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Abstract - Due to the fact that much of the world’s best
solar resources are inversely correlated with population
centers, significant motivation exists for developing the
technology, which can deliver reliable and autonomous
conversion of sunlight into electricity. Thermoelectric
generators (TEG) are gaining incremental ground in this
area due to its extensive use in solar thermal application
as power generators, known as solar thermoelectric
generators (STEG).

STEG systems are gaining significant interest in both,
concentrated and non-concentrated systems and have
been employed in hybrid configurations with the solar
thermal and photovoltaic systems. In this dissertation,
mainly studies of Hybrid Solar Thermoelectric
Generators (HSTEG) configuration are presented.
HSTEG systems are much less studied both
experimentally and theoretically, despite their clear
technoeconomic advantages. There is a scope for
significant improvement in the performance (efficiency)
and a need for detailed performance analysis to
understand the fundamentals of the energy transfer
process. HSTEG systems (conventional) reported till
date, initially the solar energy is utilized by the TEG for
generating electricity and then transferred to other low
temperature thermal cycles (heating or cooling). As an
alternative one can design an advanced HSTEG system,
in such way to first utilize the solar energy in the heat
transfer fluid (HTF), which can run high temperature
thermal cycle for heating or cooling or power generation)

and then generate electricity by using TEG. Further,
there is no advanced HSTEG system is available in the
literature, which could deliver high temperature heat
output from the hot side of the HSTEG system.
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1.INTRODUCTION
Average worldwide electrical power utilization in 2020

was calculated at 17.4 terawatts, but it is anticipated to
become more than double and triple by 2050 and 2100,
respectively [1].

At their present consumption rate, economically
extractable fossil fuel resources will be heavily depleted
within these spans times (mainly if we realize their
impact on the environment). Hence, globally countries
are shifting towards renewable and sustainable energy
resources to generate electricity to meet their future
energy demand. Solar-derived electricity embodies a
vast, basically untapped renewable energy reserve,
which can be harvested either via photovoltaic or
thermal routes [2]. In this dissertation, one thermal route
is presented in particular, Hybrid Solar Thermoelectric
Generators (HSTEG), which has recently been garnering
research attention due to enhancements in thermoelectric
materials properties as well as in HSTEG system design.

Eventually, a new class of efficient, cost effective solar
to electricity conversion systems could be possible, if
these improvements are sustained [1].

1.2. SOLAR-TO-ELECTRICITY CONVERSION
TECHNOLOGY

The average solar radiation received on earth is about
162,000 TW, whereas only a vanishingly small portion
of this power are used for electricity generation [3].
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Solar photovoltaic cells (PV) convert some of the solar
spectrum directly into electricity [4], while concentrated

solar thermal (CST) technologies first convert incident
solar energy to heat and then (usually) use this heat to
boil a working fluid which drives a Rankine cycle [5].
Various PV cells and CST system are compared in Table
1.1 with respect to their operational temperature,
concentration ratio (CR = Area of the collector/Area of
the receiver), and maximum efficiency. Laboratory

scale PV modules have reached a maximum efficiency
of about ~29% and amaximum efficiency of about 46%
was attained for concentrated photovoltaic (CPV) cell
[6, 7]. However, commercially available solar PV
modules, have efficiencies between 10- 24% [8].
Commercially, large-scale CST projects have proven to
be more efficient than PV cells [9]. Solar thermal
technologies use a structure (a collector) to receive and
absorb solar thermal radiation; these collectors can be
broadly classified into two types, non-concentrating and
concentrating. Collectors, which do not concentrate
sunlight, can be stationary and do not require tracking
mechanisms. For most solar thermal electricity
generation systems, however, concentration (and thus
tracking) is required which adds to the system’s capital
cost. Another key component of the collector is the
receiver — a heat exchanger that absorbs sunlight and
transfers this energy as heat to a fluid passing through it
[10, 11]. Non-concentrating collectors are limited to a
temperature range from ambient to 240 °C, while,
depending on the CR, concentrating collectors (CST)
can operate up to 1500 °C [12].

