Pre prints.org

Article Not peer-reviewed version

Phase Change Material Thermoelectric
Generator

Carlos Armenta-Déu

Posted Date: 27 December 2023
doi: 10.20944/preprints202312.2028.v1

Keywords: thermoelectric generation; phase change material; thermal conductivity

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/1006502

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 December 2023 doi:10.20944/preprints202312.2028.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Phase Change Material Thermoelectric Generator

Carlos Armenta-Déu

Dpt. of Matter Structure, Thermal Physics and Electronics, Faculty of Physics Sciences, Complutense
University of Madrid, 28040 Madrid, Spain; cardeu@fis.ucm.es

Abstract: This paper aims to study and analyze a new Peltier cell layout using a PCM in biphasic mode, with
the liquid phase encapsulating the p-n junctions and the solid one playing the role of heat sink. The selected
PCM is an organic compound that operates within a temperature range corresponding to the melting process.
The phase change zone encompasses the working temperature of the Peltier cell, avoiding thermal gradient
variation across the cell section and maintaining the operating conditions and the cell efficiency. PCM
encapsulates the Peltier cell thermocouples, creating a layer that increases the power generation as the
thickness reduces. We simulated the performance of the new configuration for different temperature gaps
between both sides of the cell, obtaining an improvement in power generation from 1.65 to 7.93. This power
increase ratio depends on the temperature gap and transient time to reach the steady working temperature.
The control of the layer thickness, transient time, and working temperatures resides in the external heating
power source, which varies the operating conditions regulating the heat power and the airflow. Maximum
output power from the cell prototype is 36.5 W, while conventional Peltier cells operating in similar conditions
produce 7.3 W, which represents a power gain of 500%.

Keywords: thermoelectric generation; phase change material; thermal conductivity

Introduction

Peltier cells consist of a set of p-n junctions grouped in series and parallel to increase voltage and
current, encapsulated in a ceramic matrix to protect the junctions, to provide mechanical support,
and to allow heat transfer from side to side. The number of p-n junction depends on the cell
configuration and the manufacturing design, but they operate as a group with semiconductor
characteristics [1].

Peltier cells work in a reversible mode, either as an electric generator using a temperature gap
between the two sides of the cell or as a thermal power source when injecting current at a specific
voltage difference between the p and n sides of the junction [2,3]. Despite the ceramic material of the
encapsulating body may stand for high temperatures, the Peltier cell cannot operate beyond a
temperature limit because the welds of the p-n joints do not withstand temperatures above a specific
threshold [4-6]. On the other hand, if the temperature drops below a defined value, the cell efficiency
reduces drastically, and the electric generation process becomes useless [7-10].

The current operating temperature range in commercial Peltier cells is -60° C to 320° C, although
this range widens or shortens depending on the cell configuration [11-13]. The efficiency of a Peltier
cell depends on both the operating temperature and thermal gradient between the two sides of the
cell, following a curve that reminds of a Gauss bell. This efficiency shape makes the cell to operate at
optimum conditions in a narrow temperature difference margin around the peak power point,
corresponding to a specific temperature [14,15].

Peltier cells suffer from a low efficiency because of the low existing temperature gap between
hot and cold side of the cell [16,17]. This effect results from the heat transfer process across the cell
due to the parallel thermal connection of the n and p semiconductor blocks [1,18].

The cold side of the Peltier cell must be cooled down using either an active external refrigeration
source or a passive heat sink to avoid this problem [19,20]. An external refrigeration source produces
a faster cooling but requires power for operation, reducing the global efficiency of the system. Passive
heat sink cools down the cell slower but does not require an external power source. Nevertheless, it

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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needs to evacuate the absorbed energy to avoid temperature rising, which reduces the cell
temperature difference; thus, the efficiency.

We propose using a phase change materials (PCM) whose melting point matches the working
temperature of the Peltier cells. The proposed PCM operates in biphasic mode, with the liquid section
encapsulating the p-n junctions of the Peltier cell and the solid phase absorbing the heat flow from
the cold side.

Theoretical Background

Peltier cells characterize by its electromotive force, which depends on the thermal gradient
across the cell section and on the so called Seebeck coefficient representing the thermoelectric nature
of the cell components [21]; mathematically:

E=a,,eVT =(a,—a,)eVT =(a,—a,)AT O

In which a4s is the Seebeck coefficient of the Peltier cell, with a4 and as the individual coefficients
of the two elements of the Peltier cell p-n junction, ¢ the cell thickness, VT the thermal gradient, and
AT the temperature difference between the hot and cold side of the cell.

