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Abstract. Data on the heat-accumulating properties of melts are
generalised. The principles and methods of thermal energy accu-
mulation with the use of melts are considered. The problem of
search for heat-accumulating materials with the required proper-
ties based on multi-component systems of anhydrous inorganic
compounds is discussed. The bibliography includes 57 references.

1. Introduction

One of the major problems of the national economy, viz.,
decreasing power consumption of production, can be solved by
two methods. The first one is more efficient transformation of
primary energy into electrical and thermal energy. This can be
done by increasing the efficiency factor of power stations, by using
cheaper fuel types or renewable energy sources, such as wind,
geothermal sources, tides, sea waves, efc.

The second method of ever-growing importance involves
increasing the efficiency of the energy utilisation by the consumer.
The expenses for saving fuel and electric power are two to three
times lower than those required for expanding the fuel and energy
base. The following measures for improving the efficiency of
energy usage by the consumers can be listed: transition to more
perfect and less power-consuming technologies; use of secondary
power resources; smoothing the time differences between the
energy generation and energy demand schedules by means of
accumulation.

Accumulation of electric energy is a difficult problem. The
capacities of the existing electrochemical accumulators are insuf-
ficient for their use on an industrial scale. The promising super-
conducting electric power accumulators are still under develop-
ment. The hydraulic methods for energy storage make it possible
to accumulate significant amounts of energy; however, this
involves large capital investment and impact on the environment
(not always favourable).

Methods for the thermal energy accumulation have been
developed in detail and tested under various conditions. The
world energy crisis of the 1970s has confirmed once again the
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urgency of the problem of the thermal energy accumulation
followed by heat recovery and transformation into useful work.!

Studies along these lines include two aspects, namely, the
chemical-technological and technical-physical ones.? 3 The chem-
ical-technological aspect includes choosing the heat-accumulating
materials (HAM), studying their properties and selecting the
accumulation method. The thermal energy accumulation and
recovery methods involving melts are based on the following
processes: heating compounds to a high temperature followed by
heat release on cooling (heat accumulation due to the heat
capacity of the solid and liquid phases); reversible first-order
phase transitions (accumulation due to latent heat of phase
transitions); reversible chemical reactions (chemical accumula-
tion). The technical-physical aspect examines selection of the
processes for the transformation and use of the stored energy.

National programmes on the thermal energy accumulation
with the use of reliable and inexpensive accumulators have been
developed in different countries and are now being implemented.
The use of such accumulators enables one to replace the tradi-
tional fuel types (coal, natural gas) by non-traditional renewable
energy sources*> as well as allows one to use the spent heat in
chemical-technological processes or for heat supply.

However, an important drawback of heat accumulators is the
high cost of accumulated energy, mainly because of the cost of the
HAM. For this reason, the development of heat accumulators
starts from the search for cheap HAM with high heat capacity and
predetermined properties.

Synthesis of novel inorganic materials with predetermined
properties requires complex studies of fusibility diagrams and
physicochemical properties of multi-component systems by mod-
ern physicochemical methods, primarily those using computer 3D
simulation methods.?¢-8

Recent studies on HAM mostly deal with crystal hydrates of
inorganic salts, salt eutectics and metal alloys traditionally used in
this field. The present review generalises the data regarding the
methods and principles of the thermal energy accumulation using
melts of anhydrous inorganic compounds as the HAM. Criteria
for the estimation of the heat-accumulating ability of melts and a
new methodological approach to the development of HAM based
on multi-component systems and study of their physicochemical
properties are considered. Special attention is given to the system-
atisation of experimental data on the fusibility diagrams of multi-
component systems.
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I1. Methods of the thermal energy accumulation
with the use of melts

The most popular heat accumulators use melts as the HAM. They
can accumulate thermal energy either due to the heat capacity of
solid or liquid media or due to the latent heat of phase transitions
and chemical reactions. Non-isothermal and isothermal accumu-
lators are distinguished, depending on the mode of heat storage.

1. Heat accumulation due to the heat capacity of solid and
liquid media

The most popular method of heat accumulation is that due to the
heat capacity of liquid and solid media. A compound which
accumulates heat due to the heat capacity of its different phases
is called a heat-capacity compound. Heat accumulators with such
a compound as the working medium are non-isothermal. They are
used for the heat accumulation over a broad temperature range
(several hundred degrees). The allowed temperature variation in
an accumulator is normally specified (it is determined by the
temperature of the heat source, the temperature of the heat-
carrier, the temperature required by the consumer, and the
temperature differences controlling the intensity of heat exchange
during the accumulator charge and discharge phases). Water (for
temperatures up to 100 °C), air, noble gases, melts of simple and
complex inorganic compounds and technical oils can serve as
heat-carriers.

If melts are used as heat-capacity HAM, it has to be taken into
account that the specific heat is generally independent of temper-
ature and is a constant. The specific energy stored by a heat-
capacity heat accumulator is determined by the formula

0 =C,AT,

where C,, is the specific heat of the accumulator working medium
at constant pressure; AT is the difference between the starting and
final accumulation temperatures.

