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Abstract

:

The efficiency of a thermoelectric generator model under maximum conditions is presented for two optimization criteria proposed under the context of finite-time thermodynamics, namely, the efficient power criterion and the Omega function, where this last function represents a trade-off between useful and lost energy. The results are compared with the performance of the device at maximum power output. A macroscopic thermoelectric generator (TEG) model with three possible sources of irreversibilities is considered:   ( i )   the electric resistance R for the Joule heating,   ( i i )   the thermal conductances   K h   and   K c   of the heat exchangers between the thermal baths and the TEG, and   ( i i i )   the internal thermal conductance K for heat leakage. In particular, two configurations of the macroscopic TEG are studied: the so-called exoreversible case and the endoreversible limit. It shows that for both TEG configurations, the efficiency at maximum Omega function is always greater than that obtained in conditions of maximum efficient power, and this in turn is greater than that of the maximum power regime.
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1. Introduction


The pioneering works of T.J. Seebeck [1,2,3] at the beginning of the 19th century gave rise to the study of thermodynamics in thermoelectric phenomena. The fundamental Seebeck’s idea published in 1821 of generating electricity by applying heat into the junction of two distinct materials marked a new era in the study of several thermoelectric phenomena; see, for instance, Peltier [4], Thomson [5], etc. These authors placed the theory foundations of the thermoelectricity as a non-equilibrium phenomenon, but the physical and mathematical tools of that time were insufficient to further describe it.



On the other hand, at the end of the 20th century with the pioneering work of Curzon and Alhborn, the newborn finite-time thermodynamics (FTT) obtained one of the successful models to describe heat engines under more realistic conditions [6,7,8,9,10], which is something that the classical equilibrium thermodynamics (CET) had not yet achieved. In this sense, the CET had only shown what the upper limits were for some variables related to the process itself, such as the efficiency.



As a result of having incorporated more realistic operating conditions into the study of thermal engines, it was possible to obtain models whose results are more in line with reality [11,12,13,14]. Many of these models that have emerged from the FTT are being developed in the context of finding optimization criteria that provide insights on how to combine state variables that could influence the efficiency of the thermal engines. Among the most important can be found: (a) minimization of entropy generation [15,16,17,18], (b) maximization of the power output [19], (c) maximization of the ecological function [20], (d) maximization of the Omega function [21], (e) maximization of the saving function [22], (f) maximization of the efficient power [23], etc. The loop-shaped-type curves must be emphasized as one of the intuitive properties that have been incorporated into the FTT models, in which analysis of the power versus efficiency shows how irreversibilities play an important role in the functioning of the engine.



The success of the FTT was outstanding in areas as diverse as quantum physics [24,25], biology [26,27,28,29], chemistry [30,31], engineering [32,33], etc. In all of these, the common procedure was to model the different systems by means of the FTT, trying to obtain the optimization criteria that explain the efficiency shown in the real systems.



It is in this context that the thermoelectric generators (TEGs) began to be studied as thermal engines that directly convert heat into electricity via the Seebeck effect, and have the advantage of allowing each of their sources of irreversibility to be modeled separately, and in a simple way. It is important to note that TEGs have a very low efficiency in comparison to traditional heat engines, and looking for mechanisms to improve it could be a key aspect for many technological applications. One example in this direction is some recent energy harvesting technologies, such as triboelectric generators (TENGs) [34], piezoelectric generators [35], and thermoelectric generators (TEGs) [36,37], which have been developed to convert human biomechanical energy into electricity. The energy needed to run these devices is around 1% of the   100   W   that a human generates daily due to mechanical activities [38].



The human body as a thermal source would be sufficient to generate this amount of energy; however, achieving this efficiency could be an engineering challenge because the area that could be covered by these TEGs is finite [38], and then it becomes important for these devices to maximize the efficiency. It has been shown that one effective way to improve this efficiency is to develop thermoelectric materials with a high figure of merit   z T   [18,38]. For instance, the highest   z T   that has been achieved for inorganic materials is   2.2  , while for organic materials the highest   z T   is   0.75   [38]. The value of   z T   is mainly due to low thermal conductivity and high electrical conductivity that assist in the transfer of electrons during the thermoelectric process [39]. In some cases, it is not the figure of merit, but rather the Seebeck coefficient measured by dividing the difference in voltage at room temperature and required temperature by the difference in temperatures (  S = − Δ V / Δ T  ) that is being improved in order to obtain better efficiency [40].



