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Abstract

:

Growing energy demands are driving people to generate power in every possible way. New energy sources are needed to plug the energy gap. There is a growing interest in distributed energy generation due to its remarkable advantages such as flexibility, reliability, adaptability and minimal transmission losses. Thermoelectric generators (TEGs) are one such distributed power source that relies on thermal energy for electricity generation. The current review focusses on the design and optimization of TEGs to maximize the power output from the available thermal sources. The basic principle of thermoelectricity generation and suitable architecture for specific applications are explained with an overview of materials and manufacturing processes. Various cooling techniques to dissipate heat from the cold side and their influence on overall efficiency are reviewed in this work. Applications of TEGs for powering biomedical sensors have been discussed in detail. Recent advancements in TEGs for various implantable devices and their power requirements are evaluated. The exploitation of TEGs to generate power for wearable sensors has been presented, along with published experimental data. It is envisioned that this study will provide profound knowledge on TEG design for specific applications, which will be helpful for future endeavours.
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1. Introduction


Thermoelectric devices (TEDs) were conventionally used for thermal management as early as 1950 [1], when they were first conceived. Being compact, lightweight and with no moving parts, they offer a unique cooling solution replacing bulky compressor-based refrigeration, despite their lower efficiency [2]. The ability of TEDs to heat and cool offers precise temperature control for temperature-sensitive environments. Most of the studies on TEDs focus on the development of materials [3] and associated system components towards enhancing the system-level efficiency, which is comparatively low (~5%) [4] compared to compressor-based refrigeration (40‒50%) [5]. With the exponential growth of energy demands, decentralized power generation is more lucrative compared to conventional fossil fuel-based generation. Reliable, flexible and adaptable distributed power sources are always in demand. TEDs are realized to generate electricity by converting thermal energy, apart from their conventional use as cold sinks. This unique power generation widened its usage from space exploration [6] to powering micro-biomedical sensors. TEDs meant for power generation are referred to as thermoelectric generators (TEGs) and thermoelectric coolers (TECs). The advancements in thermoelectric materials boost the efficiency of thermal-to-electric conversion, enhancing their commercial potential. TEGs are known for the following remarkable advantages, despite the low thermal to electric conversion efficiency:




	
High reliability with no moving parts; maintenance-free



	
Wide range of power generation (kW–µW)



	
Noiseless operation



	
Compact size and can be embedded in an existing setup



	
Direct energy conversion without any intermediate form of energy conversion.








However, the power generation efficiency of TEGs depends on the material, the system-level components and their arrangement. Hence, the current review encompasses the design of TEGs and their associated components starting with an introduction to the working principle of TEGs, followed by materials and applicable manufacturing processes. The architecture of TEGs and their commercial applications are discussed in detail. A section has been dedicated to the presentation of various cooling techniques to maintain the cold side temperature of TEGs and assess their impact on power generation. An exhaustive review is presented on the medical application of TEGs, especially on the implantable and wearable devices. The portable health care devices market is expected to grow in the coming decades, fuelling research into TEDs with a higher coefficient of performance (COP).




2. Working Principle of Thermoelectric Devices


TEDs work on the principle that electric potential and heat can be seamlessly converted. The Seebeck effect states that electric potential can be generated between two junctions at different temperatures if the circuit is formed with two dissimilar metals. The Peltier effect, which is the reverse of the Seebeck effect, insists that the temperature can be controlled between two junctions if electric potential is applied between two dissimilar metals. TEDs use the Seebeck effect in power generation mode and the Peltier effect in thermal management mode, as shown in Figure 1. This versatility of TEDs is attractive for niche applications such as precise temperature control [7]. A TED consists of a large number of thermocouples formed by n-type and p-type semiconductor materials connected electrically in series and thermally in parallel. A thermoelectric module (TEM) generally consists of heat sinks on both hot and cold sides with interface and insulating layers to prevent heat diffusion to the cold side. It is obvious that the efficiency of the module is the sum of the efficiency of each element that forms the module, as shown in Figure 1. The conversion efficiency depends on the figure of merit      Z T  ¯     (Average value of ZT), as given by Equation (1). A higher value of ZT is preferred for the power generation and it was concluded by Bell [8] that ZT > 1.5 is substantial for waste heat recovery applications. During the early period of development, the ZT value was mostly less than 1, but due to the advancement of materials a ZT of 2‒–3 is reported. The ZT values of different powers sources are displayed in Figure 2 [9]. For a given TEM, the maximum heat-to-electric conversion efficiency is given by Equation (2) and is proportional to the temperature of the hot, cold side and figure of merit ZT [9]. The variation of ZT values and corresponding efficiency is given in Figure 2. As a cooling device, the cooling efficiency is characterized by the COP as expressed in Equation (3):


   Z T =    α 2    R . K   ×  ( T )    



(1)
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where α, R, K, and T are the Seebeck coefficient, electrical resistance, thermal conductance, and absolute temperature, respectively. A higher value of ZT is desirable for both cooling and power generation applications.