Although equation 1 shows an increasing value of electromotive force with thermal gradient,
there is a limit of temperature operation because of the physical properties of the cell material [22-
26].

When Peltier cell plays the role of an electric generator, we should use the Peltier coefficient to

obtain the power generation, W, as:
W=17Z'AB=](7Z'A—7Z'B) )
I represents the generated current, and 7t is the Peltier coefficient, with sub-indexes A and B
accounting for the two cell components.
Peltier coefficient only depends on the kind of materials, while the generated current depends
on the cell cross section [27-29].
Peltier relates to Seebeck coefficients through the expression:

T =, AT

AB AB (3)
Therefore:
W=I1a,AT =1ca,,eNT @)

Equation 4 does not consider energy losses due to Joule’s effect and thermal conductivity;
therefore, we should reformulate the Peltier cell power generation as:

W =1Ia,T—xkAT—I’R/2 o)

x and R are the two cell branches parallel thermal conductivity and series electric resistance .

Analyzing equation 5, we observe that thermal conductive material increases energy losses.
Likewise, high electric resistance produces higher thermal losses due to Joule’s effect.

A further analysis shows that increasing the cell operating temperature also increases the power
generation through the first term of equation 5; however, temperature difference raises too; thus, the
power generation reduces. This analysis leads to an optimum operating conditions corresponding to
a specific working temperature and thermal gradient.

Electric Generation

Peltier cell consists of a p-n junction encapsulated in a material, commonly ceramic, to maintain
the cell structure (Figure 1).


https://doi.org/10.20944/preprints202312.2028.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 December 2023 doi:10.20944/preprints202312.2028.v1
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Figure 1. Schematic diagram of a realistic Peltier cell.

The power output of the realistic Peltier cell compared to an ideal configuration where the
encapsulating layer does not exist is:

W4 !

P =
v, A1 2p ifeY
o {(ejtcﬂ 1+2/1(C]
eO p C eO
(6)

A is the cross section area of the Peltier cell, p is the electric resistivity and A is the thermal
conductivity. Sub-indexes 0 and c account for ideal configuration and encapsulating layer.

Provided we maintain the geometric configuration, parameters in equation 6 remain constant
for specific p-n junction, but thermal conductivity and electric resistivity of the encapsulating layer,
Ac and pe. To maximize the Pr ratio, we must increase pc and reduce A nevertheless, if the case of
ceramic as encapsulating material, the values depend only on the ceramic type, moving in a narrow
margin. This situation limits the increase of Pr; therefore, the power generation.

Simulation

We may replace ceramic by another material of low thermal conductivity and high electric
resistivity, which is the case of some PCM. Among the many existing phase change materials, we
select the family of paraffin wax since they have a melting point compatible with the working
temperature of Peltier cells.

Paraffin wax characterizes by a low thermal conductivity [30,31], which in current applications
requires enhancement [32-37]. Nevertheless in our case, low thermal conductivity increases power
generation. Typical values of paraffin wax thermal conductivity are in 0.15 W/m-K to 0.25 W/m'K
range, raising as melting temperature reduces (Figure 2) [38]. We may replace ceramic by another
material of low thermal conductivity and high electric resistivity, which is the case of some PCM.
Among the many existing phase change materials, we select the family of paraffin wax since they
have a melting point compatible with the working temperature of Peltier cells.
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Figure 2. Thermal conductivity of paraffin wax.

Paraffin wax characterizes as good electric insulator with high electric resistivity [39] and
excellent specific heat capacity [40].

Since the paraffin wax is a composite material [41,42], melting point is not a single value but a
range [43-45], which depends on composition; it currently starts at 39° C [46], although its most
frequent melting temperature range is 46° C to 68° C [47].

The above mentioned properties make paraffin wax as suitable element to encapsulate p-n
junctions of a Peltier cell.

Table 1. Properties of paraffin wax, ceramic material and Peltier cells [48-50].

Property Paraffin wax Ceramic Peltier cell
Thermal conductivity (W/m-K) 0.2 2.5 1.55
Electric resistivity ((2-m) (x10'7) 1.0 7.5 2.8

We consider the following thicknesses (Table 2) to evaluate the power generation gain.

Table 2. Thicknesses for the simulation (in mm).

e €o Epcm €cm
6 4 2 2

Using data from literature (Table 1) and applying equation 6, for we have:

”

=20
an @)

Equation 7 shows that power ratio raises by a factor of 2 by reducing the encapsulating layer
electric and thermal conductivity.