In recent years, several works [41,42,43,44,45,46,47,48,49,50] which analyze and compare the performance between a thermoelectric generator and models of irreversible thermal engines have been published, showing that the best thermodynamic working conditions are obtained when the relative current density is equal to a specific value which directly depends on the material properties [18]. The traditional mechanism to increase the efficiency of TEG devices focuses on improving the thermoelectric properties of materials; meanwhile, little has been studied about the influence of TEG device configuration and optimization on its performance. In this line, Chen et al. accomplished enhancing the power output by about 34.6% [51]. In this work, an analysis of TEG devices considering two objective functions that were proposed within the field of finite time thermodynamics, namely, the efficient power and the Omega function, is presented. Two particular cases will be analyzed in more detail: the exoreversible model and the so-called endoreversible case. Although the results obtained are based on models with a greater or lesser degree of idealization, the usefulness lies in the fact that it provides qualitative information on the optimal performance of these devices under the addressed criteria.



This paper is organized as follows. Firstly, in Section 2, the configuration of a thermoelectric generator (TEG) and the optimal criteria are presented. Secondly, Section 3 briefly displays the case when only internal irreversibilities are considered. The exoreversible case is studied in Section 4; meanwhile, in Section 5, the endoreversible case is analyzed. Finally, concluding remarks are enunciated in Section 6.




2. Thermoelectric Model and Optimal Criteria


2.1. Thermoelectric Generator


The thermoelectric generator is a useful device for converting thermal energy directly into electrical energy via the Seebeck effect, and the properties of TEG are governed by the coupling of Ohm and Fourier laws. In this sense, it has the attributes of a thermal engine operating between two thermal sources. A TEG consists of two legs of thermoelectric materials (TEM), which are connected electrically in series and thermally in parallel. Figure 1a shows a scheme of TEG which operates between two thermal reservoirs with temperatures   T h   and   T c   (  T h  ≥  T c  ), having external thermal conductances   K h   and   K c  , R is the internal resistance of TEM with electric current I flowing through  α , the Seebeck coefficient, and K, the thermal conductance of two arms of the couple in parallel, associated with the heat leak (open-circuit conductance). Figure 1b shows a diagram with the equivalent thermodynamic configurations for the thermoelectric generator [42]. Thermoelectric performance is characterized by its figure of merit,   z =  α 2  / R K  , where a fundamental fact to improve the energy conversion efficiency is to increase the Seebeck coefficient ( α ) while reducing internal resistance (R) and contributions to thermal conductivity (K) [43].



The coupling between the gradients of temperature and electric potential shows the emergence of various thermoelectric effects [44,45]; thereby, the net rates of heat input and heat rejection at the TEM are given by


   Q h  = I  T  e h   α + K  (  T  e h   −  T  e c   )  −   R  I 2   2   



(1)






   Q c  = I  T  e c   α + K  (  T  e h   −  T  e c   )  +   R  I 2   2   



(2)




where the first term corresponds to convective heat flow, with   T  e h    (  T  e c   ) the effective temperature of TEM at hot (cold) side (see Figure 1a). The second represents heat leak between the cold and hot sides, and the last term is the Joule heat received by each reservoir. For coupling with thermal sources, a Newtonian heat flow between a reservoir and TEM is assumed so that


   Q h  =  K h   (  T h  −  T  e h   )   



(3)






   Q c  =  K c   (  T  e c   −  T c  )   



(4)







The power output of the device is given by


  P =  Q h  −  Q c  = I α  (  T  e h   −  T  e c   )  − R  I 2   



(5)




and the efficiency   η = P /  Q h   



Following, a review of the criteria under which the TEG model will be optimized, proposed in the context of the FTT is presented.




2.2. Optimization Criteria


For this work, two optimization criteria for the TEG model were chosen, efficient power (EP) [23] and Omega function ( Ω ) [21], which are briefly described.