It is known from thermodynamics that the specific heat is the
higher the smaller the relative molecular mass of the compound.
Therefore, compounds with small molecular masses are used as
working media for heat-capacity accumulators.

Of anhydrous inorganic compounds, systems based on oxides,
the so-called refractory compounds, are used as the HAM most
commonly. The properties of the most promising oxide-based
HAM are analysed in Ref. 9. A great many experimental studies
relate to the determination of the dependences of C,, thermal con-
ductivity factor (/) and apparent density (p) on temperature and
open porosity (Op). In some cases, natural minerals and anhyd-
rous inorganic compounds obtained from them are used, e.g.
granite, sand, pebbles, gravel, cobble-stone, macadam, sand—
pebble mixture, efc. Such heat-capacity HAM are inexpensive and
readily accessible, are not corrosive with respect to construction
materials, but have low effectiveness in terms of their thermal
properties, which results in the low density of the accumulated
energy.

The increase in the specific density of the heat-capacity HAM
increases the specific heat, and hence the amount of accumulated
heat in the bulk material. The materials based on magnesia have
the highest heat capacity; these materials have sufficient thermal

conductivity in the temperature range 100—900 °C to be used as
heat-capacity HAM (Table 1).

As the proportion of magnesia and the material apparent
density increase, the thermal conductivity increases. The thermal
conductivity of hyperdense heat-capacity HAM (3.55-
3.97 kg m—3) exceeds 30 W m—! K~ at 100 °C, while it is less
than 5 W m—! K—! for dense (3.00-3.50 kg m—3) and medium-
density ones (1.83-2.96 kg m—3).° Medium-density materials
containing mixtures of magnesia with SiO,, Al>Os, Cr;Os, or
CaO and having an open porosity of 20% —30% are most efficient
in terms of thermal conductivity (4 changes from 0.74—3.93 at
100 °C to 1.07—-1.80 at 900 °C). Magnesia-based materials con-
taining chromium oxide are the most heat-resistant (see Table 1).

2. Heat accumulation owing to the latent heat of phase
transitions

The accumulation of heat with the use of the latent heat of phase
transitions of anhydrous inorganic compounds is possible in the
following changes in the state of aggregation:® melting 2 crys-
tallisation, vapourisation  condensation, sublimation and
decomposition.

The heat-accumulating materials which accumulate heat due
to phase transitions are called phase-transition HAM. The accu-
mulators with such materials as the working media are isothermal.

The accumulators in which the latent heat of the melting 2
crystallisation phase transition is used have good energetic char-
acteristics. The principle of such an accumulator is based on the
thermal energy absorption accompanying the crystal lattice
destruction upon heating of a compound and energy liberation
upon crystallisation of the melt on cooling.

In many technological processes, the only useful thermal
energy is that accumulated due to the heat of phase transitions
and due to the heat capacity of the material in the liquid
phase.!0~ 14 These processes include: maintaining the given oper-
ating temperature of steam at thermal and nuclear power plants;
transformation of thermal energy into electrical energy through
the Brighton cycle; thermal energy accumulation and transfer with
the use of molten phase-transition HAM as heat-carriers; increas-
ing the efficiency of non-traditional systems by compensating for
the intermittent and non-steady nature of renewable energy
sources (solar, wind, geothermal, etc.).

The type of the thermodynamic cycle and the nature of the
HAM are determined by the operating temperature range of the
heat accumulator. This primarily assumes a relationship between
the characteristics of the main power system, the accumulator and
the parameters of the cycle in which the mass and heat transfer
occur. For example, Table 2 lists the efficiency values of three
cycles. Yet another example: the maximum temperature of the hot
source at a solar power station without radiation concentrating by
local concentrators is about 100 °C. In this case, it is only possible
to speak about a cycle with evaporation of the working media such
as freons. However, these working media cause ecological prob-
lems if they leak. In this case, a perfect HAM would consist of
eutectic compositions based on n-component mixtures of hydrates
and anhydrous compounds with m.p. < 100 °C.

The thermal characteristics of the most promising systems
based on aluminium chloride and alkali metals with the heat-
accumulating ability above 0.3 GJ m 3 are presented in Table 3.

Table 1. Heat-accumulating properties of oxide heat-capacity HAM in the temperature range 100—900 °C.

Refractory compounds (mass %) 0, (%) p kg m—3 C,/MIm—3K~! A/Wm-1K-!
Chamotte, 28 < Al,O3 < 45 20-24 2.05-1.85 1.5874—-2.4232 0.74-1.07
Periclase-chromite, 65.5 MgO —14.2 Cr,03 24-30 2.81-2.52 2.3575-3.5011 2.42-2.08
Forsterite, 58.3 MgO —-38.9 SiO» 20-30 2.69-2.29 2.2115-3.5409 3.93-1.80
Periclase-spinel, 75.6 MgO —18.2 A1,O3 3-10 3.15 3.1617-4.0219 2.04-3.33
Periclase 0-3 3.55-3.37 3.6954—-4.5683 34.82-7.52
Magnesian limestone, 70 MgO —26.2 CaO 18-21 2.80-2.68 3.2217-3.4232 1.74-2.72
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Table 2. Characteristics of thermodynamic cycles.

