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Abstract: In the current study, the concept of building a power plant using thermoelectric generator
(TEG) modules is investigated, both technically and economically. The hypothesized thermoelectric
generation power plant is a modular system, consisting of a large array of electrically connected
thermoelectric generator units for generating clean electricity with-out greenhouse gas (GHG)
emissions, noise, or hazardous solid wastes. The envisioned thermoelectric generation power plant
(TEGPP) considered here is assumed to utilize solar radiation as a heat source, and water as a heat sink.
The viability of such a concept is examined in the current study based on available specifications of a
high-output thermo-electric generator module released in the market (TEG1-24111-6.0). Benchmarking
is car-ried out considering a high-efficiency photovoltaic (PV) panel in the market (SunPower SPR-
MAX38-400), assuming that it operates under standard solar radiation of 1,000 W, and with a standard
panel temperature of 25 [IC, causing it to give an output electric power of 400 W (DC or direct current).
It is found that in order to have an electric power of a thermoelectric generator unit similar to that of a
photovoltaic panel of equal surface area, the temperature at the hot side of the thermoelectric generator
unit should be about 70 [IC if the cold-side temperature is 30 LJC. However; under this output power
equiva-lence, the price of the thermoelectric generator unit is about 90 times that of a photovol-taic
panel of equal size (based on prices of October 2023). At an elevated hot-side tem-perature of 300 [ C for
the thermoelectric generator unit (with the cold-side temperature being still 30 LIC), the thermoelectric
generator unit can generate electric power that is about 25 times the power generated by a photovoltaic
panel of an equal geometric area. This big boost in the output power still does not counteract the large
cost difference be-tween the thermoelectric generator technology and the photovoltaic technology,
where the per-watt(electric) cost in the case of thermoelectric generators is 8.5 times its value in the
case of photovoltaic panels. Thus, the TEG technology in its intensified generation mode is still
relatively more expensive compared to the PV technology. The practical im-plications of the current
study are excluding the thermoelectric generation (based on the Seebeck effect) concept from large-scale
commercial power plants, and viewing thermoe-lectric generators as sources of small electric power for
waste heat management or con-venient power sources for small mobile devices.

Keywords: Photovoltaic, Seebeck; PV, Solar Panel, TEG, Thermoelectric Generator.

1. Introduction
1.1. The Seebeck Lffect

The Seebeck effect (or the Seebeck thermoelectric effect) is a phenomenon where a temperature
difference between the two points of contact of two different metals forming a closed circuit causes the
metals to display magnetic properties due to an induced electric field. In other words, a temperature
difference can result in a voltage difference and a flow of electricity [1-107]. The Seebeck effect is a key
principle in the branch of physics called thermoelectricity [11-14]. The phenomenon was discovered in
1821 by Thomas Johann Seebeck, an Estonian-German physicist who was born in 1770 in Tallinn, the
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capital of Estonia (was part of the Russian Empire at that time) and died in 1831 in Berlin (was part of
Prussia at that time) [15-187. The opposite of the Seebeck effect is the Peltier effect (where a flow of
electricity through an electric junction of two dissimilar materials can induce a temperature difference
across that junction, leading to a transfer of heat), which was discovered by the Fench physicist Jean
Charles Peltier in 1834 (about 13 years after the discovery of the Seebeck eftect) [19-307.

Despite being weak, the Seebeck effect was successfully utilized in temperature measurements
through sensor elements called thermocouples [31-34].

1.2. The Seebeck Coefficient

The Seebeck effect is quantitatively expressed by the Seebeck coefficient (a), which is a
proportionality factor relating the resulting voltage difference (AV) to the applied temperature
difference (AT), over a narrow range of temperature [ 35—44].

a=—AV/AT = |AV /AT | (1)

The Seebeck coefficient is generally a function of temperature [45—47]. The Seebeck coefficient tends to
be very small for metals, with no metal having a value above 100 uV/K (at 300 K). Furthermore, most
metals have a Seebeck coefficient magnitude below 10 uV/K [387.

