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ABSTRACT: Thermoelectric generator is considered as a solid-state device used for electricity production in 

particular, the low scale applications such as; medical, wearable and communication due to its ability in converting 

the heat into electrical power. However, the thermoelectric generator (TEG) efficiency is low and the electrical 

power generation also low. Therefore, integrating more systems such as concentrator or vacuumed systems in one 

hybrid system will improve the power production and efficiency whether electrical or thermal. The present work 

reviews the progress on the concentrating solar thermoelectric generator (SCTEG) with and without vacuumed 

system. The attention is given to development of the system, modeling and optimizing in numerical and 

experimental and method of absorbing the heat from the system. The review gives an in depth that the CSTEG 

system might be useful for small scale electricity production or may be both electrical and thermal. The study will 

benefit the designer and researchers that interested in improving the CSTEG system 
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INTRODUCTION 

The key technology for producing sustainable electrical and thermal power is solar energy because it is free 

available and environmentally friend, in contrast with fossil fuel problem such as limitations and environmental 

issues. Photovoltaic is one method of converting solar light into electricity and companied with thermal system 

will producing heat and electricity at the same time. Thermoelectric is another method of producing electricity by 

the temperature difference across it and also, there is opportunity to produce heat and electricity by integrating 

TEG with cooling system. Here we are presenting a state of the art of CSTEG hybrid system. The main parts of 

CSTEG are concentrator system solar thermal absorber or solar thermal collector, thermoelectric generator and 

cooling system. This review paper will discuss all the parts of the CSTEG hybrid system in details. The present 

work is differing from other reviewing paper [1-4] in focusing on concentrating solar thermoelectric generator by 

describing all the parts of the system, the stat of art of the CSTEG, the methods of cooling or absorbing the heat 

and improvement of the system by modeling and optimization. The paper will be valuable study for the designer 

and researchers who are interest in this area of research. 

Concentrator solar system 

Concentrated solar system is concentrating sun light on the solar thermal absorber by using aluminum foil, mirrors, 

or lenses [5] to concentrate and focusing of sunlight onto a receiver. Concentrating solar thermoelectric generators 

(CSTEGs) replacing the mechanical power by a heat engine via Seebeck effect and the system will simplify [6]. 

However, A thermoelectric generator works under concentrating system has to be to work under high temperature 

otherwise, the increasing of the temperature could be damage the TEG module [7, 8]. Therefore, special materials 

are recommended for TEG to work under high temperature [9] such as; skutterudite and Yb14MnSb11 p-type and 

skutterudite and La3Te4 for p-type [10]. This type of material could increase the figure of merit (ZT) more than 

unity and the efficiency up to 15%. 

Solar Thermal absorber (STA) 

Solar thermal absorber in the CSTEG works as a special type of heat exchanger by converting the solar radiation 

gain from the sun via the concentrating system into thermal energy. It is usually made from a metal with high 

thermal conductivity such as copper [11-13], aluminum or steel. STA coated by black paint in order to absorb the 

https://scholar.google.com/citations?hl=en&user=ooOzq9gAAAAJ
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sun light efficiently. STA losses heat to the environment by convection and radiation [14] therefore, providing 

vacuumed system will reduce the heat losses from the solar thermal collector [15]. Selective solar absorbers 

painted with black paint to increase the absorption of heat [16]. Selective solar absorbers are fabricating in 

different ways and the commonly one was developed materials operated under high temperature more than 950°C, 

which are multilayers and metal-dielectric composites cermet [17-19]. Madkhali and Lee developed new design 

of CSTEG with using absorptivity of 0.95 and emissivity of 0.1 for a selective solar absorber. The hybrid system 

satisfied to get efficiency of about 21.6% and output power output about 5.7 W [20]. 