Cycle Characteristic cycle parameter Efficiency
Temperature range 40—268 °C

Carnot - 0.420
Rankin steam under a pressure of 5 MPa 0.365
Temperature range 40—450 °C

Chirn evaporation at 268 °C 0.380
Carnot - 0.567

Table 3. Characteristics of phase-transition HAM for accumulation of
low-potential thermal energy (m.p. < 100 °C).

System (mass %) M.p. p AH, (see?)
/°C /kgm~—3

I 11
77 AlCl3—5BaCl,— 18 NaCl 50 1786 168.5 0.3009
88.5 AICI;—11.5LiCl 80 1645 199  0.3274
22.2 LiINO3—10.9 NaNO3—-66.9 NH4NO3 81 — 127 —
26.4 LiNO3—58.7NH4NO3;—149KNO; 81.5 — — 0.234
78.1 AICl3—5.5KCl-16.4 LiCl 85 1631 196  0.3207
77.9 AICl;—11.3 KCl-10.8 NaCl 88 1653 191 0.3185
73.8 AICl3—21.8 NaCl-4.4 TICl; 98 1659 192 0.3185
73.7 AlICl;-22.2 KCl1-4.1 TICl3 100 1650 184.2 0.3039
63.8 AICI3—18.1 KC1-18.1 TICl; 100 1743 156.1 0.2756

4 The accumulated energy is usually expressed as enthalpy/weight ratio
AH/M or enthalpy/volume ratio AH/V, therefore the dimensionalities are:
M kJ kg=1; (1) GI m—3.

Judging by the data listed, the choice of phase-transition HAM for
the accumulation of low-potential thermal energy is limited,
particularly if one takes the cost of the accumulated energy into
account.”

Studies of movement of the solidification (melting) frontier of
HAM on a planar unit cell model of a heat accumulator !> were
carried out using an eutectic three-metal alloy with composition
(mass %) 50 Bi—-31 Pb—19Sn and the  parameters:
T=945°C, p=9590kgm—3, AHn=264kIkg™!, C,=
0.138 kJ kg=' K—!, 1 =16.5W m—! K~! as a phase-transfer
heat-accumulating material.

The  heat-accumulating  ability of metal alloys
(> 0.2 GI m—3) is ensured by their high densities, unlike the
case of salt melts where this ability is ensured by the enthalpy of
melting (see Table 3).

It has been shown (see, e.g., Refs 8 and 16) that an efficient
short-term accumulator of average-potential thermal energy can
be represented by an accumulator that uses the heat of phase
transitions (melting & crystallisation) of mixtures of anhydrous
inorganic compounds. These mixtures represent mainly n-compo-
nent eutectic compositions of molten alkaline and alkaline-earth
metal salts with melting points of 100—500 °C. The ranges of the
melting points (m.p.) and AH,, for the recommended phase-
transition HAM and the most promising eutectic compositions
are given in Table 4.

Thermodynamic analysis of such systems shows 819 that the
highest heat-accumulating ability is characteristic of salt eutectics
based on lithium nitrate possessing high heats of phase transition
(370 kJ kg—!) and thermal stability up to 500 °C and a melting
point of 256 °C;in addition, these are not corrosive with respect to
many structural materials and their alloys. Eutectic compositions
containing only alkali and alkaline-earth metal nitrates (except for
LiNO3) can be used at operating temperatures only 30—50 °C
higher than their melting points (due to decomposition).

Table 4. Characteristics of phase-transition HAM for accumulation of
medium-potential (100 < m.p. < 500 °C) thermal energy.® 10~ 18

System (mass %) M.p. o AH,, (see?)
/°C /kg m—3
1 11
29 LiNO3— 17 NaNO;— 105 2087 110 229.6
—49.4KNO5-4.6 Sr(NO3),»
17.5LiCl1-82.5 AICl; 114 2376 251 596
21.6 KC1-78.4 AICl;5 128 2343 254 595
31.7LiNO3—-68.3 KNO; 135 1780 135.6 241.4
55.4 LiNO3—4.5 NaNO3;— 160 1905 266 507
—40.1KCl1
58.1LINO;—41.9KCl 166 1918 272 522
479 LiNO;— 1.4 LiCl— 180 1986 267 530
—50.7 NaNO3
57 LiNO3—43 NaNOs 193 1880 248.3 467
45 LiINO3;—47 NaNO;3 — 200 1993 199 397
—8Sr(NOs)»
87 LiNO3— 13 NaCl 208 1889 369 697
93.6 LINO3—6.4 NaCl 220 1850 363 675
98 LiNO3 -2 Li»,SO4 255 2357 354 834.4
1.8 LiF—39.9 LiCl— 368 2048 523 1071
—8.3NaCl-50KCl
29 LiCl-24 LiF - 419 2252 387 871.4
—21 Li,CO3-26 Li»SO4
29.6 KC1-53.8 Li»SO4— 420 2062 586.2 1209
—16.6 NaCl
26.9 NaCl-73.1 Sr(NOs)» 424 2152 244 252