1.3. Thermoelectric Generator (TEG) Modules

In order to upgrade the Seebeck effect for use as a power source, magnification is performed through
adopting semiconductor materials instead of metals, and through the arrangement of many
thermoelectric elements that are connected electrically in series while subject to a common temperature
difference between two sides (hot side and cold side) [497. This special design leads to a thermoelectric
generator (TEG) module, which may be viewed as a portable direct current (DC) power source in the
shape of a thick plate, driven by a temperature difference [50-677. It has a positive wire and a negative
wire serving as electric terminals for connection to an external electric load, or for building an array
through parallel and/or series connections [68—717.

1.4. Demonstration of Previous Work by Others

Small TEG-based power units were already produced commercially. These units may have a power
rating of 10 W, converting heat (such as waste heat from a wood stove or a dedicated flame of a camping
gas canister) into direct current electricity (with 5 V or 12 V voltage levels) for low-power applications,
such as lighting and charging mobile phones [72—74].

The use of TEG models for recycling waste heat was proposed in different applications such as
combustion gases of an electric generator, rear sides of solar photovoltaic (PV) panels, industrial
furnaces, combined heat and power (CHP) systems, and fuel cells [75-877].

Qasim et al. [887 used the term "TEG Panel" to refer to an array of mechanically assembled TEG
modules, which are connected electrically in series and parallel in order to achieve a desired overall
voltage difference. Their experimental TEG panel consisted of 150 TEG modules (stacked with a

pattern of 15 x 10 modules). The goal of the TEG panel was to convert waste heat from solar-heated
water into electricity. The hot-water pipe was the hot side for the TEG panel, while a cold-water pipe,
carrying normal tap water was used for cooling. A maximum temperature difference of 42.35 °C was
reached, at which the open-circuit voltage was 15.3 V. The reported maximum TEG panel efficiency
was 2.1%.

Dashevsky et al. [897] considered the main disadvantage of TEG to be the low efficiency of
thermoelectric commercial modules. They proposed a special design, which can achieve an efficiency of
up to 15%. The current study considers a commercially available TEG design, whose highest energy
conversion efficiency (heat to electricity) is about 6%.

Gharzi et al. [90] experimentally investigated the integration of concentrated solar power (CSP)
parabolic trough collectors (PTC) with thermoelectric generators (TEG), to yield a hybrid solar system
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designated by the term (PTC-TEG). The PTC units had a single-axis solar tracking mechanism, such
that these longitudinal curved units can change their tilt as the direction of incoming solar beams
changes from the east to the west during the day, while remaining oriented parallel to the north-to-
south lines. Their results suggest that the TEG electricity generation is not very sensitive to the
pressure of the pressurized heat transfer fluid (HTF) used in the absorber tubes within the CSP system.

Ji et al. [917] performed a techno-economic analysis (TEA) for the thermoelectric generator (TEG)
in comparison with the organic Rankine cycle (ORC) for heat sources at low temperatures. In their
analysis; noise level, modularity, lifespan, net present value (NPV), internal rate of return (IRR),
payback period (PBP), cost per watt ($/W), and levelized cost of electricity (LCOE) were covered.
Among their conclusions, the ORC technology was found to be better for heat sources with
temperatures between 80 °C and 120 °C. On the other hand, the TEG technology can become better
under certain conditions, such as a drop in the material price to 0.5 $/g.

Liu et al. [92] integrated the thermoelectric generator (TEG) concept with the heat pipe (HP)
concept, and proposed a hybrid (HP-TEG) thermal energy-conversion system. Their innovative design
is aimed for use over the moon, through utilizing the lunar daytime and nighttime. They found that the
maximum achievable energy conversion efficiency is 7.6% when the length of the thermoelectric leg is
2.7 mm. They also estimated that their proposed heat pipe-based thermoelectric generator system can
produce 1.75 MJ total power output during the lunar night. Based on their mathematical model, the
researchers recommend that the number of TEG stages to be four, as an optimum value such that the
HP-TEG system can attain the highest energy conversion efficiency throughout the lunar daytime and
nighttime.

