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Inertial Thermoelectric Generator
with Phase Change Thermal Modules

The purpose of the work is to calculate and create an inertial thermoelectric generator
(ITEG) with integrated variable heat and cold modules on the hot and cold sides. The use
of thermal modules (TM) on both sides of the ITEG will rigidly fix the temperature gradient
in the generator. This will allow to build an autonomous thermoelectric generating system
that will generate stable thermoelectric power throughout the entire operating time. The
operating principle of the ITEG is based on the use of latent heat of crystallization and
fusion of phase change materials. The use of replaceable thermal modules will ensure the
rapid replacement of discharged TMs with charged ones, and will also allow to make a
stock of preheated and cooled modules. Moreover, any heat and cold sources are suitable
for heating and cooling. To increase the speed of charging and discharging, the TM has a
network of internal radiators.

Keywords: Dual PCM, thermoelectric generator, thermal module, latent heat of fusion,
phase change materials, enthalpy, exergy, thermal resistance.

Statement of the problem

In recent decades, much effort has been made to find new classes of thermoelectric
materials with improved characteristics [1]. However, in addition to improving the
characteristics, the appropriate arrangement of the thermoelectric generator, heater, and cooler
can significantly increase the efficiency of the thermoelectric system.

In traditional thermoelectric generators (TEGs), heat is supplied and removed directly
to (from) the junctions. For cooling TEGs, the most commonly used methods are air, liquid,
thermoelectric cooling and cooling using phase change materials [2]. TEGs generate electricity
as long as there is a temperature difference between the hot and cold sides. It is obvious that
under unstable thermal boundary conditions, the thermoelectric power will also be unstable.
The efficiency of a thermoelectric generator can be improved by combining it with phase
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change materials (PCMs). PCMs help maintain a constant temperature difference between the
sides of the TEG for a long time. This leads to an increase in system efficiency, stabilization of
the output voltage and power.

The purpose of the work is to calculate and create an inertial thermoelectric generator
with integrated variable thermal modules based on PCMs on the hot and cold sides, which
would generate a stable voltage independent of ambient thermal conditions.

Analysis of known research results

Currently, considerable attention is paid to heat storage using PCMs. Their advantages
are high specific density of accumulation and storage of thermal energy (5-10 times higher
compared to heat-storing liquids), constant phase change temperature, chemical stability,
availability and low cost. The use of PCMs allows to stabilize the thermal operating mode and
the temperature difference between the sides of the TEG, which is critically important for its
effective operation.

In [4, 5, 6], the use of phase change materials (PCMs) to stabilize hot junction
temperatures and improve the performance of thermoelectric systems subject to transient
thermal loads was investigated. By absorbing and releasing latent phase change heat, PCMs
prevent temperature fluctuations, maintain optimal thermal gradients, and continue power
generation even after the heat source is switched off. Temperature management of
thermoelectric generating systems has been studied by many authors, but they have not
addressed the issue of design modularity.

In[7, 8], an integrated TEG system is presented, in which an internal temperature gradient
is generated without a defined hot or cold side. Two PCMs with different melting points are
located on opposite sides of the TEG, which allows the system to create periodic thermal
hysteresis during heating and cooling cycles. The dual PCM-TEG energy harvester represents
a new operational concept for passive energy harvesting, which allows the conversion of low-
potential, non-directional ambient thermal fluctuations into electrical energy. This approach is
well suited for low-power autonomous sensors and devices.

Unstable vehicle driving conditions and exhaust gas temperature fluctuations are crucial
factors that hinder the development of automotive TEGs. In [9, 10], a new concept of joint
operation of automotive TEG and PCM is presented. It is shown that PCM on the hot side of
TEG reduces the influence of exhaust gas temperature fluctuations on the thermoelectric power
(TEP) value and increases its efficiency. Studies have shown that stabilization of the
thermoelectric power (TEP) leads to an increase in output power by 1.16 %.

The functionality of monolithic structures of TEG-PCM systems can be significantly
improved. In particular, some modern studies introduce the concept of interchangeable cassette
modules [11, 12]. Such an engineering approach allows, by quickly replacing cassettes with
phase change materials on the hot and cold sides (for example, the transition from high-
temperature salt hydrates to low-temperature eutectics), to expand or shift the thermal range of
TEG operation in the desired direction. The modular design of the thermal accumulator with
PCM is described in detail in [11]. The PCM absorbs excess heat and prevents overheating of

ISSN 1607-8829 Journal of Thermoelectricity Ne3, 2026 83



V.S. Zakordonets
Inertial Thermoelectric Generator with Phase Change Thermal Modules

the LED elements and their degradation. The simultaneous use of replaceable modules with
PCM on the hot and cold sides of the TEG for active heating and passive cooling is an
innovative combination.