Efficient Power. In 1980, Stucki [26] using a first-order irreversible thermodynamics formalism to study biochemical energetic processes, proposed an objective function defined by the product of the power output and the efficiency. Thereafter, in 2006, Yilmaz et al. proposed a new analysis criterion for the performance of thermal engines, called efficient power (EP) [23], which considers the effects on the design of heat engines, as the product of power by the cycle efficiency. This criterion was applied straightforwardly to the Carnot, Brayton, and Diesel engines and other systems such that the approach called maximum efficient power in the context of thermal engines is depicted as the best compromise between power output and efficiency, according to the following equation:


   E P  = P η  











Yilmaz and co-authors concluded that efficiency at maximum efficient power is always greater than efficiency at maximum power, which shows that the design parameters under these conditions lead to more efficient engines.



Omega Function. In 2001, A. Calvo Hernández, et al. proposed a criterion representing the best compromise between the maximum useful energy [21] and the minimum loss of useful energy for a specific energy converter. This is independent of any environmental parameter and does not require the explicit derivation of the entropy generation, such as the case where the exergy or the ecological criteria are used as objective functions [15,20]. This feature was proposed based on a unified optimization criterion which represents a trade-off between the benefits and losses of energy to any device.



The expression for Omega function [21] for a heat engine is given by


  Ω =  ( 2 η −  η  m a x   )   P η   








where  η  =   P   |   Q h   |     is the efficiency of thermal engine and   η  m a x    =   η C   is the Carnot efficiency for the case that concerns us in this paper.





3. Internal Irreversibilities


When it is considered that there is a reversible heat transfer between the TEM and the thermal sources and only internal irreversibilities are presented, there is a simple expression for its efficiency at maximum output power. This version of TEG operates between   T h   and   T c   temperatures (see Figure 1a), where the input and rejection heat flows are given by


   Q h  = I  T h  α + K  (  T h  −  T c  )  −   R  I 2   2   



(6)




and


   Q c  = I  T c  α + K  (  T h  −  T c  )  +   R  I 2   2   



(7)




and thus the power output is


  P = I α  T h   η C  − R  I 2  =  I 2   R L   



(8)




where    η C  = 1 −   T c   T h     is the Carnot efficiency and   R L   the load resistance [44,52]. While the efficiency reads


  η =   I α  T h   η C  − R  I 2    I  T h  α + K  T h   η c  −   R  I 2   2    .  



(9)







Solving   d P / d I = 0   for I, and substituting its value into the efficiency, Equation (9), yields the maximum power efficiency,   η  P  I  , that reads


   η  P  I  =  η C    m 2   1 −   η C  4  +  2  z  T h       



(10)




where   z =   α 2   R K     is the figure of merit for the device and,   m =   R L  R   , as was previously reported [43].



It is also possible to find an expression for the efficiency at maximum Omega function,   η  Ω  I  , given by


   η  Ω  I  =  η C   m  4 −   3  η C   2  +    (  η C  − 4 )  2   z  T h       



(11)







The expression for efficiency at maximum efficient power for this case is cumbersome, so it is not presented explicitly. As previously mentioned, this work focuses on analyzing the performance of the TEG in two configurations: (1) the so-called exoreversible case and (2) the endoreversible limit, under the regimens of maximum efficient power and maximum Omega function.




4. Exoreversible Case


In this scenario, irreversibilities originate only within the TEM, through the internal resistance R [42]. The operating temperatures are those of the thermal baths,   T h   and   T c  , and irreversibilities due to heat leak are not considered, that is,   K = 0  , thus the input and output heats (See Figure 1b), are, respectively,


   Q h  = I  T h  α −   R  I 2   2   



(12)






   Q c  = I  T c  α +   R  I 2   2   



(13)




then the power output at this case, is again given by the expression (8). The efficiency is given by


  η =   2 α  η C   T h  − 2 R I   2 α  T h  − R I    



(14)







Optimization


The efficiency at maximum power output,   η P  I I   , for this case, has been studied previously by several authors, and here is shown:


   η P  I I   =   η C   2 −   η C  2    .  