2 The dimensionalities are: (I) kJ kg—!; (II) MJ m—3.

High AH;, values are characteristic of alkali metal chlorides
and sulfates, and hence intense heat liberation is observed on the
DTA (or DSK) cooling curves for eutectic mixtures with lithium
nitrate.'® Addition of alkali metal nitrates to halide-, sulfate- and
carbonate-containing mixtures of alkali and alkaline-earth metals
allows not only reduction of the operating temperature but also an
increase in the heat-accumulating ability, as well as a decrease in
the corrosive effect of these mixtures on structural materials.

The number of components in promising eutectic systems (1)
ranges from 1 to 4. If n > 4, degeneration with respect to both the
melting points and the physicochemical properties occurs; this
increases the cost of the accumulated energy with the heat-
accumulating ability being the same.

Technical and economic analysis showed that accumulators
with high-temperature phase-transition HAM (m.p.> 500 °C) as
the heat-carriers, particularly eutectic compositions of salt and
metal multi-component systems, are most suitable for non-tradi-
tional energy sources.”> However, the development of such accu-
mulators entails the solution of a number of complex technical
problems (for example, the corrosion compatibility of the HAM
with structural materials, intensification of heat exchange in the
charge and discharge modes, regeneration of the HAM, etc.).

Of the phase-transition HAM used for the thermal energy
accumulation, eutectic metal alloys possess the best thermal
conductivities and stabilities. Analysis of published data on
thermodynamic parameters of metal-based multi-component sys-
tems !7-1° made it possible to single out the most promising ones
for use as the working materials in heat accumulators (Table 5).

Of ionic compounds, alkali and alkaline-earth metal fluorides,
chlorides, carbonates, and sulfates have the best thermal proper-
ties for the accumulation of high-potential thermal energy. Salt
eutectics are the most power-intensive (due to the enthalpy of
melting, see Table 6). The AH,, values were found experimentally
or calculated using the additivity principle. The experimental
studies of heat capacity were carried out using a continuous-
heating calorimeter.!”
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Table 5. The characteristics of phase-transition HAM from metal alloys.

System (mass %) M.p. p AHp, (see?)

/C fkgm—?

I I

78.55Ga—-21.45In 15.7 6197 69.7 0.4429
86.5Ga—13.5Sn 20.55 5885 81.9 0.4942
96.5Ga-3.5Zn 25.0 5946 88.5 0.5415
67Ga—-20.5In-12.5Zn 10.7 6170 67.2 0.4185
82Ga—12Sn-6Zn 18.8 5961 86.5 0.5255
74Ga—-22Sn—-4Cd 20.2 5983 75.2 0.4571
93Ga-5Zn-2Cd 24.6 6020 85.03  0.5246
13.3Sn-50Bi—10Sd—-26.7 Pb 70 8974 45.8 0.412
46.3Mg—53.7Zn 340 4600 185 0.851
96 Zn—4 Al 381 6630 138 0.916
34.65Mg—65.35 Al 497 2155 285 0.615
60.8 Al1-33.2Cu—-6.0Mg 506 3050 365 1.113
64.6 Al-5.2Si—-28Cu-2.2Mg 507 4400 374 1.644
68.5A1-5.081-26.5Cu 525 2938 364 1.069
64.3 A1-34.0Cu—1.7Sb 545 4000 331 1.324
66.92 A1-33.08 Cu 548 3600 372 1.339
83.14 Al-11.7Si-5.16 Mg 555 2500 485 1.213
87.76 A1-12.24 Si 557 2540 498 1.265
46.3A1-4.6Si—-49.1 Cu 571 5560 406 2.260
86.4A1-9.4S1-4.2Sb 575 2700 471 1.272
2 The dimensionalities are: (1) kJ kg—'; (I) GJ m—3.
Table 6. Enthalpy of melting of salt eutectics with m.p. >