The purpose of the work is to create an inertial thermoelectric generator with integrated
thermal accumulators on the hot and cold sides, which would generate a stable voltage
independent of variable ambient temperature conditions.

Design and calculation of a thermoelectric generator

As follows from the second law of thermodynamics, not all the heat supplied to a heat
engine can be converted into useful work. Only a certain part of it is suitable for this. The
efficiency of thermal energy is assessed by calculating its exergy [3].

T
ExSQh (I_Fj (1)

h

where Qr 1s the amount of heat supplied to the heat engine from the heater, T is the temperature
of the heater, T is the temperature of the cooler. The equal sign is valid only for an equilibrium
thermodynamic process.

A thermoelectric generator is a solid-state heat engine in which the role of the working
medium is performed by an electron gas. If the heat source has a temperature 7, and the cooler
has a temperature 7c, then the only possibility to obtain the maximum electric power, having
received heat On from the source, is for the electron gas to carry out a direct thermoelectric
Carnot cycle. Using the second law of thermodynamics, it can be shown that in a thermoelectric
process, exergy can be described by the relation

T, VI+ZT -1

E =(0,-0.)=0,|1-=| 2)
T,) N1+ ZT +T./T,

where 77 is the heater temperature, 77 is the cooler temperature, Z7 is the dimensionless
thermoelectric figure of merit of the semiconductor material [1], Q¢ is the amount of heat
transferred to the cooler, 7= (T» — T¢c)/2 is the average temperature.

Exergy characterizes the efficiency of thermal energy, determining the fraction of energy
that can be converted into electricity. The greater the exergy, the greater the efficiency of
thermoelectric energy conversion. Structurally, the TEG is made in the form of a sandwich, in
which hot and cold modules with PCM are tightly pressed to its hot and cold sides through heat-
conducting gaskets.

In the first stage, the PCM of the hot module absorbs the supplied heat, heats up and melts
at the temperature 7. The enthalpy change during heating and fusion occurs in two stages:

- heating the solid phase of the PCM from the initial temperature 7nin to the fusion
temperature 7j;

- phase change at fusion temperature 7
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where my is the mass, c,, (T ) is the specific heat capacity of the solid phase, Ax(T) is the specific

heat of fusion of the PCM of the hot module. The process of charging the hot module with heat
continues until the phase change material in it is completely melted. Since the specific heat
capacities and specific heats of fusion of the PCM depend weakly on temperature, in further
calculations we will consider them constant.
In the second stage, the process of heating and melting of the PCM in the cold module
and the process of crystallization of the PCM in the hot module begin.
The change in enthalpy during heating and melting occurs in three stages:
- heating of the solid phase of the PCM from the initial temperature T to the fusion
temperature 7y;
- phase change at the fusion temperature 7%;
- heating of the liquid phase (PCM) from the fusion temperature 7% to the maximum
temperature Tmax.

T, Tinax
AH, =m, | | ¢, (T)-dT+1(T)+ [ c,(T)-dT |, 4)
Tin Ty

where mc is the mass, ¢ (T) and ¢, (T) is the specific heat capacity of the solid and liquid

phases, A, (T ) is the specific heat of fusion of the PCM of the cold module.

Since the crystallization and melting processes are isothermal, the temperature difference
between the hot and cold modules remains constant throughout the entire charge-discharge cycle.

AT =(T,-T,). (5)

In TEG, work is performed due to the generation of thermoelectric current. Moreover, as
follows from the first law of thermodynamics, the work of the current

W =(0,~0.)=AH,~AH,, (©)

where @, is the amount of heat supplied to the TEG from the heater, (), is the amount of heat

transferred to the cooler.
On the other hand

W =P-At, (7)

where P and At are the power and operating time of the TEG, respectively.
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1.Hot module with PCM 1
2. Cold module with PCM 2
3. TEG

4. Internal radiators

5. Thermal insulation layer
6. Thermally conductive graphite gaskets
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EI:':': I = 6 7. External radiator

Fig. 1. Schematic structure of an inertial thermoelectric generator

Using PCM on both sides of the TEG will allow creating a thermoelectric generating
system with high inertia, which is capable of generating stable thermoelectric power even with
unstable heat flux from the heater. Making thermal accumulators replaceable (for quick
replacement) will allow making a stock of preheated and cooled thermal modules. Moreover,
any heat and cold sources are suitable for heating and cooling. The use of replaceable thermal
modules will allow the replacement of salt hydrates with PCMs with a higher fusion
temperature without replacing the TEG, thereby increasing the AT and generating power.