Zhao et al. [937] performed an energy and exergy analysis for thermoelectric generators, with the
aim of recovering energy from the hot exhaust (as waste gases) from internal combustion engines in
automobiles, through an exhaust thermoelectric generator (ETEG). The ETEG consists of
thermoelectric generator modules (TEGMs), a cold fluid heat exchanger (CFHX), and an exhaust heat
exchanger (EHEX). They found that higher exhaust temperatures cause lower total exergy efficiency.
They also found that increasing the exhaust flow rate by a factor of five led to an increase in the power
generation capacity by a factor of nearly seven, with a small change in the exergy losses.

Gull et al. [947 adopted the computational fluid dynamics (CFD) approach, with experimental
validation, for investigating the electric performance of different configurations of a TEG array, in order
to determine performance metrics such as the load voltage, the electric current, and the energy
conversion efficiency. In computational fluid dynamics, the governing equations for the fluid are
mathematically transformed such that an approximate numerical solution can be obtained, possibly with
the aid of one or more submoelds for estimating relevant fluid properties [95—-1227. In their study, they
used the COMSOL-Multiphysics software in their computational modeling, which is a commercial tool
for numerically modeling a wide range of problems [123—1327]. For heating, hot water was used, with a
controllable temperature within the range from 27 °C to 42 °C. In addition, the volume flow of either
heating water or cooling water was varied from 0.5 L/min to 2 L/min. Their study showed that the
performance of the hydro-thermoelectric system is more affected by the temperature of the heating
water than its flow rate.

Readers interested in more details about the principles of thermoelectricity, as well as the materials
used in this technology, and its applications as electricity sources in extreme environments, in waste
heat recovery for transportation and industrial processes, and in sensors and microelectronics can
consult a review by Champier 1337, and another review by Shah et al. [134].

1.5. Objectives and Contributions

This study investigates the capability of electrically assembling an array of thermoelectric generator
modules so that they become a candidate for a power plant for large-scale electricity generation, in a
similar way that many solar photovoltaic panels can be assembled as an array and act as a renewable
energy power plant, where electricity can be generated as a large commercial scale [135—146]. The heat
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source is direct solar radiation, and water cooling is expected by utilizing a nearby natural body of water
(such as a sea). The power rating of such a power plant may exceed 5 MW, and it is intended for utility-
scale use rather than a proprietary single-consumer system. Such an imagined thermoelectric generation
power plant (TEGPP) has several advantages, such as not having moving parts (solid state device);
which eliminates requirements for lubrication, avoids noise, and improves reliability [147-1537.
However, it should be noted that additional electric inverter units are needed to convert the DC (direct
current) electricity into AC (alternating current) electricity, and they can have moving fans for
cooling [1547]. A thermoelectric generator (TEG) system can be classified as a clean alternative power
source if its heat source does not cause greenhouse gas (GHG), particularly carbon dioxide, or polluting
gases and particulate matter from fossil fuel combustion [155-1727. Such clean power sources include
those utilizing solar radiation or waste heat [173—1797. This adds another environmental advantage for
TEG systems over conventional fossil-fuel-based power plants, making a TEG-based power plant
suitable for use within urban communities and smart cities, as well as for electrified transportation when
both direct and indirect emissions are aimed to be eliminated [180-1837. In contrast with photovoltaic
panels, TEG systems can produce electricity in the absence of direct solar radiation, provided that an
alternative heating source becomes available. Despite these attractive features of TEG systems, they
have a low energy conversion efficiency, leading to a small power output. This is a significant limitation
in these direct heat-to-electricity units.