(15)







This result, as the authors point out, is found in conditions of strong couplings [42,53], whereas the efficiency at maximum efficient power is given by


   η  E P   I I   = 3 −   9 − 4  η C     



(16)







The efficiency at maximum Omega function for this configuration reads as


   η  Ω   I I   =    (  η C  − 3 )   η C     3 2   η C  − 4    



(17)







The behavior of three optimal efficiencies in this case are plotted in Figure 2. Additionally, the range of operation of   η C   for some TEG devices is shown and indicated with an asterisk for some applications in space systems [43,54,55]. From the results obtained for the optimal efficiencies in this configuration, it is observed that the efficiency in the maximum Omega function regime is greater than those provided at maximum efficient power and maximum output power, that is


   η  Ω   I I   >  η  E P   I I   >  η  P   I I    



(18)







Additionally, it is important to note that the results for the optimal efficiencies are independent of the parameters of R and  α  of TEG, that is, efficiencies only depend on the temperatures of the thermal sources. This feature is common in models of conventional thermal engines under an exoreversible configuration.



On the other hand, it is known that the second law of thermodynamics imposes restrictions on the amount of energy that can be converted into useful work and indicates that, if a system undergoes an irreversible process, there is dissipation of energy, so another aspect to consider within thermal energy converters is the dissipation. Perhaps in thermoelectric generators, a study of dissipation is not substantial due to their operating conditions that produce low efficiencies. However, an analysis of dissipation in each of the regimes is given below.



The dissipation or “loss power” [20] is given by


  ϕ =  T c  Δ S =  T c     Q c   T c   −   Q h   T h     



(19)







Their optimal values for each of the operating regimes are


   Φ P  =    η C 2   ( 2 −  η C  )   4   



(20)




in conditions of maximum power,


   Φ  E P   =    (  η C  − 2 )   ( 2  η C  − 9 + 3   9 − 4  η C    )   2   



(21)




for the dissipation at maximum power efficient, and


   Φ Ω  =    ( 2 −  η C  )   η C 2     (  η C 2  − 4 )  2    



(22)




at maximum Omega function, where   Φ = ϕ /    α 2   T h 2    2 R    .



Figure 3 shows the behavior of dissipation in each of the regimes. As can be seen, for all values of   η c  , the dissipation satisfies that


   Φ P  >  Φ  E P   >  Φ Ω   



(23)







From (18) and (23) it can be concluded that the operation for the TEG exoreversible configuration under the maximum Omega function provides higher efficiencies than the case at maximum power, but, on the other hand, it also generates less dissipation. Therefore, it can be considered that the Omega function is an objective function that has advantages over the other two operating regimes.





5. Endoreversible Limit


In this section, the optimization of the TEG in the endoreversible limit is shown, although it may lack technological importance because it is a limit where most of the sources of irreversibility vanish and only sources of irreversibility are considered in the junction between the device and the thermal baths, which are taken into account via finite-rate heat transfer [42,46]. In fact, the figure of merit, z, that characterizes TEGs is no longer defined in this limit. Furthermore, this case is useful because it provides explicit simple upper bounds but for non-reversible cases.



The endoreversible configuration is had when no heat leaks (  K = 0  ) and no Joule heating   R = 0   are considered (See Figure 1). Then


   Q h  = α  T  e h   I =  K h   (  T h  −  T  e h   )   



(24)






   Q c  = α  T  e c   I =  K c   (  T  e c   −  T c  )   



(25)







Solving for effective temperatures   T  e h    and   T  e c   


   T  e h   =    K h   T h     K h  + α I   ;   T  e c   =    K c   T c     K c  − α I    



(26)




so, the power and efficiency are expressed as


  P = α  K h   T h  I   1   K h  + α I   +   σ (  η c  − 1 )    k h  σ − α I     



(27)




and


  η =   α I  1 + σ ( 1 −  η c  )  − σ  K h   η c    α I − σ  K h     



(28)




respectively, where   σ =   K h   K c     is the quotient of the conductances between the thermal sources and the TEM.



Optimization


Following the same procedure as in the above section, the optimal efficiencies for endoreversible limit are found. The critical value for current I for our objective functions—maximum power, maximum efficient power and maximum Omega function—are obtained and substituted in the efficiency, with the following results.



Efficiency at maximum power output


   η P  I I I   = 1 −   1 −  η C    =  η  C A    



(29)







This result agrees with the Curzon and Ahlborn efficiency for a heat engine as expected [19], and as previously reported by [46]. The efficiency at maximum efficient power is


   η  E P   I I I   =  1 4   ( 3 +   η C  −    ( 1 −  η C  )   ( 9 −  η C  )     



(30)




and, finally, the efficiency at maximum Omega function is given by


   η  Ω   I I I   = 1 −     (  η C  − 2 )   (  η C  − 1 )   2    



(31)







The behavior of these efficiencies is shown in Figure 4. As can be seen, the efficiency at maximum Omega function is always greater for all values of   η C   than those obtained in the regimes of maximum efficient power and maximum output power. That is


   η  Ω   I I I   >  η  E P   I I I   >  η P  I I I    



(32)




as in the exoreversible configuration.