Table 1
Phase change materials with high enthalpy
Phase change Chemical 1% Cs cf A p
material formula °C (kJ/kgK) | (kI/kgK) | (kl/kg) | (Ig/m?)
1. | Erythrol CaHi1004 118-121 1.38— 2.76— 300-340 | 1450
1.42 2.85
2. | Magnesium Mg(NO3)2 89 1.85 2.30 147-167 —
nitrate hydrate 2H20
3. | Barium Ba(OH)2 78 1.2-1.4 2.1-33 265.7 -
hydroxide 8H20
octahydrate
4. | Stearic acid CisH3602 69.6 1.76 2.30 198.9 -
5. | Myristic acid Ci14H23802 | 54.0-58.8 1.89 2.00 198.7 -
6. | Paraffin wax CasHs2 55 2.14 2.90 200-220 -
7. | Sodium acetate | NaC2H302 58 2.57 4.88 264-280 —
trihydrate 3H20
8. | Glauber's salt Na2SO4 324 2.09 4.88 267 —
10H20
9. | Lithium nitrate | LiNO3 30 1.6-1.8 |2.7-2.9 280-296 | 1550
trihydrate 3H20
10. | Water (for H20 0 4.18 4.20 333.5 1000
comparison)

T} is the fusion temperature, cs is the specific heat capacity of the solid phase, cyis the specific

heat capacity of the liquid phase, / is the specific heat of fusion, p is the density.
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A significant disadvantage of PCMs, compared to metals, is their low thermal
conductivity, which prevents rapid charging and discharging of thermal modules. To reduce the
overall thermal resistance in TMs, internal radiators or a cellular structure are used. The use of
metal foam or cellular inserts radically changes the heat transfer mechanism. The metal will
occupy about 5-10% of the total volume of the TM. This will slightly reduce the mass of the
PCM, but will increase the thermal conductivity of the PCM by an order of magnitude.

The hot and cold modules contain erythrol and lithium nitrate hydrate as the phase change
materials, respectively. Erythrol is one of the most effective phase change materials for storing
thermal energy at low temperatures. It has a high latent heat of fusion density in the range of
0-120 °C. Its favorable phase change temperature and stable fusion temperature of
approximately 120 °C make it ideal for bismuth telluride-based thermoelectric systems. Its high
thermal conductivity, compared to organic PCMs, ensures rapid heat absorption and release. In
turn, lithium nitrate trihydrate is capable of absorbing a large amount of energy during its
transition from a solid to a liquid state. This means that a relatively small TM can absorb the
heat passing through the TEG for an extended period without heating above 30 °C. It acts as a
"thermal sponge." The speed of replacing the TM with the PCM in the TEG depends on the
design of the fastening system and the method of ensuring thermal contact. To minimize
downtime and maintain efficiency, it is necessary:

- use guide rails along which the module with the used PCM is pulled out, and a new one
(cold, hot) is inserted in its place;

- to fix the modules, use spring-loaded clamps or eccentric clamps instead of screws,
which will allow you to quickly replace the required module;

- instead of thermal paste that needs to be cleaned and reapplied, use flexible graphite
sheets. They do not dry out, do not require cleaning when replacing the container, and provide
excellent thermal conductivity;

- to prevent complete cessation of thermal generation when replacing modules, the cold
and hot modules are separated into parts.

Let us find the amount of heat that must be stored in the hot module for the battery to
operate with an electric power P for a time A¢. From (2) we obtain

P-At

- : 8

0, 1) 7 8)
T, ) N1+ZT +T/T,

In turn, the amount of heat that the cold module must absorb
0.=0,-P-At. 9)

The required mass of hot and cold PCM can be found from the relationships

m, =&, (10)
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m, ===, (11)

Numerical analysis of results

Heat in the modules accumulates mainly due to phase transitions, so we will not take into
account the heat capacity of the liquid and solid phases. Let us find the amount of heat that
erythrol will release and lithium nitrate will absorb. As follows from relations (8) and (9), to
ensure autonomous operation of the ITEG with a power of P =30 W for Az =1 hour = 3600 s,
the hot thermal module must emit O» = 2915 kJ, and the cold one must absorb Q. =~ 2808 kJ of
heat. For the thermoelectric figure of merit of modules based on bismuth telluride, we take a
realistic value Z7 = 0.8. In this case, T = 393K, Tc = 303K, AT = 90K.

