditioning
sysrems. Renew. Sustain. Energ. Rev. 2014, 36, 34-51.

Li, G.; Hwang, Y.; Radermacher, R. Review of cold storage materials for air conditioning
Application. Int. J. Refrig. 2012, 35, 2053-2077.

Tomlinson, J.J. Heat pump cool storage in a clathrate of freon. In Proceeding of the 17th
Intersociety Energy Conversion Engineering Conference;, The Institute of Electrical and
Electronics Engineers: Piscataway, NJ, USA, 1982; pp. 2060—2064.

Ternes, M.P. Studies on the R-12 gas hydrate formation process for heat pump cool storage
Application. In Proceedings of DOE Physical and Chemical Energy Storage Annual Contractor’s
Review Meeting, Arlington, VA, USA, 12—14 September 1983.

kiya, T.; Tomio, S.; Oowa, M. Phase equilibria of some alternative refrigerants hydrates and their
mixtures using for cool storage material. In Proceeding of the 32th Intersociety Energy
Conversion Engineering Conference, Honolulu, HI, USA, 27 July—1 August 1997.

Mori, T.; Mori, Y.H. Characterization of gas hydrate formation in direct-contact cool storage
process. Int. J. Refrig. 1989, 12, 259-265.

Guo, K.H.; Shu, B.F.; Yang, W.J. Advances and applications of gas hydrate thermal energy
storage technology. In Proceeding of the 1st Trabzon International Energy & Environment
Symposium, Trabzon, Turkey, 29-31 July 1996.

Guo, K.H.; Shu, B.F.; Zhao, Y.L. Characterization of phase change and cool-storage process of
mixed gas hydrate, cryogenics and refrigeration. In Proceeding of ICCR’98, Hangzhou, China,
21-24 April 1998,.

Fournaison, L.; Delahaye, A.; Chatti, 1.; Petitet, J.P. CO, hydrates in refrigeration processes.
Ind. Eng. Chem. Res. 2004, 43, 6521-6526.

Oowa, M.; Nakaiwa, M.; Akiya, T.; Fukuura, H.; Suzuki, K.; Ohsuka, M. Formation of CFC
alternative R134a gas hydrate. In Proceedings of the 25th Intersociety Energy Conversion
Engineering Conference, New York, NY, USA, 12-17 August 1990.

Anii, T.; Minemoto, M.; Nakazawa, K. Study on a cool storage system using HCFC
(Hydro-chlorofluoro-carbon)-141b (CCl,FCHj3) (1,1-dichloro-1-fluoro-ethane) clathrate. Can. J.
Chem. Eng. 1997, 75, 353-361.

Arinhas, S.; Delahaye, A.; Fournaison, L.; Dalmazzone, D.; Furst, W.; Petitet, J.P. Modeling of
the available latent heat of a CO, hydrate slurry in an experimental loop applied to secondary
refrigeration. Chem. Eng. Process. 2006, 45, 184—192.

Oyama, H.; Shimada, W.; Ebinuma, T.; Kamata, Y.; Takeya, S.; Uchida, T.; Nagao, J.; Narita, H.
Phase diagram, latent heat, and specific heat of TBAB semiclathrate hydrate crystals. Fluid Phase
Equilib. 2005, 234, 131-135.

Darbouret, M.; Cournil, M.; Herri, J.M. Rheological study of TBAB hydrate slurries as secondary
two-phase refrigerants. Int. J. Refrig. 2005, 28, 663—671.



Sustainability 2014, 6 6828

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

38.

Hayashi, K.; Takao, S.; Ogoshi, H.; Matsumoto, S. Research and development on high-density
cold latent-heat medium transportation technology. In Proceedings of the Fifth Workshop on
Phase change material for thermal energy storage, Tsu, Japan, 12—14 April 2000.

Ogoshi, H.; Takao, S. Air-conditioning system using clathrate hydrate slurry. JFE Tech. Rep.
2004, 3, 1-5.