Power ratio gain is very sensitive to the PCM layer thickness, which encapsulates the p-n
junctions. This thickness depends on the thermal gradient, operating temperature and diffusion
process that evacuates the heat flow across the cell. To determine the influence of the layer thickness,
we extend the simulation to a range from 0.5 mm to 2.0 mm. Simulation results are in Figure 3.

”
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We observe that encapsulating body layer thickness significantly influences the power
generation ratio, increasing it to a factor of 5 for a PCM layer thickness one-fourth of the ceramic body
thickness.

Power generation ratio matches a second degree polynomial function of the type:

P =1.915%-8.68245 +11.794 (R’ =0.9996) ®)

0 is the layer thickness.

Power ratio

05 06 07 08 09 1 11 12 13 14 15 16 1.7 18 19 2

e(PCM) (mm)

Figure 3. Simulation of PCM to ceramic encapsulating body power generation ratio.

Heat Transfer

The layer thickness of the PCM, which encapsulates the p-n junctions, depends on thermal
balance at the PCM fluid phase and the heat exchange with its solid phase. Since the heat transfer
across the PCM layer produces by conduction, we have

° K
0= L SpenAT,

Cpcum 9)

Kk, ¢ and S are the thermal conductivity, thickness and cross section of the PCM layer,
respectively, and AT. is the temperature difference between hot and cold side of the cell.

Heat flow, Q, should match the absorbed energy in the PCM encapsulating layer during the

transient state, Af, which corresponds to the liquefied section of the PCM bulk; therefore:
0
0

= A = A (CPCM PrewSpenepeu DT, + LocySperr€pr Prcu ) =

= Ait[cPCMpPCMSPCMePCM (Tm -T, ) +LPCMSPCMePCMpPCMj| —
ZW[CPCM(% —T,,)+LPCM} o

¢, L and p correspond to the specific heat, latent heat and density of the phase change material.
To and Ty are the initial and melting point temperature of the PCM.

Combining equations 9 and 10:
12
Kpey Al Ty — T’"P

Prem - Cpem (T —p ) + Lpcy

€pcm =

(11)
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T is the temperature of the PCM, with sub-indexes H and mp accounting for the hot side and
melting point.

Considering the encapsulating layer is symmetric respect to the p-n junction set, we can
determine the layer thickness as

5 — ePCM - ep—n

2w
Therefore:
12
K pey Al Ty _Tmp —e
s Prcv - Crem (Tmp -7, ) + Lpcy o
2 (13)
Equation 13 provides the algorithm to calculate the layer thickness corresponding to the
simulation.

Because thermal conductivity, latent heat and density of the PCM are well-known constants
[30,31,38,51,52], considering that the p-n junction set has a specific thickness, the layer thickness only
depends on the hot side and initial temperature.

Layer Thickness

The simulation continues with the encapsulating layer thickness determination for transient
time interval from 1 to 6 minutes and cell temperature gap between 50° C and 100° C. Table 3 shows
the simulation results.

Table 3. PCM encapsulating layer thickness, in mm, for various temperature gap and transient time

interval.

Transient Cell temperature difference (°C)

time (min) | 100 95 90 85 80 75 70 65 60 55 50
1 0,8 0,8 0,7 0,7 0,7 0,6 0,6 0,6 0,5 0,5 0,5
2 1,2 1,2 1,2 1,1 11 1,0 1,0 0,9 0,9 0,8 0,8
3 1,6 1,5 1,5 1,4 1,4 1,3 1,3 1,2 1,2 1,1 1,0
4 1,9 1,8 1,8 1,7 1,7 1,6 1,5 1,5 1,4 1,3 1,2
5 2,1 2,1 2,0 2,0 1,9 1,8 1,7 1,7 1,6 1,5 1,4
6 2,4 2,3 2,2 2,2 2,1 2,0 1,9 1,9 1,8 1,7 1,6

Retrieving the efficiency evolution with temperature gap for Peltier cells (Figure 3), we can
determine the power generation ratio for the simulated operating conditions.

Since the Peltier cell efficiency depends on the temperature difference and the so called “Figure
of Merit”, we should determine this parameter to select the appropriate curve on Figure 3.

The Peltier cell figure of merit describes the quality of a thermoelectric generator (TEG) and
characterizes by a factor that relates to the ideality of a Carnot cycle. The mathematical expression of

the Figure of merit, Z, is:

2
(24

Z=—

PE e
x and p account for thermal conductivity and electric resistivity, and a is the Seebeck coefficient.
Applying data for our Peltier cell, we have Z=1.27
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Figure 4. Peltier cell efficiency vs. temperature gap [53].

