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Abstract: The growing need for sustainable and efficient energy solutions for low/zero carbon buildings has accelerated
the development of hybrid technologies. Parabolic Trough Collector (PTC) and Thermoelectric Generator (TEG) based
multi-generation systems stand out as promising solutions in this field. This study examines the integration of PTC
and TEG technologies, highlighting the complementary power and potential application areas of these systems. While
PTC systems are known for their ability to capture high-temperature solar energy, TEGs have the capacity to generate
electricity by utilising temperature differences. Hybridisation of these technologies increases energy efficiency, system
flexibility and sustainability. Examining various design configurations, operating principles and application areas, this
study reveals the role of PTC-TEG hybrid systems in achieving multiple production goals such as electricity generation,
water treatment, heating/cooling and hydrogen production. The results show that PTC-TEG hybrid systems not only
improve energy conversion processes but also support environmental goals and play a critical role in the transition to a
sustainable energy future.

Keywords: concentrated solar power, parabolic trough collector, thermoelectric generator, energy efficiency, low/zero
carbon buildings

1. Introduction

The limited availability of fossil fuels and the greenhouse gases released into the atmosphere because of their
combustion lead to environmental degradation and global warming.

This has significantly increased global concerns regarding energy security and climate change, necessitating
the development of new strategies in energy production [1-3]. Therefore, the search for sustainable energy sources
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has triggered the rapid growth of renewable energy technologies [4]. Solar energy is at the centre of this search as
a clean, unlimited and environmentally friendly resource [5]. As of 2023, the global installed solar energy capacity
exceeded 1,200 GW, with photovoltaics dominating the market due to their lower initial costs and modular design
[6]. However, traditional methods of using solar energy face limitations, especially low efficiency and energy storage
difficulties. Photovoltaic (PV) systems typically operate at 15-22% efficiency, while Concentrated Solar Power (CSP)
technologies such as Parabolic Trough Collectors (PTCs) can achieve thermal efficiencies between 60-75% and operate
at temperatures ranging from 150 °C to 550 °C [7]. This situation requires the development of innovative systems to
maximize the utilisation of solar energy [8].

In this respect, CSPs come to the fore. CSP systems basically work by focusing the solar radiation onto a receiver
through reflectors [9]. A fluid in this receiver is heated to high temperatures. Heated fluid generates electricity by driving
a turbine or engine or is used as a heat source in industrial processes [10]. Some CSP systems are integrated with
thermal energy storage systems to use solar energy later. In this way, it is possible to produce electricity or provide heat
even when there is no sun [11]. CSP systems are clean and sustainable energy sources because they use solar energy.
It reduces dependence on fossil fuels and reduces greenhouse gas emissions. In terms of environmental benefits, CSP
systems can reduce carbon emissions by approximately 900 to 1,000 tons of CO, per installed megawatt annually when
replacing fossil-based generation [12]. It can be combined with thermal energy storage systems, enabling electricity
production even in the absence of sunlight [13]. Since high temperatures can be achieved, it can provide higher
efficiency than other solar energy technologies. On the other hand, the installation cost of CSP systems is high. Large-
scale CSP plants require large areas of land. Some CSP technologies use water for cooling, which can put pressure on
water resources. The performance of CSP systems depends on the intensity of solar radiation. Efficiency decreases in
cloudy weather [14].

CSP systems are divided into different types based on the concentrator technology used:

PTCs: Parabolic-shaped mirrors reflect the sun’s rays to a receiver tube located at a focal point. The fluid passing
through the receiver tube is heated. PTCs are the most used CSP technology [15].

Solar Towers: Multiple mirrors (heliostats) reflect the sun’s rays to a central tower. The fluid is heated to high
temperatures in the receiver at the top of the tower [16, 17].

Linear Fresnel Reflectors: Flat mirrors focus the sun’s rays onto a fixed linear receiver. They operate similarly to
PTCs but have a simpler design [18].

Parabolic Dish Systems: Dish-shaped mirrors reflect the sun’s rays to a receiver located at a focal point. These
systems are typically used for small-scale applications [19].

Another method of increasing the efficiency of solar energy systems is multigeneration systems, which allow
more than one type of energy (e.g. electricity, heat, cooling) to be obtained from a single energy source [20]. The use of
these systems optimizes energy conversion processes and enables more efficient use of resources. These systems offer
significant advantages both economically and environmentally. Less energy loss, lower operating costs and reduced
carbon emissions are among the prominent benefits of multigeneration systems [21]. Offering versatile and integrated
solutions compared to traditional energy systems, these systems can increase access to energy and support sustainable
development, especially in developing regions [22].

In this respect, a multigeneration system that can be used with CSP technologies is a hybrid system where PTC and
Thermoelectric Generators (TEGs) are used together.

TEGs consist of semiconductor and directly convert temperature differences into electrical energy. This technology,
based on the Seebeck effect, draws attention to its lack of moving parts, low maintenance requirements and long life [23].
TEGs are of critical importance in renewable energy applications, especially because they can produce energy even
from low-temperature differences [24]. Nonetheless, the widespread adoption of TEGs is restricted by their low energy
conversion efficiency. Therefore, integrating TEGs with other energy systems is seen as a practical approach to enhance
their performance.

The hybrid use of PTC and TEG offers significant advantages in energy production by combining the strengths
of the two technologies [25]. The high-temperature thermal energy provided by PTC can be converted into electrical
energy by TEG, providing a more efficient energy conversion. In addition, this hybrid structure can increase the
continuity of energy supply and provide greater utilisation of solar energy. PTC-TEG hybrid systems serve as a versatile
energy solution, finding applications in power generation, industrial operations, water treatment, and air conditioning [26].
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In this study, the design, working principles and application areas of PTC and TEG-based multigeneration
systems are discussed. Existing studies in the literature are examined to understand the energy conversion processes,
advantages and difficulties of these systems. In addition, it aims to compare PTC-TEG hybrid systems with different
energy systems and to determine future research areas. The general purpose of the study is to reveal in detail the
contributions of PTC and TEG hybrid systems operate by capturing high-temperature solar energy and converting part
of it directly into electricity via the Seebeck effect. These systems can be employed not only for power generation but
also for multigeneration purposes such as water desalination, space heating and cooling, and hydrogen production. This
integration offers both energy efficiency and environmental benefits in various applications.

2. Fundamentals of PTC and TEG technologies

Although this review focuses on the combined PTC-TEG hybrid system, a brief overview of each component
technology is necessary to understand their individual roles and contributions within the integrated structure.