While the current study acknowledges the potential value of thermoelectric generator (TEG)
modules in low-power applications, such as personal uses, and or for utilizing waste heat in existing
industrial or automotive processes, its main objective is to provide a data-driven answer to the question
of: Can thermoelectric generators be used for large-scale electricity generation as a commercial power
plant? The contribution made by this study to the power sector and to the fields of sustainability and
renewable energy is a specific quantification of the comparison between the performance of TEG as
power generation units as compared to the more established solar photovoltaic (PV) panels.

2. Methods

The research conducted here is primarily based on the analysis of performance data for a high-
power thermoelectric generator (TEG) module. This is followed by a comparison with the performance
of a high-efficiency photovoltaic solar panel. Through this analysis of numerical performance metrics, a
decision can be made regarding the relative potential of both renewable energy technologies.

The thermoelectric generator (TEG) module considered here is a candidate from which a TEGPP
can be formed. This TEG module corresponds to a high-power model, which is TEG1-24111-6.0,
produced by the Canadian manufacturer TECTEG, which is a division of the Thermal Electronics
Corporation (TEC) [1847].

For benchmarking, a high-efficiency photovoltaic solar panel is considered here for comparison with
the TEG modules. This panel (SPR-MAX3-400) is the model Maxeon 3 by the American company
SunPower, having a nominal power of 400 W. It has a nominal solar-to-electric energy conversion
efficiency of 22.6%. The term “nominal” here refers to an industrial standard (STC or standard test
condition) for reporting the performance parameters of photovoltaic panels, with an artificial
environment having a perpendicular incoming radiation level of 1,000 W/m?, a panel’s cells temperature
of 25 °C, and a specific reference spectral distribution that is referred to as AM 1.5 (or air mass 1.5)
[185-2047.

For fair and meaningful interpretation, normalized performance metrics were derived, such that
they are expressed per unit area or per unit electric power output [205-2087]. Therefore, these derived
values are not only easier to understand, but are also not very dependent on the actual scale of
electricity generation, and are applicable across different energy generation technologies.
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3. Results
3.1. TEG-Based Electricity Generation

Figure 1 has a view of the TEG1-24111-6.0 thermoelectric generator. Two electric wires are also
shown at the bottom, for the positive and the negative (ground) terminals. IFigures 2-5 demonstrate the
performance curves for the matched load, the voltage difference, the current, and the matched-load
output power, respectively; for the TEG1-24111-6.0 thermoelectric generator. All these figures were
taken (with permission) for the data sheet of that thermoelectric generator [2097]. A matched load is a
load having an optimized electric resistance value that corresponds to the maximum output power
[210-2167.

Figure 1.
A photo of the TEG1-24111-6.0 thermoelectric generator. The photo is taken from the
product data sheet (used with permission).
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Figure 2.

The performance curves of the matched-load resistance versus the hot-side temperature
(Th) for the TEG1-24111-6.0 thermoelectric generator. Each curve corresponds to a
cold-side temperature (Tc).

The chart is taken from the product data sheet (Used with permission).
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Figure 3.

The performance curves of the matched-load voltage difference versus the hot-side temperature (Th) for
the TEG1-24111-6.0 thermoelectric generator. Each curve corresponds to a cold-side temperature (Tc).

The chart is taken from the product data sheet (used with permission).
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The performance curves of the matched-load current versus the hot-side temperature (Th) for the TEG1-
24111-6.0 thermoelectric generator. Each curve corresponds to a cold-side temperature (Tc).

The chart is taken from the product data sheet (used with permission).
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The performance curves of the matched-load output power versus the hot-side
temperature (Th) for the TEG1-24111-6.0 thermoelectric generator. Each curve
corresponds to a cold-side temperature (Tc).