500 CC‘IS‘ 17,20,21

System (mass %) M.p./°C AHn
/kJ m—3
50 Li»CO3—-50 K>CO3 505 335
64.25 LiCl-35.75 Li,COs3 510 339.7
56.4 Na>SO4—12.9 NaCl-30.7KCl 528 410
56.7 Li2SO4—10.3 Na,SO4—33 KCl 536 514.6
26.2 LiF —73.8 Li»SO4 540 348.9
64.5 LiCl-35.5NaCl 556 414.5
25.7LiF-36.5NaF-10.6 MgF,-27.2 CaF, 593 510
24 8 LiF —75.2 Li,COs3 595 594.5
10.4 NaF —39.4 NaCl-50.2KCl 602 370.3
32.6 LiF —50.4 NaF - 17 MgF, 622 625
34.7LiF-3.3NaF-37.5MgF,-24.5 CaF, 651 470
48 LiF — 52 NaF 652 711
24 LiF — 76 NaCl 680 476.9
67 LiF - 33 MgF, 746 708
46 LiF — 54 MgF» 750 847
75NaF -25MgF» 832 649
31 NaF-69 MgF, 996 710
29.5KF-70.5MgF, 1006 770

From the viewpoint of thermal accumulation, salt systems
have drawbacks such as rather low thermal conductivities and
undesirable volume increase by 10% —30% upon melting; because
of this, it is necessary to provide free volume for thermal
expansion of the melt in the accumulators.

Prediction of the properties of ionic systems without exper-
imental studies was carried out using the equation!’

AHm = AHYY + AAH,,

where AHY = Sx;AHy, ; (Te): x; is the mole fraction of the ith
component; AHn; (Te) is the enthalpy of melting of the ith
component referred to the temperature of the eutectic.

Comparison of the AAHy, values and the enthalpy of mixing
of melts AHmix showed !7 that

AAHy, = AHpix .

Eutectic mixtures containing salts of stable intersecting ele-
ments of mutual systems have the highest heat content.'¢ Several
papers report on the finding of stable intersecting elements in
three-, four- and five-component mutual systems and studying
their heat-accumulating properties.?%-22

3. Chemical accumulation

Chemical accumulation implies the energy accumulation and
release by virtue of chemical reactions. The accumulated energy
can be released as heat, electrical energy, light, or mechanical
energy.

Depending on the type of the accumulated energy, one
distinguishes thermochemical (energy is accumulated as heat)
and electrochemical accumulators (energy is accumulated as
electrical energy sometimes supplemented with some heat).

Both natural organic (coal, oil products, natural gas, etc.) and
synthetic fuels (organic and inorganic) can serve as chemical
accumulators. A special place among the compounds used as
heat accumulators in thermochemical accumulators belongs to
melts and alloys of naturally abundant compounds, such as
metals, oxides, hydroxides, salts, efc. Simulation of the thermody-
namics and thermochemistry of reactions involving these com-
pounds facilitates essentially the selection of the HAM and the
calculation of parameters of chemical accumulators.

The state-of-the-art in this field was considered in Ref. 8.
Accumulation can be based on three main reaction types involving
melts of inorganic compounds: (1) synthesis of complex coordi-
nation compounds,?>~2° inclusion compounds?¢ and ammonia
complexes,?’>28 hydration of alkaline-earth metal oxides (CaO,
MgO0);2-30 (2) decomposition of carbonates,?' sulfates,3? alka-
line-earth metal hydroxides, ammonium hydrogensulfate
(NH4HSO4),33 metal hydrides;3* (3) exchange decomposition in
full conversion points in mutual multi-component systems formed
by ionic melts of inorganic compounds (hydroxides, salts).* Of
interest are chemical reactions that involve ionic compounds3°
capable of reversible accumulation (Table 7).

The following scheme of exchange reactions in mutual multi-
component systems serves as the basis of heat accumulation:

nAX + mBY + ... = cAY + dBX + ... + Q,

where AX, BY, AY, and BX are ionic compounds; n, m, ¢, d are
the stoichiometric factors in the exchange reaction; Q is the heat
effect of the reaction.

This type of processes is also used for the synthesis of diverse
compounds. For instance, exchange decomposition occurring to
the full conversion point of ternary mutual system Na,Ca/F,Cl is,
on the one hand, the most efficient method to obtain calcium
fluoride; on the other hand, this is a process that can be used in
thermochemical accumulators (Q = 519.72 kJ mol—1).3¢

It is recommended to use a powder mixture of equivalent
quantities of calcium chloride and sodium fluoride for reversible
accumulation.?” The thermochemical equation of the reaction is

CaCl, + 2NaF = CaF, + 2NaCl — 101.28 kJ mol—1.

The reaction starts at 490 °C. The mixture can be heated to a
maximum temperature of 600 °C.

If the specific heat effect of the exchange reaction is within
30 < Q <250 kJ kg—!, accumulation of thermal energy is an
efficient side process to save energy in chemical technology. If
0O > 250 kJ kg—!, the reaction is applicable as a working process
in thermochemical accumulators.

The major problem in the development of chemical heat
accumulators is the choice of chemical reactions that meet the
following requirements:? the heat effects of the reaction should be
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Table 7. Thermodynamic characteristics of some exchange decomposition reactions in ternary mutual systems.3?
Reaction M.p. /K (see?) —AH /kJ mol~! —AG /kJ mol~!