2.1 PTCs

PTCs are one of the most used concentrated solar energy technologies. The system consists of a series of reflective
semi-cylindrical mirrors that direct sunlight to a receiver tube located at a linear focal point. This process is designed
to convert solar energy into high-temperature thermal energy [27]. The sun’s rays are collected by parabolic mirrors
and focused on a heat transfer fluid (usually thermal oil or a water-steam mixture) passing through the tube. The heated
fluid is used in energy conversion systems such as steam turbines to generate electricity [28]. As shown in Figure 1, it
generally consists of a reflective mirror made of highly reflective materials used to focus on the sun’s rays, an absorber
tube, usually coated with selective coatings, that transmits the solar energy to the heat transfer fluid, and auxiliary
elements used to hold the mirrors at the correct angle and to provide sun tracking [29].

g ‘ Mirror
Pipe Installation

Support Receiver

Support Structure for Mirror

Figure 1. Structure of PTC [29]

PTCs enable high-temperature energy production, offer wide-scale applications, and are technologically mature and
suitable for commercial use. The most important disadvantages are the high initial installation costs and the decrease in
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energy production capacity at night or on cloudy days [30].

2.2 TEGs

TEGs are a technology that converts temperature differences into electrical energy and work based on the Seebeck
effect. This effect means that an electrical potential is created when there is a temperature gradient [31]. As shown in
Figure 2, a TEG system uses the temperature difference between two different semiconductor materials [32].
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Figure 2. Structure of TEG [32]

This difference causes electrons to move, and this movement creates an electric current. The key benefit of TEGs
is that they operate without any moving parts. Thanks to these features, they are durable and silent. They also have low
maintenance costs and a long life [31]. Thanks to their compact design, they can be integrated into various applications.
However, their energy conversion efficiency is low. While PTC provides high-temperature thermal energy generation,
TEG can directly convert this temperature difference into electrical energy [33].

PTC and TEG systems exhibit distinct characteristics, making them suitable for different energy applications. A
critical limitation of TEGs is the material properties used for thermoelectric conversion. The dimensionless figure of
merit (ZT), which dictates the efficiency of thermoelectric materials, remains relatively low in commercially available
compounds, typically ranging from 0.7 to 1.1. This restricts overall conversion efficiency despite favourable thermal
gradients [23]. To provide a clear understanding of their comparative advantages and limitations, Table 1 summarizes
the key features of these technologies.

The comparison highlights aspects such as energy source, efficiency, operational temperature range, applications,
system complexity, cost, maintenance requirements, environmental impact, energy storage capabilities, and scalability.
This overview facilitates the identification of opportunities for integrating these systems into hybrid configurations,
where their complementary strengths can be utilised to enhance overall energy generation efficiency and sustainability.
Therefore, when these two technologies are combined in a hybrid system, both energy conversion efficiencies can be
increased, and energy production processes can be made more flexible. In particular, in cases where PTC cannot produce
energy continuously, the efficiency of TEG increases, and the overall efficiency of the system increases.
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Table 1. Comparison of PTC and TEG systems

Feature Parabolic Trough Collector (PTC) Thermoelectric Generator (TEG) Ref.
Energy source Solar energy (sunlight) Heat energy (temperature gradient) [34, 35]
Efficiency (15%-20%, depeljrj(%i}:lgfrfigflsct}e/m and location) Mﬁ)(isrtaetrerlfg’:izrrlg}éi(é:ﬁégé)s “ [36]
Temperaure nge 0 Lovemperaure radint 7,3
L sl pover gneraion, Wase et eeovery ot pover sl o
System complexity . . High . Low . [39]
(requires tracking mechanisms, large infrastructure) (compact, simple design)
Cost High initial capital cost, moderate operating cost Low initial c:);(;{l]]?rléts lr(;l\:)/f; l(;r\]/ietrsall efficiency [40, 41]
Maintenance (requires reghf:fé‘fg;ﬁlgifﬁ d inspection) Low (minimal maintenance required) [42, 43]
Environmental impact (susta#lzmggsf;(;fn:ource) Very low emissions, as it recovers waste heat [42, 43]
Energy storage Can be integrated with thermal storage systems Limited energy storage capability [44, 45]
Scalability Highly scalable, especially in sunny regions Limited scalability, generally small-scale applications  [39, 41]

The performance and operational characteristics of PTC and TEG systems individually reveal the rationale behind
their integration. While PTC systems efficiently harvest high-temperature thermal energy, TEG modules can recover
residual heat and convert it directly into electricity, making the hybrid configuration a promising solution for enhanced
energy utilisation.

3. Design and working principles of PTC-TEG hybrid systems

PTC-TEG hybrid systems are innovative energy production systems designed to effectively use solar energy and
convert thermal energy into electrical energy. These systems combine the high-temperature energy collection capacity
of PTC technology with the low-temperature difference energy generation feature of TEG systems, providing an
efficient and sustainable energy production mechanism [46]. The main goal of hybrid system design is to increase the
overall efficiency of the system by ensuring that the PTC and TEG components operate in harmony. TEG modules are
integrated with a design that uses the waste heat generated after the primary use of the energy produced in the PTC
system, converting some of this energy into electrical energy [47]. During this integration, the placement position of
the TEG modules and thermal conductivity optimisation plays a critical role. In addition, TEG modules can be placed
in certain areas of the receiver pipes to produce energy from high-temperature differences. As a result, the combined
use of PTC and TEG systems provides higher efficiency in energy production by recovering waste heat. These systems,
based on renewable energy sources, contribute to environmental sustainability by reducing carbon emissions. They have
versatile applications such as electricity generation, water heating, and heat used in industrial processes [43, 48].

Several hybrid PTC-TEG system configurations presented in recent literature have demonstrated considerable
performance improvements depending on the working fluid and system design. In one experimental setup, the use of
water as the heat transfer fluid resulted in a combined efficiency of approximately 76.91% with an electrical output of
97 W, while the use of Therminol VP1 led to 585 W power generation and 70.55% thermal efficiency under similar solar
flux conditions. Another study reported that system pressurisation contributed to a 14.64% increase in thermal efficiency,
with the TEG modules providing an additional 1.11% electrical output. These findings underline how the integration of
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TEGs at optimal locations in the thermal loop, typically after the PTC outlet, can recover low-grade heat effectively and
improve overall system performance. Such designs offer scalable solutions for combined electricity and thermal energy
generation in multigeneration applications. A comprehensive comparison of system efficiency, performance metrics, and
evaluation of hybrid operation is presented in Section 4, where multigeneration capabilities and use-case scenarios are
also discussed.