Edelweiss Applied Science and Technology
ISSN: 2576-8484

Vol. 8, No. 5: 406-428, 2024

DOL 10.55214/25768484.v815.1697

© 2024 by the authors; licensee Learning Gate



413

The chart is taken from the product data sheet (used with permission).
Table 1 provides a summary of some conditions for the TEG module as well as selected operational

conditions for the TEGPP.

g‘eatlt)il:g:for the thermoelectric generator (TEG1-24111-6.0), as a possible module in a TEGPP.
Setting Type Value
Cold side temperature Assumption 30 °C
Hot side temperature Assumption 70 °C
Power mode Assumption Matched load (Maximum power)

Load resistance

Performance curve

2.9 Q (Approximately)

Voltage ditference

Performance curve

1.4 'V (Approximately)

Calculated (Voltage difference + load

Electric current resistance, with performance curve |0.48 A
validation)
Calculated (Voltage difference x

Module power Electric current, with performance|0.672 W
curve validation)

Dimensions Data sheet 0.056 m X 0.056 m

Module area Cglculated (module length x module 0.008156 M
width)

Power density Calculated (Module power + module 214.3 W /m2
area)

Modules per m? Calculated (1 m2 + module area) 318.878

Price per module Online, by manufacturer USD 54.00

Cost per m?2 of modules

Calculated
module area)

(Price per module -+

17,219.4 USD/m?

Cost per W of output

Calculated (price per module + module
power)

80.3571 USD/W

The following formulas

Electric current = Voltage difference / Load resistance
Module power = Voltage difference x Electric current

were used to obtain the derived (computed rather than assumed or taken
from the manufacturer’s performance curve) parameters of the thermoelectric generator that are listed
in the above table [217-2207:

The module power can also be estimated as

Module power = (Voltage difference)? / Load resistance

Module area = Module length x Module width

Number of modules per square meter = Unit area / Module area
Cost per square meter of modules = Price of one module / Module area
Cost per power output = Price of one module / Power output from one module

(2)
(3)

3

-

N~ NN N

5
6
7
8

Py

The TEG module price (USD 54.00) listed in the previous table reflects a discount for bulk orders

(buying between 50 and 99 TEG modules). For the smallest orders (from 1 to 9 TEG modules), the
price increases to USD 58.00, leading to a higher price of 18,494.9 USD /m? when a standardized 1 m?
of generating surface is considered.

In the above table, the TEG module area of 0.003136 m? is the result of multiplying the length of
the TEG module by its width. Since the particular TEG module considered here has a square shape, its
width and length are equal. Thus, the module area is effectively the squared value of its side length,
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which is 0.056 m. The module power of 0.672 W is computed as the product of the electric current
(0.48 A) and the voltage difference (1.4 V), based on a fundamental rule in electric power systems and
electronics [2217]. The power density is a term used here to refer to the DC electric power output per
unit area of modules. It is computed by dividing the electric power from one TEG module by the area of
that TEG module. This quantity is analogous to the quantity “heat flux” or “heat flow density” in the
field of heat transfer, but it refers to an electric power rather than a thermal power [2227. The quantity
(modules per m?) means the number of TEG modules that can be placed next to each other (vertically
and horizontally) such that they fill an area of 1 m2. This value is theoretical, and does not need to be an
integer value. It is obtained by dividing the reference area of a square meter (1 m?) area by the area of
one TEG module.

In the above table, the quantity (cost per m? of modules) is the cost of the estimated number of TEG
modules needed to fill a theoretical reference area of 1 m2. Therefore, this quantity is computed as the
product of the quantity (modules per m?) and the quantity (price per module). The quantity (cost per W
of output) is an estimate of the cost of one electric power unit (one watt or 1 W) using the considered
TEG module. It is computed by dividing the quantity (price per module) by the quantity (module
power). In the current study, this means dividing (USD 54.00) by (0.672 W), which gives
(80.3571 USD/W).

3.1. PV-Based Electricity Generation

It becomes very useful to establish a reference power generation option, such that the TEG option
presented earlier can be contrasted with it, as a benchmarking level to compare with [223-2267. The
selected reference electricity generation technology here is solar photovoltaic (PV) panels, which
represent a mature and widely utilized method for generating electricity in a clean way, with flexibility
in the system size, and without harmful emissions [227-2337. The PV power capacity is expected to
increase significantly until 2050, as an attempt to reduce the dependence of the energy sector on fossil
tuels [234,2357].