AH 504 AHr AG 508 AGr
2NaOH + CaCl, = 2NaCl + Ca(OH), 320 162.5 175.6 163.4 157.9
2NaOH + CaSO4 = Na,SO4 + Ca(OH), 320 83.5 138.6 89.9 76.4
Na,CO; + CaCl, = 2NaCl + CaCO; 782 104.6 108.8 100.8 89.5
Na>COs3 + Ca(NOs), = 2NaNO; + CaCOs 310 74.3 64.3 73.1 67.6
Na,SO4 + CaCl, = 2NaCl + CaSOg4 782 77.3 76.4 73.5 62.2
Na>SO4 + Ca(NO3), = 2NaNO; + CaSOq4 310 47.0 40.3 45.8 45.7
Na,S + CaCl, = 2NaCl + CaS 782 138.6 141.5 136.5 124.7
NasS + CaSO4 = Na,SO4 + CaS 890 61.3 65.1 62.6 59.6
2(KOH + NaCl = KCl + NaOH) 320 533 559 43.7 31.1

4 The melting point of the lowest-melting reaction component.

no less than ca. 250 kJ kg—! or ca. 1800 kJ litre—! if gaseous
products are taken into account; the volume density of the
accumulated energy should be as high as possible at a minimum
possible volume of the reaction products.

4. Comparative analysis of the properties of
heat-accumulating materials

The prospects of the development of heat accumulators in which
accumulation and liberation of energy occur due to the heat-
accumulating properties of melts of inorganic compounds are
estimated using the following HAM parameters: specific volume,
heat capacity, heat and phase transition temperature (in chemical
reactions, in solid and liquid phases).

The heat-capacity heat accumulators are less thermally effi-
cient in comparison with phase-transfer and thermochemical
ones, because the considerable ‘heat storage capacities’ needed
despite the HAM temperature increase in them requires a mini-
mum quantity of thermal energy consumed.! However, heat-
capacity heat accumulators are characterised by low cost and
simplicity and hence they have found wide use.

The accumulators with the use of the heat effects of reversible
phase transitions are characterised by high energy density, small
HAM mass and virtually constant operating temperature; the
temperature difference of the heat-carrier transferring heat to the
consumer and the heat source charging the accumulator is
determined only by the required heat transfer intensity. In heat-
capacity accumulators, in most cases this difference also depends
on the change in the working medium temperature.

The drawback of the isothermal phase-transfer accumulators
is that one has to use a different working medium with a specific
phase transition (melting) temperature for each required temper-
ature. In practice, phase-transfer heat accumulation is partially
combined with accumulation of physical heat, i.e. with heat-
capacity accumulation. These are called hybrid accumulators;
they are most popular for high-temperature short-term accumu-
lation.20

The thermochemical heat accumulators ensure the compact-
ness of the accumulator for long-term heat storage and the
absence of losses, as well as the possibility of accumulation at
ambient temperature without recourse to thermal insulation.
However, the limited number of cheap chemical compounds that
meet the requirements for HAM is the main obstacle for the
development of such accumulators.38

Comparative analysis shows that phase-transition HAM
accumulate an order of magnitude more heat than materials that
do not undergo phase transitions. This stems from the fact that the
phase transition enthalpies of many compounds are much higher
than the heat-capacity effect, particularly upon accumulation of
medium- and low-potential thermal energy where the operating
temperature range is not very wide. The evaporating and sub-
limating HAM accumulate 3 —5 times more heat than the melting

ones, while the HAM in thermochemical accumulators accumu-
late an order of magnitude more than the evaporating ones.'8

The basic obstacles preventing the wide use of heat accumu-
lators include insufficient development of problems regarding
good thermal insulation from the environment, the absence of
well-developed models for the calculation of heat and mass trans-
fer in heterogeneous systems and for increasing the efficiency of
electric power reproduction and accumulator power rating. In
view of this, studies of the thermal, thermodynamic and techno-
logical characteristics of the available HAM as well as develop-
ment of novel power-intensive materials with a wide operating
temperature range are required. Solution of the above problems
would ensure the effectiveness, high performance and low cost of
energy accumulation. The hybrid (phase-transition and thermo-
chemical) heat accumulators with melts of inorganic compounds
as the HAM can prove to be the most promising for the develop-
ment of durable heat-accumulating systems. The increase in the
efficiency of power system can amount from 15% —25% (with
heat-capacity accumulators) to 80% —85% (with thermochemical
accumulators); in these cases, the cost of the heat accumulator is
about 5% of the total power system cost.3°

For each power system, the choice of particular methods for
the thermal energy accumulation is determined by both local
conditions and the results of actual technical and economic
calculations.

III. Criteria for the estimation of the heat-
accumulating properties of melts

When choosing the accumulator type, one has to consider such
factors as the methods for the supply and removal of energy, the
amount of the stored energy, the operating temperature levels, the
storage period, the heat transfer intensity, the investment and
working costs, and the requirements for operational reliability
and safety.