3. Materials and Manufacturing Process of TEG


This section presents a short overview of thermoelectric materials and their manufacturing process with cost considerations. Readers who are interested in the materials and manufacturing process are directed to the literature for information on thermoelectric materials [10], bulk thermoelectric materials [9], and low-dimensional thermoelectric materials [11]. The primary objective of thermoelectric material research is to achieve a high value of ZT [12], characterized by a high Seebeck coefficient, low thermal conductivity [13] and high electrical conductivity. It is an immense challenge for researchers to optimize these conflicting parameters together with the desired mechanical properties. In the past, thermoelectric materials were mostly bulk alloy materials such as SiGe, CoSb3, Bi2Te3 and PbTe [14]. Based on their material structure and composition, they are categorized as half-Heusler, silicide, an oxide, clathrate, skutterudite, and chalcogenide [15]. Though chalcogenides display thermoelectric properties, the majority of commercial TEM modules are manufactured using bismuth telluride (Bi2Te3) with various additives [16]. Bi2Te3 was introduced with nanomaterials [17] to reduce the lattice thermal conductivity through an enhanced phonon-scattering rate. The electron concentration is optimized by the addition of nanomaterials that act as phonon-scattering sites. The addition of such nanomaterials aids in achieving a glass-like thermal conductivity, termed phonon-glass electron-crystal (PGEC) [14], due to long mean-free path phonons increasing the transport of heat and charge. A notable increase in the value of ZT to 1.86 at 320 K was reported [18] by reducing the lattice thermal conductivity and point defect scattering. A ZT value of 2.6 at 923 K was registered by Kanatzidis [19] for Sn-Se crystals due to its ultra-low lattice thermal conductivity. Materials with a ZT value as high as 3 [10] were identified in the literature by decoupling the heat from the charge transfer.



Although intensive research on materials has significantly improved the ZT value, there are underlying challenges to employing these materials in commercial devices. It is an immense challenge to match the peak value of ZT at a single temperature, as most of the applications allow temperature fluctuations following thermal cycling [20]. Since peak ZT values occur at high temperatures above 600 °C, material stability over the operating temperature is vital from a device perspective. Even at high temperatures, the exposed thermoelectric material should not oxidize [21]. Some materials are reported to undergo sublimation [22] due to high-temperature spikes, which may lead to device malfunctions. The above issues limit the high-value ZT thermoelectric materials from transferring into commercial products. Knowledge of the mechanical properties of thermoelectric materials is imperative for device design and manufacturing, which is often hindered by peak ZT values. Thermoelectric materials are brittle [23] and it is challenging to assess material characteristics such as fracture strength, fracture toughness and hardness [24] due to changes in composition and material testing techniques [25]. TEGs operate at a wide range of temperatures as high as 600–1000 °C in cases of furnace exhaust [8] or as low as 20 °C, while generating power for implantable devices within the body. Hence the Coefficient of Thermal Expansion (CTE) is a critical parameter due to thermal cycling. As each component, shown in Figure 1, will have a different CTE, especially on the solder joints of the thermoelectric legs, significant stress may build up [26]. Attention has to be paid while selecting the interface layers, substrates and interconnects, which should be stable over a wide range of operating temperatures to prevent early device failures. CTE varies significantly among commonly studied materials such as MNiSn = 8–12 parts per million K−1 (ppm) [27], Mg2Si = 3–6 ppm K−1 [28], and Si-Ge alloys = 10–12 ppm K−1 [29]. Proposed solutions include employing liquid metal layers [30], carbon nanotube arrays [31] and designing multiple contact layers with gradually varying CTE.



Manufacturing of Thermoelectric Materials


The manufacturing process of TEGs is based on the architecture of TEGs and the thermoelectric material that is employed. The overview of manufacturing process presented here is more generic and more oriented towards to the manufacturing of flat bulk TEGs. The motive is to enlighten TEG designers on the implications of their design on the manufacturing process and the cost.