One of the key technical challenges in PTC-TEG hybrid systems is the presence of Thermal Contact Resistance
(TCR) between the PTC receiver surface and the thermoelectric modules. This resistance can significantly hinder heat
transfer, reducing the temperature gradient across the TEG and thus lowering electrical output. Inadequate surface
contact, surface roughness, oxidation, or mismatch in thermal expansion coefficients between materials can exacerbate
this issue. To mitigate TCR, researchers have explored the use of Thermally Conductive Interface Materials (TIM), such
as graphite sheets, thermal pastes, or metal foils. Additionally, ensuring uniform pressure distribution and minimising
air gaps during TEG integration are essential for maintaining high thermal coupling efficiency and overall system
performance.

4. Multigeneration applications

PTC-TEG hybrid systems have significant potential in multigeneration systems, which not only generate
electricity but also enable the simultaneous acquisition of various forms of energy. These systems provide integrated
energy solutions by increasing energy conversion efficiency and contribute to the Sustainable Development Goals.
Multigeneration applications optimise the economic and environmental performance of energy systems by allowing
various energy needs to be met simultaneously [49].

4.1 Performance analysis of PTC-TEG hybrid systems

The most basic application of PTC-TEG hybrid systems is to produce electricity from solar energy. Parabolic
trough collectors concentrate high-intensity solar energy on the receiver tube, allowing thermoelectric generators to
create a temperature difference. TEGs convert this temperature difference directly into electrical energy, creating a
sustainable energy source. This method is particularly effective in remote areas without a grid connection [50]. Habchi
et al. [S1] created a model to evaluate the thermal performance of two cogeneration systems that integrated PTC and
cylindrical TEGs. TEGs were used on the outer surface of the receiver tube and different heat transfer fluids such
as Therminol VP1 (a synthetic high-temperature heat transfer fluid produced by Eastman Chemical Company) and
hot water were passed through the receiver tube. The effects of solar radiation and focusing ratio on the thermal and
electrical performance of the system were investigated with the model developed in Matrix Laboratory (MATLAB)
software. 70.55% efficiency and 585 W power were obtained in the system using Therminol VP1. 76.91% efficiency and
97 W power were provided in the system using water. The model results were verified by comparing with the literature.
In another study, the effects of PTC and hybrid pipe type TEG configuration on thermal and electrical efficiency were
investigated. Cold water was passed along the inner surface to increase the temperature difference between the surfaces
of TEGs. Numerical simulations revealed that the enhancement in system performance was attributed to the temperature
adjustment concept and optical concentrator. As the solar concentration rate increased, the system’s total efficiency
reached 76.21%, and the daily hot water production rose to about 846.77 litres at a concentration rate of 30 [52]. Gharzi
et al. [53] designed a PTC-TEG hybrid solar energy system. Two distinct methods were implemented to enhance the
system’s efficiency, and both the thermal and electrical performance were examined experimentally. Initially, the heat
transfer fluid in the absorber tube was pressurized using a pressure control unit, with relative pressures set at 0.3 and
0.5 bar. Second, additional electricity generation from absorbed solar radiation was provided by TEG modules placed
behind the reflective surface. Thermal efficiency increased by 6.88% and 14.64% with increasing fluid pressure by 0.3
and 0.5 bar, respectively. Furthermore, the TEG array contributed 0.96-1.11% to the total system efficiency. Soltani et al.
[54] developed a dimensionless model for a hybrid system where PTC, photovoltaic and TEGs are integrated. MATLAB
software was utilised to assess the impact of solar radiation and ambient temperature on system performance. The study
analysed the electrical characteristics of thermoelectric and photovoltaic modules, along with the thermal and electrical
powers of the hybrid device, as well as its thermal and electrical efficiencies. According to the results obtained from the
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study, 22.714 W of electrical power can be achieved in the case of using the hybrid system.

While energy efficiency reflects the amount of energy converted, exergy efficiency measures the quality of the
energy and its potential to perform useful work. In PTC-TEG hybrid systems, second law thermodynamic evaluation
provides a deeper understanding of irreversibility in both the thermal cycle and thermoelectric modules. Integrating
TEG modules into the PTC system reduces the overall exergy destruction by recovering some of the waste heat,
thus increasing the exergy efficiency at the system level. Depending on the system conditions, the reported exergy
efficiencies for hybrid systems are higher than for standalone CSP systems.

4.2 Application areas of PTC-TEG hybrid systems

High-temperature waste heat generated in PTC-TEG hybrid systems can be used in hot water production, industrial
processes and central heating systems. By integrating thermal energy storage technologies, these systems make a
significant contribution to applications where energy needs are continuous. In addition, low-temperature waste heat
can be combined with absorption cooling systems to meet cooling needs [55]. Herez et al. [56] designed a hybrid
solar energy system consisting of PTC integrated with a photovoltaic module and TEG. The system, simulated using
MATLAB software, was validated by comparing it with previous studies in the literature. It was observed that the
integration of TEGs into the system increased the annual average total electricity production by 1.8%, while the annual
average heat rate transferred to the working fluid decreased by 1.9%. In addition, it was revealed that the annual CO,
emission amount could be reduced to 81.4 tons.

The combination of PTC-TEG hybrid systems with absorption cooling or thermoelectric cooling devices offers
cooling solutions from renewable energy sources. Such systems provide significant advantages, especially in areas such
as the storage of agricultural products in hot climates, the cooling of buildings and industrial cooling applications. This
method saves energy by reducing electricity consumption and reducing the carbon footprint [57]. Khanmohammadi et
al. [58] designed a novel parabolic trough collector-based combined power and cooling system integrated with TEGs.
The energy, exergy and exergo-economic performances of the proposed system were investigated. The effects of TEG
integration on power generation performance were evaluated. According to the results, it is possible to improve the
exergy performance of the system with TEG integration.

The heat energy produced in PTC-TEG hybrid systems can be used to convert seawater into drinking water by
combining thermal desalination systems. This method offers an effective solution to meet the freshwater demand,
especially in arid regions. The use of multiple production systems in this area contributes to the sustainable management
of water and energy resources [59]. Assareh et al. [60] designed an integrated solar energy system aimed at generating
various power outputs. Rather than using a condenser, the TEG unit was employed to generate electrical power. Energy
and exergy analysis results showed that replacing the condenser with a TEG reduces the overall cost of electrical power
production and enhances the system’s exergy efficiency.