In the design of a heat accumulator, the prime thing is the
search for a HAM the properties of which affect the majority of
the above-mentioned factors. The choice of the material is
primarily determined by the operating temperature level and the
amount of the thermal energy to be accumulated. The basic
requirements for the melts which can be used as the HAM are as
follows: an acceptable melting point determining the accumulator
operating temperature; high values of such specific quantities as
the heat effect (which eventually determines the volume of the
material used, and hence, the accumulator compactness and cost),
the heat capacity, the thermal conductivity, the density; low
viscosity in liquid phase and low thermal expansion coefficient;
stability of the physicochemical parameters in the operating
temperature range, i.e. the absence of chemical transformations;
stability of the thermal and thermodynamic characteristics of the
HAM; low vapour density; abundance in nature; low cost.> 17
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There are also a number of operational requirements for
melts, such as operating safety (the absence of explosion hazard
or the presence of gaseous products easy to detect, environmental
safety, the absence of hazardous pollution), easy heat absorption
and liberation (the absence of supercooling and segregation),
stability of physicochemical properties in multiple duty cycles,
low corrosivity toward structural materials.

The performance of accumulators employing melts of inor-
ganic compounds as the phase-transition HAM much depends on
the extent of their supercooling (below the phase transition
temperature) and on whether phase stratification occurs. In
order that the heat of phase transition are used more completely,
it is necessary to ensure minimum overcooling when the HAM
crystallises.! This means that liberation of the accumulated energy
occurs at a lower temperature than the HAM melting point; as a
result, the accumulator may fail to operate at this temperature.
Therefore, one of the major requirements for phase-transition
HAM is that they should have an equilibrium crystallisation point
where the fluid phase is transformed into solid one, avoiding a
metastable supercooled state. This requires creating conditions
where crystallisation occurs quickly, for example, by using an
additive that accelerates this process.*® Supercooling in the
crystallisation is a minimum if the difference between the HAM
melting points and the heat source temperature is 5—10 °C. This
temperature range makes it possible to reduce thermal losses and
the extent of supercooling of the melt; on the other hand, it is
sufficient to provide good heat transfer when withdrawing heat
from the HAM. If the supercooling of the melt is 5—10 °C, heat
dissipation virtually stops, hence increasing the crystallisation rate
is of importance.

Of anhydrous inorganic compounds that can be utilised for
heat accumulation, only certain chlorides and nitrates (e.g.,
calcium chloride and nitrate) and eutectic compositions contain-
ing more than 40 mass % of these compounds crystallise with
supercooling. Borax, sodium silicate, and strontium and barium
fluorides and chlorides can be used as the crystallisation stabil-
isers.

Segregation decreases the heat exchange between the solid and
liquid phases, which necessitates continuous stirring of the HAM
during crystallisation.!”

When designing heat-accumulating systems, a comprehensive
approach is required, including the development of a procedure
for numerical solution of multi-parameter heat exchange prob-
lems with the use of thermodynamic analysis methods, theoretical
and experimental simulation for optimisation and studies of the
thermal and thermodynamic properties of HAM and operating
parameters of the accumulators.

The final stage of studies involves the development of methods
for optimisation of the design of heat-accumulating systems as
regards the thermal and economic efficiencies and environmental
safety.

IV. Principles for the development of heat-
accumulating materials based on multi-component
systems

Development of promising HAM calls for search for specific
compounds or eutectic compositions that combine the above-
mentioned properties in the optimum way. The search for such
compounds is a complex problem, as certain properties can be
combined in a material, while others cannot. Therefore, prelimi-
nary estimation of the thermal characteristics of the known HAM
and the selection of physicochemical systems which can serve as a
basis for creating new materials should be carried out with regard
to the most important thermal accumulation parameters, such as
temperature, specific enthalpy (heat capacity) and density.

Pure anhydrous inorganic compounds and their eutectic
mixtures are promising as the HAM.?3 Unlike crystal hydrates,
eutectic mixtures undergo melting and crystallisation at constant
temperature, irrespective of the number of components. The
search for eutectic compositions is carried out with the use of
reference data bases on the physicochemical properties of com-
pounds and the fusibility diagrams. The starting components of
eutectics include metals, alkali and alkaline-earth metal oxides,
hydroxides, nitrites, nitrates, halides, carbonates, sulfates and
phosphates, which belong to traditional HAM, as well as tran-
sition metal compounds.

At present, the choice of compositions that meet the require-
ments for the HAM is limited, especially from the viewpoint of the
accumulated energy cost. Therefore, directed development of
HAM and study of their properties and technological character-
istics are topics of current interest.*!