Thermoelectric Generator (TEG) 

Thermoelectric energy conversion is basically dependent on converting heat to electricity using Seebeck effect 

[21, 1] or by converting electricity to temperature effect by Peltier effect [22][23]. Thermoelectric generator (TEG) 

is converting thermal power into electricity power by the temperature difference across it [24, 25]. It is conceded 

as a heat engine and the charge carries doing as a working fluid and it is silent, solid state, environment friendly, 

no maintained is needed and without any moving part and could be used for large power production [26, 27] or 

low scale power production [28, 29]. Therefore, it can serve to increase the energy and determine the emission of 

CO2 of fossil fuel by using the waste heat. Also, it can be integrated to harvest the thermal energy from human 

body or charging mobile devices and wireless sensors [30]. 

Cooling system 

Heat exchanger or cooling system is provided with CSTEG in ardor to absorb the heat from the hot side and 

establish a temperature difference across it. The amount of heat required to be removed from the hot side must be 

considered to decide whether to be passive cooling or active cooling also the availability, size and cost have to be 

decided. This section will explain more in section-3 (methods of absorbing heat from thermoelectric generator) 

by going through the passive and active cooling system for CSTEG in details. 

CONCENTRATING SOLAR THERMOELECTRIC GENERATOR (CSTEG)  

The integrating of concentrating solar system with TEG as a power block was addressed by McEnaney et al. 2011. 

The hybrid system has no moving part, scalable and there is no need thermo-mechanical generator as Stirling 

engine of steam turbine. The system has efficiency more than 10% by using bismuth telluride or skutterudite 

materials with concentration ratio about 45. The results of the mathematical model was agreed with the 

experiments investigation [31]. A theoretical study and a validation by experimental work were done by 

SHANMUGAM and VEERAPPAN on the behavior of CSTEG. The hybrid system included: concentrating 

system, solar selective absorber, TEG and cooling unit. The system was manufactured to serve people in rural 

areas in India due to the shortage of electricity. In the theoretical model, a heat transfer analysis and 

thermodynamics approach was used. The model can predicate the temperature at any junction. The obtained 

results presented that that the highest power output was about 16.43 W theoretically and 15.35 W experimentally 

while, the standard deviation was 0.869 and the average error was 11.12 [32].  

 

Figure 1. Presenting the concentrating solar thermoelectric generator [32] 
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A study on CSTEG were conducted by [13] to evaluated the hybrid system. The mathematical model was 

considered the temperature of the n-type and p-type of thermoelectric generator via dividing them into finite 

elements where the electrical efficiency was predicted. The results discussed the concentration ratio and the 

cooling method for TEG. One of the applications of TEG is using it in the communication field for example López 

et al suggested a solar TEG with concentration system. The system included a structure of sunlight concentrator, 

a Fresnel lens and a thermoelectric generator. A three dimensional printer utilized to make the structure of the 

CSTGE which is adjusted to different sun position. The experimental finding presented that the highest 

temperature across the TEG about 60°C and the maximum power output about 6.93 mW. The period that required 

for full charging was approximately 2.2 hours to operate the wireless sensor which would be used for measuring 

humidity, temperature of soil, and conductivity for agriculture [33]. Kraemer et al. [6] developed the CSTEG to 

7.4% by using optical concentrating  system with solar intensity of 211 kW/m2. Cheruvu et al [34] experimentally 

analyzed the temperature change of a selective solar absorber with different coating and with different solar 

intensity by using Fresnel lens and vacuumed system in steady-state condition. The experimental results obtained 

were agreed with a COMSOL simulation model. Also, they performed a performance analysis for the solar TEG 

in vacuum system with Fresnel lens and heat absorber. The finding presenting that the highest power, a peak 

efficiency were of 0.91 W and of 2.21% respectively when the temperature of TEG in the hot-side was 642 K as 

presented in Figure (2). 