PTC-TEG hybrid systems can also be used in hydrogen production by providing the high-temperature energy
required for thermochemical reactions. The integration of solar energy directly into hydrogen production processes
is considered an important step in the development of renewable energy fuels. Habibollahzade et al. [61] proposed
an integrated system including the PTC-TEG-Rankine cycle and Proton Exchange Membrane (PEM) electrolyser for
energy and hydrogen production. Parametric studies were carried out on the modelled system, considering various
parameters, especially energy. According to the results obtained from the study, the installation of the TEG unit instead
of the condenser is a promising method in terms of energy production and exergy efficiency. Alirahmi et al. [62]
introduced the analysis of an innovative solar-powered system designed to generate electricity, thermal energy and
hydrogen. In this system, PTCs act as the heat source for cascade power cycles. The electricity produced by the steam
Rankine cycle is fed into the grid, while the energy from the organic Rankine cycle is used to power an electrolyser for
hydrogen production. Additionally, the potential of a TEG, operating by recovering waste heat from the condenser, to
provide supplementary electricity to the electrolyser is investigated. According to the results, the use of TEG increases
system efficiency and reduces product costs. The most significant performance results of PTC-TEG hybrid systems
reported in the literature are summarised in Table 2, including output power, thermal efficiency, and thermoelectric
contributions under various configurations.
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Table 2. Key performance results from PTC-TEG hybrid systems

Configuration description Working fluid Pow?w)u tput Therma(l(;)ﬂ"lmency TEG c?&glbutlon Improvement
PTC-TEG system using water Water 97 76.91% - High thermal efficiency
PTC%ESr?nisggfevrri)lllsmg Therminol VP1 585 70.55% - High electrical output
Pressurized loop with hybrid setup - - +14.64% +1.11 Efficiency improved via
(thermal gain) pressurization
Nanofluid-enhanced hybrid system CuO-AlLO,/water - - +2.2 Better TEG yield with
nanofluid

Hybrid system with optimized

absorber/receiver materials B - - - Reported better heat transfer

The performance of TEGs in PTC-TEG hybrid systems is highly dependent on maintaining a stable temperature
gradient between the hot and cold sides. However, under real operating conditions, solar irradiance is rarely constant
due to factors such as cloud movement, time-of-day variation, and seasonal changes. These fluctuations lead to unstable
thermal input, which in turn causes rapid variations in the temperature gradient across TEG modules. As a result, the
electrical output of TEGs drops significantly, and frequent thermal cycling can lead to material fatigue and degradation
at the thermal interfaces, ultimately compromising system reliability. To mitigate these effects, the integration of
Thermal Energy Storage (TES) has been proposed as a practical and effective solution. TES systems such as molten
salt tanks or Phase Change Materials (PCMs) can store excess thermal energy during peak irradiance and release it
during low-sun or no-sun conditions. This allows the hybrid system to maintain a more consistent heat supply to the
TEG modules, thereby preserving the temperature gradient, stabilising electrical output, and reducing thermal stress on
system components [63, 64].

Despite the relatively low individual conversion efficiencies of PTC and TEG systems, their combination offers
significant practical value, especially in multigeneration and off-grid applications. The TEG unit does not interfere
with the primary function of the PTC but instead utilises the residual heat that would otherwise be lost. In this way,
the hybrid system enhances total energy utilisation without increasing fuel consumption or complexity. Moreover, the
hybrid system can simultaneously provide electricity, thermal energy, and services such as desalination or space cooling,
making it highly suitable for remote or distributed energy applications where maximizing resource use is critical. The
added value lies not only in electrical efficiency but also in system versatility, compactness, and sustainability.

To further increase system reliability and ensure continuous operation, PTC-TEG hybrid systems can be integrated
with other renewable sources such as biomass burners or low-enthalpy geothermal heat sources. These auxiliary
sources can provide stable thermal input during periods of low solar radiation, thus maintaining the temperature
gradient required for TEG operation and extending daily operating hours. Such hybridization also allows for more
flexible control strategies and increased energy delivery, especially in off-grid or seasonal environments. However, the
technical and economic feasibility of such integrations requires further investigation, especially with respect to thermal
compatibility and system complexity.

4.3 Modelling approaches and optimisation studies

Recent studies on PTC-TEG hybrid systems have increasingly incorporated modelling techniques to evaluate
system performance under varying operating conditions. Dynamic modelling approaches are employed to simulate
transient thermal behaviour during fluctuating solar radiation, often using numerical tools such as MATLAB/
Simulink or ANSYS-Fluent. In parallel, thermoelectric modelling techniques—based on the Seebeck effect, internal
resistance, and temperature-dependent material properties—are used to assess electrical output under given temperature
gradients. Some researchers have also proposed multi-objective optimisation frameworks to maximise output power
while minimising system cost or entropy generation. These include evolutionary algorithms (e.g., NSGA-II), genetic
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algorithms, or response surface methodologies to identify the optimal configuration of geometrical and operational
parameters. Such modelling and optimisation studies are crucial for guiding the practical design and implementation of
PTC-TEG hybrid systems [65-67].

Despite the promising appearance of PTC-TEG hybrid systems, several technical and practical challenges remain
unsolved. One of the main problems is the inherently low thermoelectric conversion efficiency, which is usually limited
to 5-8%, which limits the total electrical output. In addition, the thermal contact resistance and interface stability
between the PTC receiver and TEG modules can significantly reduce the effective heat transfer. Therefore, future
research should focus on material innovations, efficient system integration strategies, and long-term reliability to make
these systems applicable on a larger scale.

5. Conclusion

PTC-TEG hybrid systems provide significant advances in energy efficiency and sustainability by offering an
innovative approach to renewable energy use. This study has shown that the integration of PTC and TEG technologies
is an important alternative to overcome the limitations of traditional energy systems, such as intermittent generation and
low conversion efficiency. These hybrid systems can generate multiple types of energy, such as electricity and thermal
energy. Despite their potential, challenges such as reducing high initial costs, optimising material performance, and
increasing system scalability remain. In conclusion, PTC-TEG hybrid systems have revolutionary potential in the field
of renewable energy technologies. They contribute to reducing greenhouse gas emissions, preserving natural resources,
and supporting energy independence by providing efficient and sustainable multiple generation. The development and
deployment of these systems constitute a critical component to meet global energy demand in a sustainable manner.

Recent findings in the literature indicate that hybrid PTC-TEG systems can achieve total efficiencies approaching
77%, with electrical outputs exceeding 500 W under optimized thermal conditions. Systems utilizing water or
thermal oils as heat transfer fluids show notable improvements in both thermal and electrical performance. In certain
configurations, pressurisation of the working fluid has resulted in thermal efficiency gains of over 14%, along with
modest electrical contributions from the thermoelectric modules. Additionally, such systems have the potential to reduce
carbon emissions by up to 1,000 tons per megawatt per year, depending on the deployment scale and solar intensity.
These figures highlight the feasibility and environmental value of PTC-TEG hybrid integration in multigeneration
applications.

Conflict of interest

There is no conflict of interest for this study.