As the first step, the thermoelectric material has to be synthesized, typically through ball milling [32] along with its constituents. The steps involved in the manufacturing of TEGs are displayed in Figure 3. Though the process is extensive, the required characteristics can be achieved once the optimized material composition is established. Another process by which thermoelectric powders can be obtained is through melting [33], though there is some degree of process fluctuation resulting in a variation in phase and microstructures [34]. Synthesized powders are then formed into ingots, either by hot pressing or spark plasma sintering, and are subsequently diced to form thermoelectric legs. Material brittleness leading to chipping of thermoelectric legs is a predominant issue in this process, which may lead to further cracking [35]. Established manufacturing processes from semiconductor industries such as etching [36], molecular beam epitaxy, electroless etching and vapour deposition [37] are employed for manufacturing thin-film TEGs. Most commercially available TEGs are manufactured using bismuth telluride, while lead telluride and germanium are rarely used. The raw material cost of Bi2Te3 is $110/kg [38], whereas if it is converted to pure thermoelectric material the cost is $806/kg [38]. The development of polymers, oxides and silicide drastically reduces the need to use germanium, thereby reducing the cost of the raw materials. The raw and pure thermoelectric material costs of oxides are $2/kg and $50/kg [39], respectively. The cost of manufacturing TEGs varies based on the manufacturing process and the type of raw materials used. The total cost of TEG modules is also substantially shared by the components such as heat exchangers and substrates.





4. Architecture of Thermoelectric Generators


Various architectures of TEGs are employed due to various shape of the heat recovery surface in contact. The electrical, thermal and power generation characteristics are greatly influenced by the architecture of TEGs. Minimizing the heat loss and contact thermal resistance are the primary objectives of any TEG architecture, in relation to the cost considerations. Based on their architecture, the TEGs are classified as follows.



4.1. Flexible TEGs


Due to the advent of flexible power electronics and wearable sensors, there is high demand for flexible power sources for applications such as powering sensors, and monitoring biomechanical motions. Flexible architectures of TEGs provide such flexibility without compromising the efficiency compared to rigid TEGs. Flexible TEGs employ novel polymers, composites, and are fabricated through innovative manufacturing methods such as additive manufacturing, printing, thermal spraying instead of conventional subtractive manufacturing. Polymers such as polyaniline exhibit good thermoelectric (TE) properties, which can be further optimized with conductive additives such as carbon nanotubes (CNT) with Au nanoparticles. A planar TEG was fabricated by doping a polyethyleneimine (PEI) solution onto CNT, demonstrating a power factor of up to 10−3 W/m−1 k−2 [40]. Printable and paintable TEGs are reported to adhere to various geometries. Research is ongoing to formulate suitable inks that have adequate wettability, viscosity and binder materials. A combination of organic and inorganic binders shows good electrical transport [41]. Rollup TEGs consisting of metal films coated on a polyamide roll by using an inject printer were demonstrated by Weber [42]. A special type of TEG known as Origami, which is flexible enough to be pasted on heat sinks, has the potential to replace batteries [43], as shown in Figure 4.



Another study introduces a method to fabricate a TEG from a hybrid thermoelectric material [1] made by granulating carbon nanotubes into p/n-type bismuth telluride (Bi/Te) and distributing this mixture within a highly flexible material polydimethyl siloxane (PDMS) [44]. This hybrid thermoelectric material was processed into pillar shapes as shown in Figure 4 [7], followed by selective etching of the PDMS to reduce contact resistance between interconnects and the fabricated thermoelectric material.




4.2. Cylindrical Bulk TEG


Cylindrical bulk TEGs are suitable to extract power from cylindrical objects such as cooling channels and automotive exhaust pipes where the heat flows radially. Cylindrical bulk TEGs are fabricated by using PbTe modules through a sintering process [45]. Manufacturing of ring-shaped TE materials with high homogeneity and density is a challenge. Long tubes of PbTe modules are made from p-type and n-type TE doped with PbTe and cut into the required lengths. The TE legs are separated by insulation rings and alternatively connected by inner and outer metallic tubes, as shown in Figure 5 [46]. The cartridge configuration shown in Figure 5 was developed for automotive applications and is optimized to operate with exhaust gas on the hot side and a water-glycol mix on the cold side. The heat exchangers customized for exhaust gas pipes operate in the temperature range of 400–650 °C on the hot side and coolant (water-glycol) in the temperature range of 40–100 °C. The thermoelectric elements are p-type and n-type, with their legs hermetically enclosed in inert gas. The enclosure, consisting of a heat exchanger on the outer hot surface and a cooling tube on the inner cold surface of the cartridge, is illustrated in Figure 6. The cartridge was assembled on a SUV-BMW X3 (BMW AG, Research and Innovation Center: Munich, Germany) [47] to generate power in the range of 0.5 to 2 kW. The electrical power obtained from this four-ring prototype is 30 mW when a temperature difference of 70 K is maintained across the inner and outer surfaces of the thermoelectric tube [46].