 

Figure 2. Showed the concentrating solar thermoelectric generator: (a) photograph and schematic diagram [34] 

Rad et al [35] were introduced a method of optimization for concentration in terrestrial and a model for the CSTEG 

was improved. The results showed that there was an increase in the thermal concentration, in contrast with 

previous results. The efficiency of the CSTEG was increased when the ZT was increase up to 1.5. A parabolic 

solar concentrator was fabricated by [36] with 2.4587m2 effective area as shown in figure (3). The concentrator 

system was 4x8 ft2 made from matle sheet and mirror film. There was absorber plate in the focal region 1.22 m x 

0.10 m from cooper coated by flat black. Eight equally TEG were used and an Aluminum tube as a heat sink was 

used. The experimental results showed that the generated current was about 179.4 mA and the voltage was 10.6 

volte. 

 

Figure 3. Showed a photograph for the experimental set up of CSTEG [36] 
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Zhu et al  [37] conducted TEG thin film module for small-scale application as shown in figure (4). An optimization 

was achieved for the device, material, and system integration of TEG. A sputtering method with post annealing 

was used for fabrication of TEG thin film. TEG device was integrated with Fresnel lens for light concentration. 

Also, a simulation was done to understand the optimization of the cooling system. The finding showed that the 

thin- film generated maximum voltage output. 

 

Figure 4. Showed a photograph for the experimental set up of CSTEG [37] 

METHODS OF ABSORBING HEAT FROM TEG 

Absorbing heat from TEG cells is a major design requirement. The integration of a cooling unit into TEG device 

is essential due to the improvement in the whole system and establishing temperature differences across the TEG. 

Different cooling techniques were used by researchers the two most common were passive and active by utilizing 

a working fluid ether air or water and usually, the cooling systems such as water or air is used at the bottom of the 

TEG. The temperature difference across TEG is affect by the cooling technique employed at the cold side of the 

TEG because of capability of heat dissipation.  

Passive cooling 

A heat sink made from Aluminum with fins was used on the cold side of TEG [16]. A PCM was mixed with 

nanomaterial to increase the heat transfer. The maximum current generated by one TEG was about 84.9 mA during 

the day. The technique of using of phase change material (PCM) as cooling media with cold side of TEG was 

used also used by [38, 39]. The PCM mixed with Nano-material changes the phase of PCM from solid state to 

liquid state and stores the heat. In the night time, the PCM-Nano mixture releases the heat and converts from the 

liquid phase to solid phase. As results a temperature difference will appear between the top side and bottom side 

of the TEG generating a voltage by the TEG. During the night the maximum voltage may be generated was about 

89 mV [40]. Heat pipe provided by micro-channel is able to make the low heat to high heat by converting the ratio 

of the evaporator and the condenser areas which has a higher heat transfer performance than the usual heat pipe 

[41, 42]. Li et al [42] combined the SCTEG with micro-channel heat pipe as shown in figure (5). A mathematical 

model was developed and a comparison between the theoretical and the experimental results was done.  

 

Figure 5. Showed a shematic diagram for the CSTEG [42] 
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The finding presented that the CSTEG with the micro-channel of the heat pipe system improvement was based 

on many factors that may be optimized. 

Active cooling 

Active cooling is another way to absorb heat from TEG system in order to establish temperature difference across 

it which the principles of producing electricity from TEG. Candadai et al. [43] experimentally tested the behavior 

of free convective for cooling the CSTEG. The hybrid system included of three TEGs and the selective absorber 

coating. The electrical power was measured at different values of concentration ratios for the CSTEG and the 

highest efficiency of the system was obtained in the range of TEG temperature. Chen et al. [44] discovered that 

the convection of heat transfer coefficient was effected by forced convection and water cooling recommended 

more than air cooling for better power output of the TEG due to that water has high specific heat and water cooling 

is better for the solar TEG cooling.  

Köysal [45] conducted an experimental work on CSTEG at 8th of September, 2017 in Samsun, Turkey to test the 

performance of the system. The study focused on measured the thermal and electrical efficiency. The cold side of 

TEG was heat sink provided by inlet and outlet coolant to absorb the heat. The heat obtained by the solar thermal 

collator was transferred to the fluid and calculated by getting the temperatures of inlet and outlet of the heat sink. 