References

[1] Kabir E, Kumar P, Kumar S, Adelodun AA, Kim KH. Solar energy: Potential and future prospects. Renewable and
Sustainable Energy Reviews. 2018; 82: 894-900. Available from: https://doi.org/10.1016/J.RSER.2017.09.094.

[2] Guclu T, Cuce PM, Cuce E. Smart and sustainable energy systems. In: Localized Energy Transition in the 4th Industrial
Revolution. Boca Raton: CRC Press; 2024. p.206-211. Available from: https://doi.org/10.1201/9781032651958-12.

[3] Cuce E, Cuce PM, Guclu T, Besir AB. On the use of nanofluids in solar energy applications. Journal of Thermal
Science. 2020; 29: 513-534. Available from: https://doi.org/10.1007/S11630-020-1269-3.

[4] Cuce E, Sher F, Sadiq H, Cuce PM, Guclu T, Besir AB. Sustainable ventilation strategies in buildings: CFD
research. Sustainable Energy Technologies and Assessments. 2019; 36: 100540. Available from: https://doi.
org/10.1016/J.SETA.2019.100540.

[5] Kumar CMS, Singh S, Gupta MK, Nimdeo YM, Raushan R, Deorankar AV, et al. Solar energy: A promising
renewable source for meeting energy demand in Indian agriculture applications. Sustainable Energy Technologies
and Assessments. 2023; 55: 102905. Available from: https://doi.org/10.1016/J.SETA.2022.102905.

Volume 1 Issue 1]2025| 225 Sustainable and Clean Buildings


https://doi.org/10.1016/J.RSER.2017.09.094
https://doi.org/10.1201/9781032651958-12
https://doi.org/10.1007/S11630-020-1269-3
https://doi.org/10.1016/J.SETA.2019.100540
https://doi.org/10.1016/J.SETA.2019.100540
https://doi.org/10.1016/J.SETA.2022.102905

[6] Our World in Data. Installed Solar Energy Capacity. n.d. Available from: https://ourworldindata.org/grapher/
installed-solar-pv-capacity [Accessed 30th April 2025].

[7] Zhang HL, Baeyens J, Degréve J, Caceres G. Concentrated solar power plants: Review and design methodology.
Renewable and Sustainable Energy Reviews. 2013; 22: 466-481. Available from: https://doi.org/10.1016/
J.RSER.2013.01.032.

[8] Sharon H, Reddy KS. A review of solar energy driven desalination technologies. Renewable and Sustainable
Energy Reviews. 2015; 41: 1080-1118. Available from: https://doi.org/10.1016/J.RSER.2014.09.002.

[9] Dominguez R, Conejo AJ, Carriéon M. Operation of a fully renewable electric energy system with CSP plants.
Applied Energy. 2014; 119: 417-430. Available from: https://doi.org/10.1016/J.APENERGY.2014.01.014.

[10] Ju X, Xu C, Hu Y, Han X, Wei G, Du X. A review on the development of photovoltaic/concentrated solar power
(PV-CSP) hybrid systems. Solar Energy Materials and Solar Cells. 2017; 161: 305-327. Available from: https://
doi.org/10.1016/J.SOLMAT.2016.12.004.

[11] Pelay U, Luo L, Fan Y, Stitou D, Rood M. Thermal energy storage systems for concentrated solar power
plants. Renewable and Sustainable Energy Reviews. 2017; 79: 82-100. Available from: https://doi.org/10.1016/
J.RSER.2017.03.139.

[12] Patyk A. Thermoelectric generators for efficiency improvement of power generation by motor generators—
Environmental and economic perspectives. Applied Energy. 2013; 102: 1448-1457. Available from: https://doi.
org/10.1016/J. APENERGY.2012.09.007.

[13] Zhang HL, Baeyens J, Degréve J, Caceres G. Concentrated solar power plants: Review and design methodology.
Renewable and Sustainable Energy Reviews. 2013; 22: 466-481. Available from: https://doi.org/10.1016/
J.RSER.2013.01.032.

[14] Sangster AJ. Concentrated solar power. Green Energy and Technology. 2014; 194: 173-206. Available from: https://
doi.org/10.1007/978-3-319-08512-8 8/COVER.

[15] Fernandez-Garcia A, Zarza E, Valenzuela L, Pérez M. Parabolic-trough solar collectors and their applications.
Renewable and Sustainable Energy Reviews. 2010; 14: 1695-1721. Available from: https://doi.org/10.1016/
J.RSER.2010.03.012.

[16] Awan AB, Chandra Mouli KVV, Zubair M. Performance enhancement of solar tower power plant: A multi-
objective optimisation approach. Energy Conversion and Management. 2020; 225: 113378. Available from: https://
doi.org/10.1016/J ENCONMAN.2020.113378.

[17] Jemli MR, Naili N, Farhat A, Guizani A. Experimental investigation of solar tower with chimney effect installed
in CRTEn, Tunisia. International Journal of Hydrogen Energy. 2017; 42: 8650-8660. Available from: https://doi.
org/10.1016/J.1IJHYDENE.2016.07.044.

[18] Esfanjani P, Jahangiri S, Heidarian A, Valipour MS, Rashidi S. A review on solar-powered cooling systems coupled
with parabolic dish collector and linear Fresnel reflector. Environmental Science and Pollution Research. 2022; 29:
42616-42646. Available from: https://doi.org/10.1007/S11356-022-19993-3/FIGURES/S.

[19] Kumar KH, Daabo AM, Karmakar MK, Hirani H. Solar parabolic dish collector for concentrated solar thermal
systems: a review and recommendations. Environmental Science and Pollution Research. 2022; 29: 32335-32367.
Auvailable from: https://doi.org/10.1007/S11356-022-18586-4.

[20] Sadeghi S, Ghandehariun S, Rezaie B. Energy and exergy analyses of a solar-based multi-generation energy plant
integrated with heat recovery and thermal energy storage systems. Applied Thermal Engineering. 2021; 188:
116629. Available from: https://doi.org/10.1016/j.applthermaleng.2021.116629.

[21] Thirunavukkarasu M, Sawle Y, Lala H. A comprehensive review on optimisation of hybrid renewable energy
systems using various optimisation techniques. Renewable and Sustainable Energy Reviews. 2023; 176: 113192.
Auvailable from: https://doi.org/10.1016/j.rser.2023.113192.

[22] Zhang T, Sobhani B. Multi-criteria assessment and optimisation of a biomass-based cascade heat integration
toward a novel multigeneration process: Application of a MOPSO method. Applied Thermal Engineering. 2024;
240: 122254. Available from: https://doi.org/10.1016/j.applthermaleng.2023.122254.