Table 2 lists some features of a benchmarking PV panel (SPR-MAXS3-400), based on the
manufacturer’s data sheet and the selling price provided by an online supplier [2367.

Table 2.
Settings of the SunPower Maxeon 3 solar photovoltaic panel (SPR-MAX3-400).
Setting Type Value
Standard  test  condition
) (1,000 W/m? solar radiation,
Power mode Assumption o
25 °C panel temperature), and
maximum power
Voltage difference Data sheet 65.8V
Current Data sheet 6.08 A

Calculated (Voltage difference x electric

Panel power current, with data sheet validation) 100 W
Dimensions Data sheet 1.690 m X 1.046 m
Panel area Calculated (Panel length x panel width) | 1.76774 m?
Power density Calculated (Panel power + panel area) 226.3 W/m?
Calculated (Power density =+ standard
Energy efficiency solar radiation value, with data sheet|22.6%
validation)
Panels per m? Calculated (1 m? + panel area) 0.565694
Price per panel I?irglllrll:;ﬁal))y a European supplier (in EISJIP){ 2;32?())(8) (Equ;\;alent E,(;‘
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Setting Type Value
18/October/2023)

Cost per m? of panels | Calculated (Price per panel + panel area) | 199.90 USD/m?

Cost per W of output gjlcsi)ated (Price per panel + panel 0.88345 USD/W
w

The following formulas were used to obtain the derived (computed rather than assumed or taken
from the manufacturer’s performance curve) parameters of the thermoelectric generator that are listed
in the above table [237-2407:

Panel output electric power = Voltage difference x Electric current (9)
Panel area = Panel length x Panel width (10)
Panel power density = Panel output electric power + Panel area (11)
Energy efficiency (solar-to-electric) = Panel power density / Standard solar radiation value(12)
Number of panels per square meter = Unit area / Panel area (13)
Cost per square meter of panels = Price of one module / Module area (14)
Cost per power output = Price of one panel / Power output from one panel (15)

The PV panel price (EUR 835.00, equivalent to USD 3853.38 as of 18/October/2023) listed in the
previous table reflects a discount for bulk orders (when buying 100 PV panels). For the smallest orders
(less than 20 PV panels), the price increases to EUR 346.00 (equivalent to USD 865.01 as of
18/October/2023), leading to a higher price of 206.48 USD/m? when a standardized 1 m? of generating
surface is considered.

4. Discussion

The analysis in the previous section suggests that the TEG modules and the PV panels can give
similar DC electric power output per unit surface area under their optimized operations. When
comparing 214.3 W/m? for the TEG module with 226.3 W/m? for the PV panel, the magnitude of the
relative difference is below 6%.

However, the cost of power is significantly different for the two technologies. The cost of a unit
power in the case of the TEG technology is about 91.0 times its value for the PV technology
(80.3571 USD/W compared to 0.88345 USD/W). This does not even take into account the added
expenses of the cooling system for the TEG modules.

The manufacturer of the investigated TEG module has a recommended operational condition of
30 °C for the cold side, and 300 °C for the hot side (which is near the maximum allowed limit of 320 °C).
In that intense mode, the heat flow density across the module is about 96,000 W/m?, which is 96 times
the standard solar radiation power of 1,000 W/m2. This is an enormous heating requirement, which also
demands excessive cooling at the cold side of the TEG module.

The electric power density (with a matched load) under this TEG intense condition is
5,612.2 W/m? (computed as 17.6 W/module + 0.003136/module). This is 24.8 times the power density
of a PV panel under its standard condition (which is 226.3 W/m2). With a needed heat flow density of
96,000 W/m?, the heat-to-electricity conversion efficiency for the TEG module in that case is only
5.85% or 0.0585 (computed as 5,612.2 W (electric)/m? + 96,000 W(thermal)/m?).