Operating in a temperature difference range from 50° C to 140° C, which are the limits of our
case, we can adjust the efficiency curve to a linear function of the type:

n=0.0692T (15)
With the temperature in centigrade

Power Generation

Peltier cell power generation depends on different parameters: temperature gap across the cell,
encapsulating layer thickness and operating temperature. To evaluate the Peltier cell output power,
we consider the combined effects of the three mentioned parameters according to the simulation
results previously developed. Nevertheless, the power generation also depends on the transient time
since the Peltier cell temperature gap evolves with time from the initial to the steady state; therefore,
we also consider the transient time as a parameter that influences the power generation and the
power generation ratio.

We obtain the following results combining all mentioned parameters (Figure 5).

We observe that power generation increases with raising temperature gap and with transient
time decrease; the evolution of power generation follows, in all cases, a second degree polynomial
function with coefficients a, b and c listed in Table 4 for the different cases.

With the exception of the curve corresponding to the 2 minutes transient time that shows an
adjusting coefficient of 91%, the fitting to the second polynomial curve is higher than 94% with
regression coefficient near 100% in 50% of the cases; therefore, we can predict the Peltier cell power
generation provided we know the temperature gap and the transient time with high accuracy.
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Figure 5. Power generation for the PCM encapsulated Peltier cell for different transient time.

Table 4. Second degree polynomial function coefficients for power generation evolution in Figure 4.

Transient time curve a (x?) b (x) c R?
1 min -0.0012 0.3904 4.5932 0.9974
2 min -0.0005 0.1520 10.591 0.9105
3 min -0.0004 0.0973 9.1212 0.9394
4 min 0.0004 -0.0471 12.306 0.9856
5 min 0.0006 -0.0614 10.313 0.9937
6 min 0.0005 -0.0197 5.8221 0.9940

The analysis of simulation results shows that power generation increases by a factor between
1.625 and 7.930, as shown in Figure 6.
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Figure 6. Encapsulating body power ratio PCM to ceramic.
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Power generation and power ratio increases with reducing layer thickness for identical
temperature gap. For every layer thickness, power ratio decreases with temperature gap increase in
opposition to power generation, which increases as temperature gap does.

Experimental Tests

To validate the simulation results, we build a prototype consisting in a PCM matrix
encapsulating a 127 p-n junction set, configuring the prototype Peltier cell. A thin thermal conductive
film of 0.05 mm thickness covers the hot side of the cell. Thermal insulation film covers upper and
bottom edge, and left and right side of the matrix (Figure 7).

Thermocouples  Encapsulating
Z

Liquid oM.z layer
phase ©l==" 1 SVIUPI&E ﬁaser beam
Thermal " y
conductive 4 /{'3\
layer y - »\{\Q’

Figure 7. Schematic representation of the Peltier cell prototype.

We insert the prototype cell in a parallelepiped hermetic closed chamber of insulation material,
building a hole of equal size that the prototype cell cross section in the chamber rear wall where we
incrust the prototype cell. Front side of the cell prototype, corresponding to the thermal conductive
layer, heats from a commercial heating source that blows hot air inside the chamber at a temperature
up to 160° C. Temperature is controlled by a thermistor thermostat of +1¢ C.

A power analyzer PCE-PW6000 A measures and registers the cell voltage and current,
determining power within 1% accuracy. Encapsulating layer thickness is measured using a laser
beam which moves sideways from front to back on a graduated sliding rail of 0.1 mm precision. Laser
beam width is less than 0.05 mm. We measure the encapsulating layer thickness through the changes
in laser beam intensity because of the PCM liquid and solid phase different refraction coefficient.

Tests run for temperature gap from 50° C to 140° C. To control temperature, we use T-
thermocouples of 0.5° K accuracy. Cold side of the cell maintains at constant ambient temperature
(20° C) due to the solid phase, which plays the role of a heat sink. If temperature raises, a heat
exchanger inserted in the solid phase bulk evacuates the excess of energy and keeps the solid phase
temperature within limits.

Transient state time modifies changing the hot air flow from the heating source; indeed,
applying energy balance, we have:

PCM
T, mp - To

Ly (16)

L]
_ PCM
Mair C . (7—1'}1 -T ) - Fleq CPCM

out

Mair is the air flow in the chamber, ¢ is the specific heat, Fr is the heat transfer coefficient through
from air to PCM, mIZCM is the PCM mass in liquid phase, t» is the transient time, and T is the

temperature, with sub-indexes in and out accounting for the air at the chamber inlet and outlet duct,

doi:10.20944/preprints202312.2028.v1
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o for the initial temperature of the PCM, which currently matches the ambient, and 7, ,,;CM the melting

point PCM temperature.
Since we measure temperatures and air flow in the chamber, and because we know specific heat
of air and PCM, and the PCM liquid phase mass, solving for equation 15, we have:

PCM PCM
[ = Fleq CPCM T;np _T:)
r = .