[23] Guclu T, Cuce E. Thermoelectric Coolers (TECs): From theory to practice. Journal of Electronic Materials. 2019;
48: 211-230. Available from: https://doi.org/10.1007/S11664-018-6753-0/METRICS.

[24] Cuce E, Guclu T, Cuce PM. Improving thermal performance of thermoelectric coolers (TECs) through a nanofluid
driven water to air heat exchanger design: An experimental research. Energy Conversion and Management. 2020;
214: 112893. Available from: https://doi.org/10.1016/J. ENCONMAN.2020.112893.

[25] Cuce PM, Guclu T, Cuce E. Design, modelling, environmental, economic and performance analysis of parabolic trough
solar collector (PTC) based cogeneration systems assisted by thermoelectric generators (TEGS). Sustainable Energy

Sustainable and Clean Buildings 226 | Erdem Cuce, et al.


https://ourworldindata.org/grapher/installed-solar-pv-capacity
https://ourworldindata.org/grapher/installed-solar-pv-capacity
https://doi.org/10.1016/J.RSER.2013.01.032
https://doi.org/10.1016/J.RSER.2013.01.032
https://doi.org/10.1016/J.RSER.2014.09.002
https://doi.org/10.1016/J.APENERGY.2014.01.014
https://doi.org/10.1016/J.SOLMAT.2016.12.004
https://doi.org/10.1016/J.SOLMAT.2016.12.004
https://doi.org/10.1016/J.RSER.2017.03.139
https://doi.org/10.1016/J.RSER.2017.03.139
https://doi.org/10.1016/J.APENERGY.2012.09.007
https://doi.org/10.1016/J.APENERGY.2012.09.007
https://doi.org/10.1016/J.RSER.2013.01.032
https://doi.org/10.1016/J.RSER.2013.01.032
https://doi.org/10.1007/978-3-319-08512-8_8/COVER
https://doi.org/10.1007/978-3-319-08512-8_8/COVER
https://doi.org/10.1016/J.RSER.2010.03.012
https://doi.org/10.1016/J.RSER.2010.03.012
https://doi.org/10.1016/J.ENCONMAN.2020.113378
https://doi.org/10.1016/J.ENCONMAN.2020.113378
https://doi.org/10.1016/J.IJHYDENE.2016.07.044
https://doi.org/10.1016/J.IJHYDENE.2016.07.044
https://doi.org/10.1007/S11356-022-19993-3/FIGURES/5
https://doi.org/10.1007/S11356-022-18586-4
https://doi.org/10.1016/j.applthermaleng.2021.116629
https://doi.org/10.1016/j.rser.2023.113192
https://doi.org/10.1016/j.applthermaleng.2023.122254
https://doi.org/10.1007/S11664-018-6753-0/METRICS
https://doi.org/10.1016/J.ENCONMAN.2020.112893

Technologies and Assessments. 2024; 64: 103745. Available from: https://doi.org/10.1016/J.SETA.2024.103745.

[26] Salari A, Shakibi H, Soltani S, Kazemian A, Ma T. Optimisation assessment and performance analysis of an
ingenious hybrid parabolic trough collector: A machine learning approach. Applied Energy. 2024; 353: 122062.
Auvailable from: https://doi.org/10.1016/j.apenergy.2023.122062.

[27] Venkatesaperumal R, Syed Jafar K, Elumalai PV, Abbas M, Cuce E, Shaik S, et al. Heat transfer studies on solar
parabolic trough collector using corrugated tube receiver with conical strip inserts. Sustainability. 2022; 15: 378.
Available from: https://doi.org/10.3390/SU15010378.

[28] Abdulhamed AJ, Adam NM, Ab-Kadir MZA, Hairuddin AA. Review of solar parabolic-trough collector
geometrical and thermal analyses, performance, and applications. Renewable and Sustainable Energy Reviews.
2018; 91: 822-831. Available from: https://doi.org/10.1016/J.RSER.2018.04.085.

[29] Abed N, Afgan I. An extensive review of various technologies for enhancing the thermal and optical performances
of parabolic trough collectors. International Journal of Energy Research. 2020; 44: 5117-5164. Available from:
https://doi.org/10.1002/er.5271.

[30] Giglio A, Lanzini A, Leone P, Rodriguez Garcia MM, Zarza Moya E. Direct steam generation in parabolic-trough
collectors: A review about the technology and a thermo-economic analysis of a hybrid system. Renewable and
Sustainable Energy Reviews. 2017; 74: 453-473. Available from: https://doi.org/10.1016/J.RSER.2017.01.176.

[31] Pourkiaei SM, Ahmadi MH, Sadeghzadeh M, Moosavi S, Pourfayaz F, Chen L, et al. Thermoelectric cooler and
thermoelectric generator devices: A review of present and potential applications, modeling and materials. Energy.
2019; 186: 115849. Available from: https://doi.org/10.1016/J. ENERGY.2019.07.179.

[32] Jaldurgam FF, Ahmad Z. A systematic review of structures, and geometries of the thermoelectric generators.
Applied Research. 2023; 2(2): €202200074. Available from: https://doi.org/10.1002/appl.202200074.

[33] Tohidi F, Ghazanfari Holagh S, Chitsaz A. Thermoelectric generators: A comprehensive review of characteristics
and applications. Applied Thermal Engineering. 2022; 201: 117793. Available from: https://doi.org/10.1016/
j-applthermaleng.2021.117793.

[34] Kasaeian A, Tabasi S, Ghaderian J, Yousefi H. A review on parabolic trough/Fresnel based photovoltaic thermal
systems. Renewable and Sustainable Energy Reviews. 2018; 91: 193-204. Available from: https://doi.org/10.1016/
J.RSER.2018.03.114.

[35] Rostamzadeh H, Namin AS, Nourani P, Amidpour M, Ghaebi H. Feasibility investigation of a humidification-
dehumidification (HDH) desalination system with thermoelectric generator operated by a salinity-gradient solar
pond. Desalination. 2019; 462: 1-18. Available from: https://doi.org/10.1016/J.DESAL.2019.04.001.

[36] Chekifi T, Boukraa M. Thermal efficiency enhancement of parabolic trough collectors: a review. Journal of
Thermal Analysis and Calorimetry. 2022; 147: 10923-10942. Available from: https://doi.org/10.1007/S10973-022-
11369-6.

[37] Bellos E, Tzivanidis C, Antonopoulos KA. A detailed working fluid investigation for solar parabolic trough
collectors. Applied Thermal Engineering. 2017; 114: 374-386. Available from: https://doi.org/10.1016/
J.APPLTHERMALENG.2016.11.201.

[38] Champier D. Thermoelectric generators: A review of applications. Energy Conversion and Management. 2017;
140: 167-181. Available from: https://doi.org/10.1016/J. ENCONMAN.2017.02.070.