The mass flow rate of working fluid in cooling unit was 10 g/s. Figure (6) showed part of the results represented 

the thermal and electrical efficiency increased and decreased in with variation of the solar radiation and the values 

were 0.326% and 0.257%, respectively. The study proved that the produced power was dependent on the 

temperatures of the TEG device. The temperature of the TEG device was related to receive solar intensity from 

the Fresnel lens.  

 

Figure 6. Showed the solar irradiance and efficiency as a function of time for the CSTEG [45] 

Miljkovic and Wang [46]. The hybrid system used a thermosyphon which transfer the heat to a bottoming cycle 

in passive techniques. The solar concentrations were reached up to 100 suns and different thermosyphon and TEG 

were used in evacuated-tube solar collector. Different working fluids were used in the thermosyphon such as 

nickel/liquid-potassium, stainless-steel/mercury and copper/water and three types of material for TEG for example 

silicon germanium, lead telluride and Bismuth telluride. Nia et al [47] experimentally studied the thermal and 

electrical power of CSTEG. The maximum hot side temperature available on the hot side of TEG was 130 oC 

during the days of data recording. Also, the maximum electrical power was 1.038 W and thermal power was 30.93 

W at mass flow rate 0.002 kg/s and initial temperature and solar intensity were 19 oC and 705.9 W/m2, 

respectively. the effect of evaporative cooling were studied by Al Nimr et al [48] on the cold side of TEG in the 

CSTEG. The results proved that the electrical efficiency was increased by increasing of the effect of cooling on 

the cold junction.  

The total electric efficiency was about 19.13% which was achieved at a 25 concentration ratio of 20 suns. The 

results also showed that more stable electrical is satisfied. Köysal et al were done a comparative study between 
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active and passive cooling for a CSTEG and maximum temperatures achieved were 73oC for active cooling side 

and 89oC for passive cooling side at 12th of September with selective adapted system. On the other hand, the 

maximum temperatures were 66oC for active cooling side and 81oC for passive cooling side. The max voltages 

were 1.413 V and 0.942 V related to active cooling and passive cooling, respectively. The study utilize only one 

thermoelectric model therefore, the obtained open circuits voltages were in small scale [49]. Figure (7) showed 

part of the results which represent the sola irradiance and electrical efficiency as a function of time. 

 

Figure 7. Showed the solar irradiance and efficiency as a function of time for active and passive cooling of the 

CSTEG  [49] 

MODEL OPTIMIZATIONS 

A concentrating solar thermoelectric generator (CSTEG) hybrid system consists of concentrating system, thermal 

absorber on the top of a TEG and cooling system. The solar collector forms the hot side of the TEG and the cold 

side of the TEG represented by a heat exchanger with water circulating through it. Vacuumed enclosure [34, 50] 

is optional and may be used to increase the efficiency and reduce the heat that may be lost by convection or 

radiation. Olsen et al investigated the design of CSTEG with vacuumed enclosure system as shown in figure (8). 

The project integrated all the technologies mentioned above in order to get optimum efficiency with new materials 

for TEG. The study tested CSTEG at high flux solar furnace. An analysis of parasitic losses and lifetime were 

done to optimize the prototype. Also, the study included a development for model cost to study the economic 

possibility of application [9]. 

 

Figure 8. Showed a schematic diagram for the CSTEG [9] 
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Baranowski el al developed a novel model of CSTEG as shown in figure (9). The model used the theory of TEG 

to predict the conversion efficient. Ideal material for TEG was utilized under 100k W/m2 solar intensity with the 

hot side temperature up to 1000oC. This model may achieve maximum theoretical efficiency up to 15.9% and it 

may be reached up to 30% if ideal material would be used for the TEG [51]. 