1.3. Solar thermoelectric generator

Figure 1.1 Thermoelectric generator deployed in
different solar thermal system Electrical power
generation with the help of thermoelectric materials
using solar thermal technologies was known since 19th
century [18, 19]. A typical STEG system uses a collector,
a thermoelectric generator (TEG), and a heat sink.
Incident solar flux on the thermoelectric generator can
be wvaried with several collector options such as
evacuated flat plate; parabolic troughs; Fresnel lenses;
and parabolic dishes (as shown in Figure 1.1). Heat sink
are used a cooling system to dissipate heat from the cold
side of the TEG. Recently, instead of using heat sinks,
the rejected heat from the cold side of the TEG has been
utilized in heating/absorption cooling applications or

even for secondary power generation cycles (increasing
the overall efficiency of the system), and these modified
systems are called as hybrid systems [1]. A
thermoelectric device consists of both n- and p- type
semiconducting materials connected electrically in series
and thermally in parallel [20]. Thermoelectric generators
(TEG) utilize the Seebeck effect, which generates
voltage when one side of the TEG is maintained at a
higher temperature compared to the other side, due to
the random thermal motion of charge carriers, which
cause current to flow when the circuit is closed [21]. As
such, thermoelectrics represent reliable solid-state
devices that convert heat directly into electricity and
vice versa [22, 23]. They are widely used in refrigerators,
space applications, remote sensing, electronics cooling,
the automobile industry, and have good potential for
solar thermal power generation [24, 25]. The efficiency
of a thermoelectric device depends on the materials used.
The most important material properties can be lumped
into a dimensionless figure of merit (zT) — defined as,zT
= (S2 ¢ Ix)T where S, o, k and T are the Seebeck
coefficient, electrical conductivity, thermal conductivity
and absolute temperature respectively [2]. The
numerator, S2 ¢ , constitutes to the electrical properties
of the materials and is known widely as thermoelectric
power factor [26].

1.4. Experimental setup and methodology of the
Single TEG And The Conventional HSTEG
System

Figure 1.1. Schematics of the experimental setup
used for the performance analysis of the single

TEG module
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Figure 1.2 (a) Laboratory scale conventional HSTEG
system that is used for the experimental analysis
(Insulation on the bottom part is removed just for
taking this picture)

(b) —r— T

Figure 1.3 (b) Schematics of the laboratory based
conventional HSTEG system

Figure 1.1, shows the schematics of the experimental
setup, which is used for measuring the open-circuit
voltage, current, power and electrical efficiency of a
single  TEG module. The parameters of the
commercially available TEG module (Everredtronics —
Model# TEG1-27- 1.4-1.0, see Appendix 1V) that used
in this experiment are given in Table 1.1 [17]. The TEG

module is sandwiched between the aluminum heating
and cooling blocks (dimension: 40 mm, 50 mm and 15
mm). Three cartridge heaters (50 W each, diameter — 6.5
mm and length — 50 mm), which are connected in series,
are inserted within the heating block and the input to the
heater is varied using a Variac. Two K-type
thermocouples are also inserted within the aluminum
blocks for measuring the temperature of the hot side and
cold side surfaces of the TEG as shown in the

Figure 1.1. The inlet water temperature of the cooling
block is maintained at about 18 °C with a mass flow rate
of 0.07 kg/s. Two Envada universal data loggers (Model:
EN6000B6-23, 8 channels) are used for measuring (the
voltage and current) from the TEG module and the
temperature signal from the thermocouple. The
maximum power point measurement system (MPPM) is

developed with a voltage source (NI-9263) and an
universal data logger (Envada) as similar to that used by
Crisostomo et al. [18] for measuring the maximum
power output of the TEG module at a matched load
condition. Table 1.1 Parameters of the commercial TEG
module used in the experiments (Everredtronics —

Model# TEG1-27-1.4-1.0)

Below-mentioned specifications are based on that the

hot side temperature is at 160°C and cold side at 50°C

Parameters Specification Dimensions (mm)  40x40

Material Bi2Te3 Number of p and n legs pair 127

Open-circuit VVoltage 6.4
Matched load 1.8
Matched output Voltage (V) 3.2
Matched output Power (W) 5.2
Figure of merit of the module - ZTM 0.4

The heat flux applied to our design is in line with
commercial parabolic trough collectors e.g. Luz, Euro
trough, and Ultimate Trough designs in order to simulate
real commercial operation. The theoretical results in
terms of power output (PTEG-Theory), electrical
efficiency (nElec-Theory) and thermal efficiency (nTh-
Theory) are compared with experimental results for the
heater input power/solar irradiance of ~9-24
kW/m2.The inlet water temperature of the cold side
block is maintained at about 26 °C with a mass flow rate
of 0.19 kg/s, while the inlet water temperature of the hot
side block varied from 30-90 °C, with mass flow rate of
0.15 kg/s. Two Envada universal data loggers (Model:
EN6000B6-23, 8 channels) are used for measuring the
(voltage and current) from the TEG module and the
temperature signal from the thermocouple. The MPPM
and data logging configurations are used as similar to
the single TEG module measurement the time dependent
open-circuit voltage (OCV) for the laboratory
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scale advanced HSTEG system. The OCV is plotted
with the time up to 1220 seconds while the heater power
input is kept constant at 250 W, corresponding to solar
irradiance of 15.6 kW/m2 . The heat flux applied to our
design is in line with commercial parabolic trough
collectors, which vary between ~9-24 kW/m2 . It can be
seen that the OCV values are saturated almost from the

beginning, because the circulation bath was able to
maintain the hot side tube inlet fluid temperature, THfi
constantly at the set temperature the open-circuit voltage