[39] Fugiang W, Ziming C, Jianyu T, Yuan Y, Yong S, Linhua L. Progress in concentrated solar power technology with
parabolic trough collector system: A comprehensive review. Renewable and Sustainable Energy Reviews. 2017; 79:
1314-1328. Available from: https://doi.org/10.1016/J.RSER.2017.05.174.

[40] Chakraborty O, Roy S, Debnath BK, Negi S, Rosen MA, Safari S, et al. Energy, exergy, environment and techno-
economic analysis of parabolic trough collector: A comprehensive review. Energy and Environment. 2023; 35(2):
1118-1181. Available from: https://doi.org/10.1177/0958305X231206507.

[41] HeJ, LiK, Jia L, Zhu'Y, Zhang H, Linghu J. Advances in the applications of thermoelectric generators. Applied Thermal
Engineering. 2024; 236: 121813. Available from: https://doi.org/10.1016/J. APPLTHERMALENG.2023.121813.

[42] Saini P, Singh S, Kajal P, Dhar A, Khot N, Mohamed ME, et al. A review of the techno-economic potential and
environmental impact analysis through life cycle assessment of parabolic trough collector towards the contribution
of sustainable energy. Heliyon. 2023; 9(7): e17626. Available from: https://doi.org/10.1016/j.heliyon.2023.e17626.

[43] Chen CY, Du KW, Chung YC, Wu CI. Advancements in thermoelectric generator design: Exploring heat exchanger
efficiency and material properties. Energies. 2024; 17(2): 453. Available from: https://doi.org/10.3390/en17020453.

[44] Carrillo Caballero G, Escorcia YC, Mendoza Castellanos LS, Galindo Noguera AL, Venturini OJ, Silva Lora EE,
et al. Thermal analysis of a parabolic trough collectors system coupled to an organic rankine cycle and a two-tank
thermal storage system: Case study of Itajuba-MG Brazil. Energies. 2022; 15(21): 8261. Available from: https://

Volume 1 Issue 12025| 227 Sustainable and Clean Buildings


https://doi.org/10.1016/J.SETA.2024.103745
https://doi.org/10.1016/j.apenergy.2023.122062
https://doi.org/10.3390/SU15010378
https://doi.org/10.1016/J.RSER.2018.04.085
https://doi.org/10.1002/er.5271
https://doi.org/10.1016/J.RSER.2017.01.176
https://doi.org/10.1016/J.ENERGY.2019.07.179
https://doi.org/10.1002/appl.202200074
https://doi.org/10.1016/j.applthermaleng.2021.117793
https://doi.org/10.1016/j.applthermaleng.2021.117793
https://doi.org/10.1016/J.RSER.2018.03.114
https://doi.org/10.1016/J.RSER.2018.03.114
https://doi.org/10.1016/J.DESAL.2019.04.001
https://doi.org/10.1007/S10973-022-11369-6
https://doi.org/10.1007/S10973-022-11369-6
https://doi.org/10.1016/J.APPLTHERMALENG.2016.11.201
https://doi.org/10.1016/J.APPLTHERMALENG.2016.11.201
https://doi.org/10.1016/J.ENCONMAN.2017.02.070
https://doi.org/10.1016/J.RSER.2017.05.174
https://doi.org/10.1177/0958305X231206507
https://doi.org/10.1016/J.APPLTHERMALENG.2023.121813
https://doi.org/10.1016/j.heliyon.2023.e17626
https://doi.org/10.3390/en17020453
https://doi.org/10.3390/en15218261

doi.org/10.3390/en15218261.

[45] Sui X, Li W, Zhang Y, Wu Y. Theoretical and experimental evaluation of a thermoelectric generator using
concentration and thermal energy storage. /EEE. Access. 2020; 8: 87820-87828. Available from: https://doi.
org/10.1109/ACCESS.2020.2993288.

[46] Vifia RR, Alagao FB. Field test of thermoelectric generator using parabolic trough solar concentrator for power
generation. AIP Conference Proceedings. 2018; 1941: 020046. Available from: https://doi.org/10.1063/1.5028104.

[47] Sripadmanabhan Indira S, Vaithilingam CA, Chong KK, Saidur R, Faizal M, Abubakar S, et al. A review on various
configurations of hybrid concentrator photovoltaic and thermoelectric generator system. Solar Energy. 2020; 201:
122-148. Available from: https://doi.org/10.1016/J.SOLENER.2020.02.090.

[48] Sundarraj P, Maity D, Roy SS, Taylor RA. Recent advances in thermoelectric materials and solar thermoelectric
generators—a critical review. RSC Advances. 2014; 4: 46860-46874. Available from: https://doi.org/10.1039/
C4RA05322B.

[49] Chavez-Urbiola EA, Vorobiev YV, Bulat LP. Solar hybrid systems with thermoelectric generators. Solar Energy.
2012; 86: 369-378. Available from: https://doi.org/10.1016/J.SOLENER.2011.10.020.

[50] Sripadmanabhan Indira S, Aravind Vaithilingam C, Sivasubramanian R, Chong KK, Narasingamurthi K,
Saidur R. Prototype of a novel hybrid concentrator photovoltaic/thermal and solar thermoelectric generator
system for outdoor study. Renew Energy. 2022; 201: 224-239. Available from: https://doi.org/10.1016/
J.RENENE.2022.10.110.

[51] Habchi A, Hartiti B, Labrim H, Fadili S, Benyoussef A, Belouaggadia N, et al. Feasibility and thermal/electrical
performance study of two smart hybrid systems combining parabolic trough collector with tubular thermoelectric
generator. Energy Reports. 2021; 7: 1539-1559. Available from: https://doi.org/10.1016/J. EGYR.2021.03.002.

[52] Habchi A, Hartiti B, Labrim H, Fadili S, Benyoussef A, Belouaggadia N, et al. Performance study of a new smart
hybrid parabolic trough collector system integrated with hybrid tubular thermoelectric generator. Applied Thermal
Engineering. 2021; 192: 116656. Available from: https://doi.org/10.1016/J. APPLTHERMALENG.2021.116656.

[53] Gharzi M, Kermani AM, Tash Shamsabadi H. Experimental investigation of a parabolic trough collector-
thermoelectric generator (PTC-TEG) hybrid solar system with a pressurized heat transfer fluid. Renew Energy.
2023; 202: 270-279. Available from: https://doi.org/10.1016/J.RENENE.2022.11.110.