As can be seen, all the optimal values of the efficiencies are independent of  σ  value, that is, independent of the value of   K h   and   K c  . This result is also observed in conventional thermal engines, when considering that the heat transfer between the thermal sources and working substance follow a linear heating law [56]. The dissipation for this case is not presented, but it is straightforward to show that it fulfills the same behavior as in the exoreversible case, namely,    Φ P  >  Φ  E P   >  Φ Ω   .



To conclude this section, Figure 5 is depicted, which shows the evolution of the efficiency of a TEG device (with all internal irreversibilities) with respect to the temperature of the hot source   T h  , considering the temperature of the cold source as    T c  = 300   K for different values   Z = z  T h    as indicated. This figure completes the one presented by Shakouri [40] (Figure 2 therein), where only the efficiency at maximum power in the endoreversible limit is given. For comparison purposes, the three optimal efficiencies found for the endoreversible limit are included. As shown, both the efficiency at maximum Omega function and maximum efficient power are greater than those that could be achieved for the value of   Z = 20  . The Carnot efficiency,   η C  , is also plotted. A small red triangle indicates the current range of operating temperatures and efficiencies for some TEG devices [47].





6. Conclusions


This paper analyzed the performance of a thermoelectric generator model with three sources of irreversibilities. The techniques arising within the field of finite time thermodynamics were applied; two objective functions were considered to optimize the performance of the TEG: the efficient power and the Omega function. In particular, two simplified models of the TEG were considered: the exoreversible case, when only internal irreversibilities from the Joule heat dissipative effect were taken into account, and the endoreversible limit, assuming that there are no internal irreversibilities and the losses are only a consequence of the couplings between the thermoelectric mechanism and the thermal sources, where a linear heat transfer law was considered.



From the results obtained, it is concluded that the efficiency under the maximum Omega function is always greater than those obtained at maximum power and maximum efficient power for both the exoreversible and endoreversible cases of TEG. Based on this, the Omega function represents an optimization criterion with advantages over the other two criteria presented in this work. In the same way, it was also demonstrated that the dissipation under this criterion is always less for the exoreversible case.



As was pointed out, improving the value of figure of merit z for the materials used in the assembly of thermoelectric generators is an imperative goal. Moreover, if it were possible, making them operate under any one operating regime, such as those studied here, may be a strategy that also improves the performance of these valuable devices.







Author Contributions


Conceptualization, V.H.J.-H. and N.S.-S.; methodology, N.S.-S.; formal analysis, V.H.J.-H., N.S.-S. and J.C.C.-E.; writing—original draft preparation, V.H.J.-H., N.S.-S. and J.C.C.-E.; writing—review and editing, V.H.J.-H., N.S.-S. and J.C.C.-E.; supervision, N.S.-S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


V.H.J.-H. thanks the CONACyT-México scholarship. N.S.-S. and J.C.C.-E. thank SIP-IPN (México).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Seebeck, T. Über den Magnetismus der Galvanischen Kette Abh k Akad; Wiss: Berlin, Germany, 1820; pp. 289–346. [Google Scholar]

	



Seebeck, T.J. Magnetische Polarisation der Metalle und erze Durch Temperatur-Differenz; W. Engelmann: Leipzig, Germany, 1825; Number 70. [Google Scholar]

	



Seebeck, T.J. Ueber die Magnetische Polarization der Metalle und Erze durch Temperatur-Differenz. Ann. Phys. Chem. 1826, 6, 1–20, 133–160, 253–286. [Google Scholar] [CrossRef]

	



Peltier, J.C.A. Nouvelles expériences sur la caloricité des courants électrique. Ann. Chim. Phys. 1834, 56, 371–386. [Google Scholar]

	



Thomson, W. On a Mechanical Theory of Thermo-electric Currents. Proc. R. Soc. Edinb. 1851, 3, 91–98. [Google Scholar] [CrossRef]