(OCV) and the average temperature difference between
the hot and cold side tube, AT plotted as a function of
THfi for the laboratory scale advanced HSTEG system.
It can be observed, that both the OCV and AT, varies
linearly with THfi. OCV achieved by the laboratory
scale advanced HSTEG system, for THfi of 40, 50, 60,
70, 80 and 90 °C, is about 0.8, 1.5, 2.2, 3, 3.8 and 4.58
V, respectively, corresponding to AT of 13.6, 22.8, 31.6,
40.9, 50.7 and 60.1 °C, respectively

1.6. Summary

A detailed experimental analysis showed that the
maximum power output and electrical efficiency
achieved by the single TEG module is around 3 W and
2.7%, respectively for a temperature difference (AT) of
about 198 °C with a heater input power of about 112 W.
The conventional HSTEG is capable of producing a
maximum electrical power output of 4.7 W, an

electrical efficiency of 1.2% and thermal efficiency of
61% for an average temperature difference (ATavg) of
92 °C across the TEG modules with a heater power
input of 382 W. Laboratory scaled advanced HSTEG
system was able to achieve a maximum electrical power
of about 197 mW with corresponding electrical and
thermal efficiency of about 0.1% and 63.5% for the hot
side tube inlet temperature of 90 °C. Though, the
electrical efficiency of the laboratorybased advanced
HSTEG system is very low, but, it could be improved by
enhancing the ATavg and using TEG module with ZT
higher than 1. Moreover, the proposed advanced
HSTEG system opens up a huge potential for the
generation of both heat and electricity in an efficient
manner with high temperature heat output from the hot
side of the HSTEG system. The relative error for both
the power output and electrical efficiency varies
between 1- 10% for the conventional HSTEG system
and 3-6% for the advanced HSTEG system, respectively,

but this could be improved by relaxing the fixed ZTM
assumption used here — a value, which in reality is
sensitive to temperature change. The relative error for
the thermal efficiency is falls within 2% and 6% for the
conventional and advanced HSTEG system, respectively.
Investigation shows that the theoretical results are in
good agreement with the experimental results and that
the relative error could be further reduced by, using
improved empirical data. This experimental/theoretical
analysis serves as a fundamental basis to understand the
complex energy transfer processes in HSTEG systems.

2. Conclusions

Theoretical and experimental investigation of novel
(advanced) and conventional (with/without vacuum

enclosure) HSTEG systems are presented in this
dissertation. Wellformulated theoretical models of
conventional and advanced HSTEG system are

established to estimate the heat loss, power generated
from the TEG, thermal efficiency and electrical
efficiency. These theoretical models enable us to
evaluate the performance by analyzing important
parameters such as the geometric solar concentration
ratio (CR), solar insolation, figure of merit (ZT) of the
TEG module, hot side tube inlet fluid temperature (THfi),
cold side tube inlet fluid temperature (TCfi), mass flow
rate (m) and wind speed (Ws). Laboratory scale
experimental setups of conventional and advanced
HSTEG systems are developed and used for measuring
the open-circuit voltage, current, power, electrical
efficiency and thermal efficiency. Experimental setup
consists of the six TEG modules connected in series,
these TEG module are sandwiched between the
aluminum plates. This arrangement is then sandwiched
between (the strip heater and stainless steel cooling
block) and (stainless steel block (hot and cold side) and
the strip heater) for the conventional and advanced
HSTEG systems respectively. Aluminum plates are used
in order to measure the average surface temperature
across the TEG module using six thermocouples. In
addition to the clamping support, thermal interface
material (heat sink paste or graphite sheet) is used to
reduce the thermal contact resistance between the
surfaces. Refrigerated/heating circulation bath is used
for maintaining the inlet hot side fluid temperature at a
constant level for the advanced HSTEG system. Finally,

thick glass wool insulation is used to reduce the heat
loss from the system. Two Envada universal data
loggers are used for measuring (the voltage and current)
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from the TEG module and the temperature signal from
the thermocouple. Maximum power point measurement
system (MPPM) is developed for measuring the
maximum power output of the TEG module at a
matched load condition.