[54] Soltani S, Kasaeian A, Sokhansefat T, Shafii MB. Performance investigation of a hybrid photovoltaic/
thermoelectric system integrated with parabolic trough collector. Energy Conversion and Management. 2018; 159:
371-380. Available from: https://doi.org/10.1016/J. ENCONMAN.2017.12.091.

[55] Riahi A, Ben Haj Ali A, Fadhel A, Guizani A, Balghouthi M. Performance investigation of a concentrating
photovoltaic thermal hybrid solar system combined with thermoelectric generators. Energy Conversion and
Management. 2020; 205: 112377. Available from: https://doi.org/10.1016/J.ENCONMAN.2019.112377.

[56] Herez A, El Hage H, Lemenand T, Ramadan M, Khaled M. Parabolic trough photovoltaic thermoelectric
hybrid system: Thermal modeling, case studies and economic and environmental analyses. Sustainable Energy
Technologies and Assessments. 2021; 47: 101368. Available from: https://doi.org/10.1016/J.SETA.2021.101368.

[57] Bechir N, Chargui R, Tashtoush B, Lazaar M. Performance analysis of a novel combined parabolic trough collector
with ejector cooling system and thermoelectric generators. Journal of Energy Storage. 2022; 47: 103584. Available
from: https://doi.org/10.1016/J.EST.2021.103584.

[58] Khanmohammadi S, Musharavati F, Kizilkan O, Duc Nguyen D. Proposal of a new parabolic solar collector
assisted power-refrigeration system integrated with thermoelectric generator using 3E analyses: Energy, exergy,
and exergo-economic. Energy Conversion and Management. 2020; 220: 113055. Available from: https://doi.
org/10.1016/J.LENCONMAN.2020.113055.

[59] Ebadollahi M, Shahbazi B, Ghaebi H. Efficiency and flexibility enhancement of nanofluid-based hybrid solar
desalination system equipped with thermoelectric generator for eco-friendly freshwater and power cogeneration.
Process Safety and Environmental Protection. 2024; 190: 108-122. Available from: https://doi.org/10.1016/
J.PSEP.2024.07.077.

[60] Assareh E, Alirahmi SM, Ahmadi P. A sustainable model for the integration of solar and geothermal energy boosted
with thermoelectric generators (TEGs) for electricity, cooling and desalination purpose. Geothermics. 2021; 92:
102042. Available from: https://doi.org/10.1016/J.GEOTHERMICS.2021.102042.

[61] Habibollahzade A, Gholamian E, Ahmadi P, Behzadi A. Multi-criteria optimisation of an integrated energy
system with thermoelectric generator, parabolic trough solar collector and electrolysis for hydrogen production.
International Journal of Hydrogen Energy. 2018; 43: 14140-14157. Available from: https://doi.org/10.1016/
JIJHYDENE.2018.05.143.

Sustainable and Clean Buildings 228 | Erdem Cuce, et al.


https://doi.org/10.3390/en15218261
https://doi.org/10.1109/ACCESS.2020.2993288
https://doi.org/10.1109/ACCESS.2020.2993288
https://doi.org/10.1016/J.SOLENER.2020.02.090
https://doi.org/10.1039/C4RA05322B
https://doi.org/10.1039/C4RA05322B
https://doi.org/10.1016/J.SOLENER.2011.10.020
https://doi.org/10.1016/J.RENENE.2022.10.110
https://doi.org/10.1016/J.RENENE.2022.10.110
https://doi.org/10.1016/J.EGYR.2021.03.002
https://doi.org/10.1016/J.APPLTHERMALENG.2021.116656
https://doi.org/10.1016/J.RENENE.2022.11.110
https://doi.org/10.1016/J.ENCONMAN.2017.12.091
https://doi.org/10.1016/J.ENCONMAN.2019.112377
https://doi.org/10.1016/J.SETA.2021.101368
https://doi.org/10.1016/J.EST.2021.103584
https://doi.org/10.1016/J.ENCONMAN.2020.113055
https://doi.org/10.1016/J.ENCONMAN.2020.113055
https://doi.org/10.1016/J.PSEP.2024.07.077
https://doi.org/10.1016/J.PSEP.2024.07.077
https://doi.org/10.1016/J.GEOTHERMICS.2021.102042
https://doi.org/10.1016/J.IJHYDENE.2018.05.143
https://doi.org/10.1016/J.IJHYDENE.2018.05.143

[62] Alirahmi SM, Assarch E, Arabkoohsar A, Yu H, Hosseini SM, Wang X. Development and multi-criteria
optimisation of a solar thermal power plant integrated with PEM electrolyzer and thermoelectric generator.
International Journal of Hydrogen Energy. 2022; 47: 23919-23934. Available from: https://doi.org/10.1016/
J.IJHYDENE.2022.05.196.

[63] Karthick K, Suresh S, Joy GC, Dhanuskodi R. Experimental investigation of solar reversible power generation in
Thermoelectric Generator (TEG) using thermal energy storage. Energy for Sustainable Development. 2019; 48:
107-114. Available from: https://doi.org/10.1016/J.ESD.2018.11.002.

[64] Rashid FL, Al-Obaidi MA, Dulaimi A, Bahlol HY, Hasan A. Recent advances, development, and impact of using
phase change materials as thermal energy storage in different solar energy systems: A review. Designs. 2023; 7: 66.
Available from: https://doi.org/10.3390/DESIGNS7030066.

[65] Deb K. Multi-objective optimisation using evolutionary algorithms: An introduction. In: Multi-Objective
Evolutionary Optimisation for Product Design and Manufacturing. London: Springer; 2011. p.3-34. Available
from: https://doi.org/10.1007/978-0-85729-652-8 1.

[66] Liang G, Zhou J, Huang X. Analytical model of parallel thermoelectric generator. Applied Energy. 2011; 88: 5193-
5199. Available from: https://doi.org/10.1016/J, APENERGY.2011.07.041.

[67] Faraj J, Salameh W, Takash AA, El Hage H, Castelain C, Mortazavi M, et al. Boosting diesel generators power
with thermoelectric generators and integrated oil tank—Thermal modeling and parametric study. /nternational
Journal of Thermofluids. 2024; 22: 100632. Available from: https://doi.org/10.1016/J.1JFT.2024.100632.

Volume 1 Issue 12025| 229 Sustainable and Clean Buildings


https://doi.org/10.1016/J.IJHYDENE.2022.05.196
https://doi.org/10.1016/J.IJHYDENE.2022.05.196
https://doi.org/10.1016/J.ESD.2018.11.002
https://doi.org/10.3390/DESIGNS7030066
https://doi.org/10.1007/978-0-85729-652-8_1
https://doi.org/10.1016/J.APENERGY.2011.07.041
https://doi.org/10.1016/J.IJFT.2024.100632

	_GoBack