	



Sieniutycz, S.; Salamon, P. Finite-Time Thermodynamics and Thermoeconomics; Taylor & Francis: New York, NY, USA, 1990. [Google Scholar]

	



Calvo Hernández, A.; Roco, J.; Medina, A.; Sánchez-Salas, N. Heat engines and the Curzon-Ahlborn efficiency. Rev. Mex. Fis. 2014, 60, 384–389. [Google Scholar]

	



Durmayaz, A.; Sogut, O.S.; Sahin, B.; Yavuz, H. Optimization of thermal systems based on finite-time thermodynamics and thermoeconomics. Prog. Energy Combust. Sci. 2004, 30, 175–217. [Google Scholar] [CrossRef]

	



Kaushik, S.C.; Tyagi, S.K.; Kumar, P. Finite Time Thermodynamics of Power and Refrigeration Cycles; Springer: Berlin/Heidelberg, Germany, 2017. [Google Scholar]

	



Sieniutycz, S.; Jezowski, J. Energy Optimization in Process Systems and Fuel Cells; Elsevier: Amsterdam, The Netherlands, 2018. [Google Scholar]

	



Fisher, A.; Hoffmann, K.H. Can a quantitative simulation of an Otto engine be accurately rendered by a simple Novikov model with heat leak? J. Non-Equilib. Thermodyn. 2004, 29, 9–28. [Google Scholar] [CrossRef]

	



Curto-Risso, P.L.; Medina, A.; Hernández, A.C. Theoretical and simulated models for an irreversible Otto cycle. J. Appl. Phys. 2008, 104, 094911. [Google Scholar] [CrossRef]

	



Curto-Risso, P.; Medina, A.; Calvo Hernández, A. Optimizing the operation of a spark ignition engine: Simulation and theoretical tools. J. Appl. Phys. 2009, 105, 094904. [Google Scholar] [CrossRef]

	



Chen, L.; Sun, F. Advances in Finite Time Thermodynamics, Analysis and Optimization; Nova Science Publishers, Inc.: New York, NY, USA, 2004. [Google Scholar]

	



Bejan, A. Entropy generation, minimization: The new thermodynamic of finite-size devices and finite-time processes. J. Appl. Phys. 1996, 79, 1191–1218. [Google Scholar] [CrossRef]

	



Bejan, A. Notes on the History of the Method of Entropy Generation Minimization (Finite Time Thermodynamics). J. Non-Equilib. 1996, 21, 239–242. [Google Scholar]

	



Chen, L.; Wu, C.; Sun, F. Finite Time Thermodynamic Optimization or Entropy Generation Minimization of Energy Systems. J. Non-Equilib. Thermodyn. 1999, 24, 327–359. [Google Scholar] [CrossRef]

	



Goupil, C.; Seifert, W.; Zabrocki, K.; Müller, E.; Snyder, G.J. Thermodynamics of Thermoelectric Phenomena and Applications. Entropy 2011, 13, 1481–1517. [Google Scholar] [CrossRef]

	



Curzon, F.; Ahlborn, B. Efficiency of a Carnot engine at maximum power output. Am. J. Phys. 1975, 43, 22–24. [Google Scholar] [CrossRef]

	



Angulo-Brown, F. An ecological optimization criterion for finite-time heat engines. J. Appl. Phys. 1991, 69, 7465–7469. [Google Scholar] [CrossRef]

	



Hernández, A.C.; Medina, A.; Roco, J.; White, J.; Velasco, S. Unified optimization criterion for energy converters. Phys. Rev. E 2001, 63, 037102. [Google Scholar] [CrossRef]

	



Velasco, S.; Roco, J.; Medina, A.; White, J.; Hernández, A.C. Optimization of heat engines including the saving of natural resources and the reduction of thermal pollution. J. Phys. D Appl. Phys. 2000, 33, 355–359. [Google Scholar] [CrossRef]

	



Yilmaz, T. A new performance criterion for heat engines: Efficient power. J. Energy Inst. 2006, 79, 38–41. [Google Scholar] [CrossRef]

	



Insinga, A.; Andresen, B.; Salamon, P.; Kosloff, R. Quantum heat engines: Limit cycles and exceptional points. Phys. Rev. E 2018, 97, 062153. [Google Scholar] [CrossRef]