Novel materials can be created using the results of studies of
the phase diagrams and composition—property diagrams for
various physicochemical systems as their theoretical base. The
trend of an increase in the information output with minimisation
of experiment is characteristic of modern research in the field of
multi-component systems. This is achieved by using: (1) experi-
ment planning with the use of modern rapid methods;** (2)
computer simulations with modern solid modelling methods;*>~3°
(3) development of fast methods and measuring instruments for
studying the composition — property diagrams that require the use
of automatic recording systems, systems for data collection and
processing and those for controlling the experiment.>!->2 The
development of methods and measuring instruments that enable
the study of a set of properties in one experiment improves not
only the information output but also the quality of the exper-
imental data, since the results of measuring the different proper-
ties refer to the same sample in the same state.>3>*

The above ways of optimisation in the study of the composi-
tion— property diagrams can be used independently of each other,
but combining them is the most efficient. This is taken into
account in the development of algorithms for computer programs
required for the simulation and automation of the physicochem-
ical analysis of multi-component systems.>> 57

Algorithmisation and programming imply the wide use of
modern methods for the calculation, prediction and analysis, both
for preliminary estimation of the physicochemical properties and
composition—property diagrams and for subsequent processing
of experimental data with the use of computer programs. Then the
confirming experiments performed on the basis of complex
methodology for the study of multi-component systems are
minimised.*°

This approach allows one to establish the logical sequence of
steps (from the choice of the starting components to the develop-
ment of recommendations on the design of heat accumulators), to
reduce the laboriousness of experimental studies, and to carry out
directed, efficient and cost-effective choice of systems with pre-
determined properties applicable as multi-purpose HAM.

A five-level algorithm has been suggested (Scheme 1) as a
methodological basis for HAM development from melts % consist-
ing of: zero level, statement of work (stage 0); first level, data
analysis (stages / and 2); mathematical analysis level (stages 3 and
3a); experimental and theoretical level (stages 4—9); analytical
level (stages 10 and 11).

The results of studies are presented graphically as the compo-
sition—property and property —property fusibility diagrams and
in tabulated form.

The three basic rules should be observed in studies with the use
of the algorithm suggested: (1) first, theoretical analysis as
thorough as possible should be performed in each of the eleven
stages; (2) a computer is used for work optimisation; (3) justified
choice of compositions for subsequent studies is made in each
level.
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Scheme 1
0. Statement of work

|

1. Selection of specific compounds

l

2. Multi-component system formation
and analysis

| !

3a. Description of
chemical ex-
change reactions

| :

4. Derivation of the 4a. Description of
crystallisation tree chemical synthesis
for the system reactions

' '

5. Localisation of

3. Building the
phase tree

Sa. Confirmation

eutectics with (X-ray diffraction

analysis)

the given m.p.

L.

6. Thermodynamic analysis

|

7. Thermophysical analysis

!

8. Chemical analysis

|

9. Technological analysis

)

10. Economical aspects

{

11. Social and ecological aspects

V. Conclusion

Power plants used in various branches of industry are expensive,
hence the increase in their efficiencies is a problem of vital
importance. This problem can partially be solved by using
accumulated energy. Presently, directed development and perfec-
tion of both heat accumulators and power-intensive working
materials for them are under way.

The development of HAM implies not only the estimation of
their chemical (corrosion activity), thermal (heat and mass trans-
fer) properties and environmental safety but also the search for the
optimum heat accumulator design with the use of simulation
methods, calculation of its technical and cost efficiency and
selection of structural materials.??~33

The basic directions of chemical research on cost-effective
HAM based on melts and their efficient operations include
development of new and perfection of the existing methods of
energy transformation and storage, search for new materials with
controlled properties capable of serving as structural materials,
heat accumulators and heat-carriers of heat accumulators, devel-
opment of computerised methods for the simulation of the
thermodynamics of heat and mass transfer in accumulators of
particular design, optimisation of research and development
efforts with the use of computers.

Depending on the required energy storage time period, buffer
(15—60 min), short-term (up to 2—3 days) and long-term (week,
month, season) accumulation types are distinguished. Accumu-
lation of this duration is used in production of energy during ‘peak
hours’ (hydroelectric, nuclear power plants), during cloudy hours
(solar power plants), for supply of heat to stand-alone consumers
and so on. It cannot be ruled out that development of power-
intense heat-accumulating systems using direct chemical trans-
formation methods will result in considerable progress in heat and
energy supply.

In order to select energetically and economically advanta-
geous HAM, one has to know their thermal characteristics. Since
an experimental study on the complex of properties that is
required for estimating the heat-accumulating ability of a melt is
commonly a complex task (in particular, reference equipment
operated by skilled personnel and long measurements are neces-
sary), itis very important to have methods for the prediction of the
heat-accumulating properties of melts based on incomplete or
indirect data.

An important place in obtaining the required information on
the properties of HAM belongs to approximate calculation
methods and prediction with the use of the system approach for
discovering the relationship between the thermal properties (reac-
tion heats) and the nature of the components.

The most efficient methods of HAM research are the calcu-
lation-experimental ones which combine theoretical calculations
with experimental studies. In particular, the HAM properties can
be determined with the use of the experimentally studied phase
diagrams of multi-component systems. It is this methodological
approach that is implied by algorithm considered above (see
Scheme 1).
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