2.1. Conventional HSTEG system

» Theoretical analyses show that the maximum TEG
electrical and thermal efficiency that could be achieved
by the V-HSTEG and B-HSTEG systems is about (5.6
and 70.3%) and (5.7and 69.8%), respectively (for CR =
25 and 55, THfi = 20 °C, and varying ZT).

* Maximum TEG electrical and thermal efficiency that
could be achieved by the conventional HSTEG system is
about 11.6 and 65.4%, respectively (for CR = 135, THfi
=20°C, and ZT = 1).

 Experimental analysis shows that the maximum power
output and electrical efficiency

achieved by the single TEG module is around 3 W and
2.7%, respectively for AT

(temperature difference across the TEG module) of
about 198 °C with a heater input power of about 112 W.

» Laboratory scale conventional HSTEG is capable of
producing a maximum electrical power output of 4.7 W,
an electrical efficiency of 1.2% and thermal efficiency
of 61% for an average temperature difference (ATavg)
of 92 °C across the TEG modules with a heater power
input of 382 W.

» Comparative analysis between the theoretical and
experimental values shows that the relative error for
both the power output and electrical efficiency varies
between 1-10% and it falls within 2% for the thermal
efficiency.

2.2. Advanced HSTEG system

* Maximum TEG electrical and thermal efficiency that

could be achieved by the SC-PTTR system is about 5.4%

and 62.7%, respectively (ZT = 1, THfi = 300 °C, TCfi =
27 °C) for an optical efficiency of about 75%. However,
the maximum TEG electrical and thermalefficiency

could be as high as 5.9% and 69% %, respectively (ZT =
1, THfi = 300 °C, TCfi

=27 °C) for an optical efficiency of 81%.

» Laboratory scaled advanced HSTEG system was able
to achieve a maximum electrical

power of about 197 mW with corresponding electrical
and thermal efficiency of about 0.1% and 63.5% for the
hot side tube inlet temperature of 90 °C. Though, the
electrical efficiency of the laboratory based advanced
HSTEG system is very low, but, it could be improved by
enhancing the ATavg and using TEG module with ZT
higher than 1.

» Comparative analysis between the theoretical and
experimental values shows that the relative error for
both the power output and electrical efficiency varies
between 3-6% and it falls within 6% for the thermal
efficiency.

In summary, comparative analysis between the
theoretical and experimental shows that the results are in
good agreement and that the relative error could be
further reduced by, using improved empirical data. Thus
experimental/theoretical analysis reported in this thesis
serves as a fundamental basis to understand the complex
energy transfer processes of HSTEG systems. Moreover,
the proposed advanced HSTEG system opens up a huge
potential for the generation of both heat and electricity
in an efficient manner with high temperature heat output
from the hot side of the HSTEG system.

3. Future work

* In an experimental setup using electrical heaters to
simulate the equivalent solar energy, is a wide spread
practice, however, primarily it would be useful in
understanding the steady state response for a certain
input. Hence, author proposes that a prototype could be

built with a solar concentrator to study real time
(transient) response of the system in detail.

* Author propose that the performance of the advanced
HSTEG systems could be analyzed using a vacuum
enclosure, since it would help in understanding the heat
transfer from the hot side tube to cold side tube.

© 2024, ISJEM (All Rights Reserved) | www.isjem.com

| Page 5



L= =D
2N

Q(/ ISJEM ‘\P, International Scientific Journal of Engineering and Management

Volume: 03 Issue: 05 | May - 2024

ISSN: 2583-6129
DOI: 10.55041/ISJEM01596

An International Scholarly || Multidisciplinary || Open Access || Indexing in all major Database & Metadata

» Semi-cylindrical Parabolic Trough Thermoelectric
Receiver (the tri-segmented geometry), in which the
thermoelectric generator module is sandwiched between
two semi-cylindrical tubes, possess an inherent
advantage providing high and low temperature heat
output from the hot side and cold side, respectively.
Author proposes that investigation could be made in
analysing the amount electrical energy output that could
be converted using the high temperature output from the
hot side in a solar thermal power plant. Further, a very
ambitious study could be made in using the low
temperature heat out from cold side tube in a solar
vapour absorption air conditioning system; it is worthy
to mention here that the complexity of the system
increases tremendously.

» Computational Fluid Dynamics (CFD) software can be
utilized to analyse the performance of the HSTEG
system more vigorous via 3D modelling.

* Economic analysis of the advanced HSTEG system
could be carried out to estimate the cost efficiency of the
system in comparison with other solar power and
process heating systems
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