	



Kosloff, R. A quantum mechanical open system as a model of a heat engines. J. Chem. Phys. 1984, 80, 1625–1631. [Google Scholar] [CrossRef]

	



Stucki, J.W. The optimal efficiency and the economic degrees of coupling of oxidative phosphorylation. Eur. J. Biochem. 1980, 109, 269–283. [Google Scholar] [CrossRef]

	



Odum, H.T.; Pinkerton, R.C. Time’s speed regulator: The optimum efficiency for maximum power output in physical and biological systems. Am. Sci. 1955, 43, 331–343. [Google Scholar]

	



Santillán, M.; Arias-Hernandez, L.A.; Angulo-Brown, F. Some optimization criteria for biological systems in linear irreversible thermodynamics. Il Nuovo Cim. D 1997, 19, 99–109. [Google Scholar]

	



Chimal-Eguia, J.; Paez-Hernandez, R.; Ladino-Luna, D.; Velázquez-Arcos, J.M. Performance of a simple energetic-converting reaction model using linear irreversible thermodynamics. Entropy 2019, 21, 1030. [Google Scholar] [CrossRef]

	



Gordon, J.M.; Orlov, V.N. Performance characteristics of endoreversible chemical engines. J. Appl. Phys. 1993, 74, 5303–5309. [Google Scholar] [CrossRef]

	



Vos, A.D. Endoreversible thermodynamics and chemical reactions. J. Phys. Chem. 1991, 95, 4534–4540. [Google Scholar] [CrossRef]

	



Barranco-Jimenez, M.A.; Sanchez-Salas, N.; Angulo-Brown, F. Finite-Time Thermoeconomic Optimization of a Solar-Driven Heat Engine Model. Entropy 2011, 13, 171–183. [Google Scholar] [CrossRef]

	



Sánchez-Salas, N.; Chimal-Eguía, J.C.; Guzmán-Aguilar, F. On the Dynamic Robustness of a Non-Endoreversible Engine Working in Different Operation Regimes. Entropy 2011, 13, 422–436. [Google Scholar] [CrossRef]

	



Ha, M.; Park, J.; Lee, Y.; Ko, H. Triboelectric generators and sensors for self-powered wearable electronics. ACS Nano 2015, 9, 3421–3427. [Google Scholar] [CrossRef]

	



Chen, Z.; Wang, Z.; Li, X.; Lin, Y.; Luo, N.; Long, M.; Zhao, N.; Xu, J.B. Flexible piezoelectric-induced pressure sensors for static measurements based on nanowires/graphene heterostructures. ACS Nano 2017, 11, 4507–4513. [Google Scholar] [CrossRef]

	



Freer, R.; Powell, A.V. Realising the potential of thermoelectric technology: A Roadmap. J. Mater. Chem. C 2020, 8, 441–463. [Google Scholar] [CrossRef]

	



Soleimani, Z.; Zoras, S.; Ceranic, B.; Cui, Y.; Shahzad, S. A comprehensive review on the output voltage/power of wearable thermoelectric generators concerning their geometry and thermoelectric materials. Nano Energy 2021, 89, 106325. [Google Scholar] [CrossRef]

	



Zhu, S.; Fan, Z.; Feng, B.; Shi, R.; Jiang, Z.; Peng, Y.; Gao, J.; Miao, L.; Koumoto, K. Review on Wearable Thermoelectric Generators: From Devices to Applications. Energies 2022, 15, 3375. [Google Scholar] [CrossRef]

	



Sattar, M.; Yeo, W.H. Recent Advances in Materials for Wearable Thermoelectric Generators and Biosensing Devices. Materials 2022, 15, 4315. [Google Scholar] [CrossRef] [PubMed]

	



Shakouri, A. Recent developments in semiconductor thermoelectric physics and materials. Annu. Rev. Mater. Res. 2011, 41, 399–431. [Google Scholar] [CrossRef]

	



Gonzalez-Hernandez, S.; Arias-Hernandez, L.A. Thermoelectric thomson relations revisited for a linear energy converter. J. Non-Equilib. Thermodyn. 2019, 44, 315–332. [Google Scholar] [CrossRef]

	