 

Figure 9. Showed a schematic diagram for the CSTEG: (1) Optical system (2) solar thermal absorber. (3) TEG 

(4) Cooling unit. (5) Vacuum system [51] 

Some studies were focused on modeling and optimization different parts of the SCTEG and some of them focused 

either on the geometry or on the parameters [52, 53, 13, 54, 55]. A thermodynamic model of solar concentrating 

thermoelectric generator was derived. Fourier heat conduction, Thomson effect, Joule heating and Peltier effects 

were considered via MATLAB optimization. The temperature across the thermoelectric junction may be obtained 

by solving the energy balance of the hybrid system. The model studied the operation parameters that affect the 

performance and the power output such as concentration ratio, number of legs of n-type and p-type, electrical 

resistance and electrical current. The study presented that the highest values of the concentration ratio and load 

ratio were found to be 180 and 1.3, respectively, and the max efficiency of 5.85% and max exergy efficiency of 

6.29%, with power output of 4.213 W [56]. Faddouli et al. [57] investigated the energetic efficiency of a  solar 

water heater with a TEG, to produce heat and electricity.   

A transit mathematical model is introduced for the system in details. A MATLAB program is used to solve the 

model. The results showed that there was an improved in the hybrid system. The flow rate was 1200.453 latter 

per day, when the collector dimensions was 0.92mx1.9mx0.05m, the angle of inclination was 30° and solar 

intensity was 20 suns. The system produced a electrical power about 10.41W. Kraemer et al, (2012) [58] presented 

a model and an optimization method for terrestrial CSTEG as shown in figure (10). They described and discussed 

the CSTEG geometry to make optimization independently on the dimensions. The modified model showed that 

the TEG elements may be manufactured in scaled size without affecting performance. Also, the cost could be 

minimized by reducing the amount of the TEG material. The Bi2Te3 -based CSTEG efficiency was about 5% at 

the standard conditions AM1.5G. The systems may be adjusted for electricity production or hot water throughout 

the day. 
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Figure 10. Showed a schematic diagram for the CSTEG [58] 

Liu et al [59] were established a model of CSTEG. The model studied the influence of the following parameters: 

thermal concentration ratio, length of the thermoelectric legs. The finding showed that the maximum conversion 

efficiency and output power per unit mass can reach up to 5.5% and 6.5 W/kg, respectively. A novel design for a 

CSTEG was proposed by Rehman et al [60] with optimum output power. The collector contained a parabolic 

trough concentrator and a receiver mounted with two TEGs along the concentrator. The study investigated the 

influence configuration for the geometry of the optical performance of SCTEGs. The vertex angle and the focus 

offset were studied as an optical parameter. The results showed that both parameters were affected by the optical 

efficiency and the local flux distribution. A slight alteration in vertex angle and focus offset resulted in same 

optical efficiency and the optical efficiency recorded was 93.61%. A novel of hybrid CSTEG system was modeled 

and optimized which presented in figure (11). The CSTEG was contained solar concentrators and carbon 

nanotubes (CNTs) as a absorber was used. The CNTs absorber developed the solar-thermal performance and 

established an efficiency about 4.3% when the solar concentration of 78, and optimum out power was 11.2 W at 

106× suns [44]. The high performance of the system was due to optimization of thermodynamic properties. Latest 

developments were adopted by researchers for using solar energy in many fields such as solar still, solar energy 

and storage systems, and solar collectors [61-80]. 
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Figure 11. Showed a schematic diagram for the CSTEG [44] 

CONCLUSION 

In this work, an in-depth analysis was presented for concentrating solar thermoelectric generators (CSTEG) for 

low scale electricity production. The paper reviews the improvement of CSTEG in the recent decade from aspects 

of advances in components, modeling, and methods of absorbing heat. From the literature survey carried out, it is 

clear that there were very little studies conducted on the modeling, simulation and experimental work of the 

CSTEG system under out door conditions for hot water and power generation. Furthermore, investigations are 

needed to be conducted as the evacuated solar thermal collector, TEG and cooling system. The combination of 

concentrating system with TEGs system could increase the amount of electrical power generation from TEG and 

thermal power. The study will benefit the designer and researchers that are working in this field and interesting in 

development of integrating concentrating system with thermoelectric generator. 
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