The estimated cost per watt under such an intense TEG operation drops by a factor of 26.19, from
80.3571 USD/W (computed as 54.00 USD/module + 0.672 W/module) to 3.06818 USD/W (computed
as 54.00 USD/module + 17.6 W/module). Despite this big decline, this cost per unit power
(3.06818 USD/W) is still 3.47 times higher than the estimated one for PV panels (which is
0.88345 USD/W).
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5. Conclusions and Possible Future Work
5.1. Concluding Remarks

A thermoelectric generator (TEG) is a solid-state semiconductor device that produces a direct
current voltage when subject to a temperature difference, through a phenomenon known as the Seebeck
effect. The thermoelectric generator technology has been proposed for waste heat recovery, through
generating electricity from a source of heat that is not otherwise exploited, such as the hot exhaust gas
released from a vehicle engine.

Based on an assessment of the power generation capability and its economic aspect, this study
concludes that a thermoelectric generation power plant (TEGPP) is far from being realistic. Such a
TEGPP cannot compete with a solar photovoltaic power plant, primarily due to the large cost gap that
cannot be bridged by intensifying the operational conditions to a level near the maximum allowed
temperature. However, thermoelectric generators (TEG) are still successful in energy harvesting
through converting waste heat into useful electricity.

At moderate operating conditions (standard solar radiation of 1,000 W/m? for solar panels and a

temperature difference of 40 °C for thermoelectric generators), the electric output power density
(electric output power per unit area) for both electric power generation technologies becomes
comparable, but the cost of a unit power using thermoelectric generators is about two orders of
magnitude greater than its counterpart using photovoltaic solar panels. If the temperature diftference for

thermoelectric generators is boosted by a factor of about eight (from 40 °C to 270 °C), the electric
output power density using thermoelectric generators surpasses well (roughly 25 times) that of solar
panels, but the heat-to-electricity conversion efficiency with thermoelectric generators in such an
exceptional case remains relatively very low (nearly 6% only) compared to what photovoltaic solar
panels may achieve under ordinary sunlight, with a solar-to-electric power conversion efficiency around
23%, thus roughly four times better than what thermoelectric generators can achieve with intensified
operation (which can require sophisticated systems for both heating and cooling).

In summary, thermoelectric generators are successful in supplying electricity to low-power loads (a
tew watts) directly from a source of heat that can be conveniently portable, or in producing electricity
from an existing source of waste heat. On the other hand, thermoelectric generators are not yet feasible
choices for large power generation systems.

5.2. Possible Research Extension

A thermoelectric generator (TEG) is a solid-state semiconductor device that produces a direct
current voltage when subject to a temperature difference, through a phenomenon known as the Seebeck
effect. The thermoelectric generator technology has been proposed for waste heat recovery, through
generating electricity from a source of heat that is not otherwise exploited, such as the hot exhaust gas
released from a vehicle engine.

The work presented in the current study may be extended by exploring special configurations in
which a thermoelectric generation power plant (TEGPP) becomes justifiable, through utilizing existing
resources or environmental factors that boost the performance of such an imagined source of green
(emissions-free) electricity. For example, the combination of TEG modules with flat concentrated solar
power (CSP) surfaces may enable a dual-mode power plant, where the CSP elements (such as heliostat
mirrors or linear Fresnel reflectors) take their input heat through direct solar radiation, whereas the flat
TEG modules take their input heat indirectly from the hot rear faces of the CSP (not the radiation-
collector faces) [241—2617]. Thus, the CSP system constitutes a higher-temperature stage, whereas the
TEG system constitutes a lower-temperature stage. The overall electricity output is the sum of
generated electricity (direct current) from both stages. In addition, effective cooling (air-based or liquid-
based, passive/natural or active/forced) should then be considered carefully to maximize the
temperature difference between the hotter side and the colder side of the TEG modules.

Another scenario for TEG utilization is the combination with geothermal energy, as an attractive
renewable energy source and a massive natural source of stored heat beneath the surface of the earth .
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