Ouerdane, H.; Apertet, Y.; Goupil, C.; Lecoeur, P. Continuity and boundary conditions in thermodynamics: From Carnot’s efficiency to efficiencies at maximum power. Eur. Phys. J. Spec. Top. 2015, 224, 839–864. [Google Scholar] [CrossRef]

	



Gross, E.T. Efficiency of thermoelectric devices. Am. J. Phys. 1961, 29, 729–731. [Google Scholar] [CrossRef]

	



Goldsmid, H.J. Introduction to Thermoelectricity; Springer: Berlin/Heidelberg, Germany, 2010; Volume 121. [Google Scholar]

	



Gordon, J.M. Generalized power versus efficiency characteristics of heat engines: The thermoelectric generator as an instructive illustration. Am. J. Phys. 1991, 59, 551–555. [Google Scholar] [CrossRef]

	



Agrawal, D.C.; Menon, V.J. The thermoelectric generator as an endoreversible Carnot engine. J. Phys. D Appl. Phys. 1997, 30, 357–359. [Google Scholar] [CrossRef]

	



Ding, L.C.; Akbarzadeh, A.; Tan, L. A review of power generation with thermoelectric system and its alternative with solar ponds. Renew. Sustain. Energy Rev. 2018, 81, 799–812. [Google Scholar] [CrossRef]

	



Kaur, J.; Johal, R.S. Thermoelectric generator at optimal power with external and internal irreversibilities. J. Appl. Phys. 2019, 126, 125111. [Google Scholar] [CrossRef]

	



Feng, Y.; Chen, L.; Meng, F.; Sun, F. Thermodynamic analysis of TEG-TEC device including influence of Thomson effect. J. Non-Equilib. Thermodyn. 2018, 43, 75–86. [Google Scholar] [CrossRef]

	



Chen, J.; Yan, Z.; Wu, L. The influence of Thomson effect on the maximum power output and maximum efficiency of a thermoelectric generator. J. Appl. Phys. 1996, 79, 8823–8828. [Google Scholar] [CrossRef]

	



Chen, J.; Li, K.; Liu, C.; Li, M.; Lv, Y.; Jia, L.; Jiang, S. Enhanced efficiency of thermoelectric generator by optimizing mechanical and electrical structures. Energies 2017, 10, 1329. [Google Scholar] [CrossRef]

	



Ioffe, A. Semiconductor Thermoelements and Thermoelectric Cooling; Infosearch: London, UK, 1957. [Google Scholar]

	



Schmiedl, T.; Seifert, U. Efficiency at maximum power: An analytically solvable model for stochastic heat engines. EPL (Europhys. Lett.) 2007, 81, 20003. [Google Scholar] [CrossRef]

	



Champier, D. Thermoelectric generators: A review of applications. Energy Convers. Manag. 2017, 140, 167–181. [Google Scholar] [CrossRef]

	



Zoui, M.A.; Bentouba, S.; Stocholm, J.G.; Bourouis, M. A review on thermoelectric generators: Progress and applications. Energies 2020, 13, 3606. [Google Scholar] [CrossRef]

	



Chen, L.; Yan, Z. The effect of heat-transfer law on performance of a two-heat-source endoreversible cycle. J. Chem. Phys. 1989, 90, 3740–3743. [Google Scholar] [CrossRef]








[image: Entropy 24 01812 g001 550] 





Figure 1. (a) Scheme of the TEG with internal and external irreversibilities. (b) Diagram of thermodynamic configurations. 
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Figure 2. Optimum efficiencies,   η  Ω   I I   ,   η  E P   I I    and   η  P   I I    vs.   η C   for exoreversible TEG configuration. * Range of operation for some TEG devices [54]. 
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Figure 3. Normalized optimal dissipation  Φ  vs.   η c  , under the three operating regimes. 
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Figure 4. Optimal efficiencies,   η  Ω   I I I   ,   η  E P   I I I    and   η  P   I I I    vs.   η C   for endoreversible TEG limit. Carnot efficiency,   η C   is plot for comparison. 
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Figure 5. Efficiency of a TEG vs.   T h   for different values of the parameter   Z = z  T h    (solid lines) given by Equation (10), with   m = 1.3   and    T C  = 300   K. The optimal efficiency for the endoreversible case is also reported for comparison (dashed lines). The red triangle indicates the area of the current efficiencies of some TEGs. 
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