(T;n - Tout )

M air Cair (17)

Assuming the dependence on temperature is negligible or of low significance for specific heat
of PCM and air, we consider these two parameters remain unchanged during operation. Since PCM
is in thermal equilibrium with the ambient before starting the test, and because PCM melting point
is fixed, To and remain constant too. Liquid phase PCM mass and heat transfer coefficient are also
constant, provided we neglect variations of Fr with temperature, which are small for the operating
range.

The above considerations make the transient time only dependent on heating air flow mass and
temperature gap inside the chamber. Since these two parameters depend on each other through the
expression:

(I_FL)Qair = Mair C, (T;n _T;)ut) (18)

Fr represents the thermal losses factor in transferring energy from the external heating source to
the air chamber.

We run a test measuring air flow temperatures before and after the external heating source and
chamber inlet and outlet temperature to determine F value. Mathematically:

F :1_7;71_ out :T:mt_y;mb
L
Tz"n _7:1mb Tz"n _T:zmb (19)

If we know the external source heating power, Qair , and if we measure the air flow inlet and
outlet temperature, the mass flow is set up.
We, therefore, can convert equation 17 into:
PCM
By Cpey AT ey

tr .

Ouir (20)

Since the numerator remains constant over the test duration, transient time only depends on the
external heating power source; changing the power modifies the transient time; this is how to set up
tr value.

We sets up hot side temperature using the thermal balance of air flow from the external heating
source; considering a linear evolution of air temperature inside the chamber, which is highly accurate,
we establish:

T :];n—l_]:mt :(I_FL)Qair +T

H 2 . out

2 Mair €, 1)

We determine the cell prototype hot side temperature by regulating the heating power and air
flow and measuring outlet temperature at the air chamber.

The layer thickness value results applying equation 13, where thermal conductivity, specific
heat, density, latent heat and melting point temperature of the PCM are known. To determine cell
hot side temperature, we apply equation 21. Thickness of the thermocouple (p-n junction) comes from
the manufacturer datasheet. Initial temperature matches ambient one, and time interval is the
transient time determined using equation 20.
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Figure 8. Output power for the Peltier cell prototype. Solid line (experimental); dashed line
(theoretical simulation).

Experimental results show in Figure 8. To facilitate the viewing, we split the results in two
graphs, first for tests corresponding to transient time between 1 and 3 minutes and second for 4 to 6
minutes.

We realize that experimental results match theoretical simulation data within 95% accuracy, thus
validating the proposed methodology to evaluate the output power for the Peltier cell prototype.

We also notice that output power tends to merge for high transient times, 4 to 6 minutes, as the
temperature gap increases; however, for low transient times, 1 to 3 minutes, it separates.

Conclusions

We design and build a new Peltier cell with the thermocouples encapsulated in a PCM matrix.
The new prototype shows higher output power with regarding conventional Peltier cell structure
with ceramic encapsulating material.

Power generation ratio of new prototype to conventional model is in the range 1.625 to 7.930
depending on the temperature gap between the cell sides and on the transient time to reach the steady
state operating temperature. The greater the temperature gap, the lower the power generation ratio.
On the other hand, the shorter the transient time, the higher the power generation ratio.

We demonstrate that regulating operational conditions we may change the PCM encapsulating
layer thickness. New Peltier cell prototype performance also depends on the layer thickness; the
wider the layer, the poorer the performance. Typical thickness develops from 0.5 mm for temperature
gap of 50° C at 1 minute transient time to 2.9 mm for temperature difference of 140° C at 6 minutes
transient time.


https://doi.org/10.20944/preprints202312.2028.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 December 2023 doi:10.20944/preprints202312.2028.v1

12

PCM encapsulating layer thickness greatly influences the Peltier cell power generation, with
values from a minimum of 7.2 W for maximum transient time and minimum temperature gap to
maximum of 36.5 W form minimum transient time and maximum temperature gap.

Run experimental tests at different operating conditions show matching values with theoretical
simulation results within 95% accuracy. Temperature difference for the operating conditions is in the
50° C to 1402 C range.

Power generation increases with temperature gap for every transient time; however, it reduces
if the transient time increases. Output power tends to merge for high transient times, 4 to 6 minutes,
as the temperature gap increases; however, for low transient times, 1 to 3 minutes, it separates.
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