Table 2
Technical characteristics of TEG at 7= 30°C and 7 = 120°C in maximum power mode
TEG type Uoc Uopt Isc Iopt Prax Ropt R; n Eff
A% A% A A W | Ohm | °C/W %

MTG2-1,15-199DT2S | 6.12 | 3.06 | 2.70 | 1.26 | 3.89 | 2.3 0.9 | 199 | 3.04
Uoc — open circuit voltage, Isc— short circuit current, Ropi— optimal load resistance, R:, — thermal

resistance, n — number of p-n — pairs

To obtain maximum power at a temperature difference between the heater and the cooler
AT = 90°C, thermoelectric modules must have low internal electrical and thermal resistance
and an optimal number of internal thermocouples. Given this, we will take as a basis the
standard thermoelectric module MTG2-1,15-199DT2S, the main parameters of which are given
in Table 2. In maximum power mode, it will generate about Pmax = 3.9 W, at a voltage
Uopt=3.1 V. Let us find the required number of modules. N = P/Pmax = 8§ pcs. With such a
temperature difference, most standard TEG modules work at the limit of their capabilities, since
they are optimized for much larger differences (A7 = 150-200 °C). To improve reliability, we
will form two legs of 4 TEGs each and connect them in parallel. At optimal load, the maximum
power of the ITEG will be Pmax = 31.2 W, at optimal voltage, Usp: = 12.4 V. Calculating the
mass and volume of the hot and cold PCM yields: m»=9.1 kg, mc=9.5kg, Va=6.31, Ve=6.1 L
The described ITEG is significantly more efficient than simple TEGs on traditional radiators,
as it has "thermal inertia."

Conclusions

The use of thermal modules integrated into the TEG will allow creating a generator with
high inertia, capable of generating stable thermoelectric power. The use of replaceable thermal
modules will allow creating a reserve of preheated and cooled modules, with any heat and cold
sources suitable for heating and cooling. The TEG with a set of backup thermal modules can be
used to power electronics in blackout conditions, as well as in a fully autonomous mode, since it
will be possible to “stretch” the energy of a relatively small amount of fuel for a long time.
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An important advantage of ITEG is the stability of the output voltage. This is critical

when powering communications systems, where a sudden power outage can lead to

configuration failure. It is obvious that by scaling it will be possible to create ITEGs of much

higher power.
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TepHOMTLCHKHI HAIIOHATLHUI TEXHIYHUH YHiBepcuTeT iMeHi [BaHa [Tymos, Ykpaina

InepuiliHuii TepMoOeTeKTPUYHUI reHePaToP
i3 pazonepexiTHUMHU TeNJIOBUMH MOAYJISIMHU

Memoro pobomu € po3paxyHok ma CMEOPeHHs. IHEPYIIHOZO0 MEPMOENEKMPULHOLO
eenepamopa (ITEID) 3 inmezposanumu 6 Hb020 3MIHHUMU MOOYIAMU MENd | X0N00Y HA
eapsiyitl 1 XoN00Hil cmopoHi. 3acmocysanus meniosux mooyiie (TM) 3 o6ox cmopin ITED
arcopemro 3aghikcye eenuduny epadicnma memnepamypu 6 eenepamopi. Lle oacms 3mo2cy
nOOYOY8amu a6MOHOMHY MEPMOENIEKMPULHY 2EHEPYIOYY cucmeMmy, siKka Oyoe cenepysamu
cmabineny mepmoEPC npomszom ecvoeo uacy pobomu. Ilpunyun pobomu ITED
basyemvcsi HA GUKOPUCMAHMI NPUX0B8AHOT meniomu Kpucmanizayii 1 niaeienHs
gazonepexionux mamepianie. BuxopucmanHs 3mMiHHUX MENI08UX MOOYII6 3a0e3nedumn
weuoKy 3aminy pospsaodicenux TM 3apsooicenumu, a maxoxic 0acmov 3mMo2cy 3pooumu 3anac
HONEpeOHbO HA2PIMuUX i 0X01004CeHUX MoOYi8. IIpuvomy, 05t HacpieanHs i OXON00HCEHHS
npudamui 6y0b-sKi dducepena menia i xon00y. [l 30invuienHs weuoKoCmi 3apsa0AHCantsl i
pospsaoacanusn 8 TM nepedbauena mepesica sHympiuiHix padiamopis.

Kumrouosi cioBa: JlyansHuit ®IIM, TepMoeneKkTpUyHUI T'eHepaTop, TEIUIOBUH MOMAYJb,
NpUXOBaHa TEIUIOTA TUIABJICHHS, (Qa3omepexiHi Marepiand, eHTalbIlis, eKCeprid,
TETJIOBHH OITip.

Journal of Thermoelectricity Ne3, 2026 ISSN 1607-8829