Nakayama, H. Hydrates of organic compounds. Heats of fusion and of solution of quaternary
ammonium halide clathrate hydrates. Bull. Chem. Soc. Jpn. 1982, 55, 389-393.

Dyadin, Y.A.; Udachin, K.A. Clathrate formation in water of peralkylonium salts systems. J. Incl.
Phenom. 1998, 42, 61-72.

Leaist, D.G.; Murray, J.J.; Post, M.L.; Davidson, D.W. Enthalpies of decomposition and heat
capacities of ethylene oxide and tetrahydrofuran hydrates. J. Phys. Chem. 1982, 86, 4175—4178.
Waite, W.F.; Gilbert, L.Y.; Winters, W.J.; Mason, D.H. Thermal property measurements in
Tetrahydrofuran (THF) hydrate and hydrate-bearing sediment between —25 and +4 °C, and
their application to methane hydrate. In Fifth International Conference on Gas Hydrates;
Tapir Academic Press: Trondheim, Norway, 2005.

Asaoka, T.; Kumano, H.; Serita, M. Measurement of latent heat of tetra-n-butylammonium
bromide (TBAB) hydrate. Int. J. Refrig. 2013, 36, 992-997.

Nakayama, H. Hydrates of organic compounds. The effect of alkyl groups on the formation of
quaternary ammonium fluoride hydrates. Bull. Chem. Soc. Jpn. 1976, 49, 1254—1256.

Douzet, J.; Kwaterski, M.; Lallemand, A.; Chauvy, F.; Flick, D.; Herri, J.M. Prototyping of a real
size air-conditioning system using a tetra-n-butylammonium bromide semiclathrate hydrate slurry
as secondary two-phase refrigerant—Experimental investigations and modeling. /nt. J. Refrig.
2013, 36, 1616—-1631.

Ma, Z.W.; Zhang, P.; Wang, R.Z. Performance of a cold storage air-conditioning system using
tetrabutylammonium bromide clathrate hydrate slurry. In Proceeding of World Renewable Energy
Congress, Linkoping, Sweden, 8—13 May 2011.

Narten, A.H.; Lindenbaum, S. Diffraction Pattern and Structure of the System
Tetra-n-butylammonium Fluoride—Water at 25 °C. J. Chem. Phys. 1969, 51, 1108—-1114.

Aladko, L.S.; Dyadin, Y.A.; Rodionova, T.V.; Terekhova, 1.S. Clathrate Hydrates of
Tetrabutylammonium And Tetraisoamylammonium Halides. J. Struct. Chem. 2002, 43, 990-994.
Rodionova, T.V.; Manakov, A.Y.; Stenin, Y.G.; Villevald, G.V.; Karpova, T.D. The heats of fusion
of tetrabutylammonium fluoride ionic clathrate hydrates. J. Incl. Phenom. Macrocycl. Chem.
2008, 6, 107-111.

Nakayama, H. Hydrates of organic compounds. The effect of carboxylate anions on the formation
of Clathrate hydrates of tetrabutylammonium carboxylates. Bull. Chem. Soc. Jpn. 1984, 57,
171-174.

Nakayama, H. Hydrates of organic compounds. The formation of clathrate-like hydrates of
tetraisopentylammonium alkanoates and alkanedioates. Bull. Chem. Soc. Jpn. 1991, 64, 358-365.
Gabitto, J.F.; Tsouris, C. Physical properties of gas hydrates: A review. J. Therm. 2010,
doi:10.1155/2010/271291.

English, N.J.; Tse, J.S. Perspectives on hydrate thermal conductivity. Energies 2010, 3,
1934-1942.



Sustainability 2014, 6 6829

59. Colcough, S.; Griffiths, P.; Gschwander, S. Thermal energy storage and the passive house standard:
How PCM incorporated into wallboards can aid thermal comfort. In Proceedings of the 26th
Conference on Passive and Low Energy Architecture, Quebec City, QC, Canada, 22-24 June 2009.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