4.3. Flat Bulk TEG


Flat bulk architecture TEGs are widely employed for high power generation to exploit the longitudinal Seebeck effect [48]. The flat bulk TEGs are mostly cuboid in shape, with electrical and thermal current running parallel to each other. The flat bulk TEGs are constructed with alternating legs of p-type and n-type TEM by a powder processing or sintering technique. Metallization layers are constructed on both sides of the legs with highly thermal conductive materials such as alumina (Al2O3) or aluminium nitride based on the cost. Extensive studies are in progress to enhance the performance of flat bulk TEGs through geometric factors and TE legs arrangement [49]. TEGs with square or pyramidal TE legs are illustrated in Figure 7. The effect of the number of TE legs and their dimensions was studied by Hodes [50]. The shapes of TE legs such as pyramidal, cuboid or quadratic were studied by Mijangos [51]. TEGs with pyramidal TE legs are found to generate 70% more power than cuboid ones. The flat bulk TEGs are used in waste heat recovery and concentrated solar radiation applications. Flat bulk TEGs have been used in experiments in the automotive field and generated up to 1 kW [52] from waste heat. The use of TEGs in concentrated solar radiation can greatly reduce surface contact loss such as heat loss and thermal contact resistance. Studies on the photo thermoelectric effect open up new areas of application




4.4. Thin-Film TEG


Thin-film TEGs are typically designed in the thickness range of a few micrometres, hence high densities of cooling power are attainable due to the high heat flux. Electrochemical deposition is identified as a more suitable method, as well as economical to fabricate thin-film TEGs as compared to sputtering. A micro-TEG consisting of 126 TE legs of n-type and p-type (Bi, Sb)2Te3 obtained by electrochemical deposition was produced by Snyder [53]. High internal resistances on the order of MΩ [54] and complex fabrication technologies [55] are intrinsic problems of micro-TEG devices.





5. Cooling of Thermoelectric Generators


As TEGs exploit the temperature difference between their two sides, maintaining a higher temperature difference will help with increasing the power yield. The hot side of the TEG is in thermal contact with a heat source such as a waste heat pipe or concentrated solar radiation, while the cold side temperature is kept low by cooling it to the maximum possible extent. The widely employed cooling methods of TEGs, and their classifications, are shown in Figure 8. All the heat that is incident on the hot side will not be converted into electricity, as a vast amount of heat ends up heating the device. To maintain the temperature difference, the heat that is diffused from the hot side must be dissipated from the cold side. Significant studies in the past have contributed to the hot side thermal management [56], whereas cold side thermal management has not received sufficient attention. Since designing a successful TEG involves choosing the right cooling method based on factors such as TEG side, amount of heat flux, cost and space availability, this section has been dedicated to providing an overview of cooling mechanisms and their impact on the power generation of TEG.



The efficiency of increasing the cold side temperature for various ZT is shown in Figure 2. It was experimentally reported that for every 50 °C rise in the cold temperature, the efficiency drops by 3.5%, while the hot side temperature was maintained at 1030 °C [57]. Studies on solar TEGs (STEG) reveal that the electrical production drops from 1.62% to 1.25% when the cold side temperature rises from 5 °C to 150 °C [57]. Theoretical predictions indicate that the efficiency of the TEGs can be improved by 5–10% by choosing the right cooling method and temperature [58].



5.1. Air Cooling


5.1.1. Passive Air Cooling


Passive cooling involves dissipating heat from the cold side to air through natural convection. In the study by Özdemir [59] on STEGs, the efficiency is comparatively low when cooled by an isolated wind chimney. For a temperature variation of 10 °C inside the chimney, the cold side temperature increases from 30 °C to 77 °C. The study was extended to compare the efficiency when the cold side temperature is fixed at 30 °C. Though a peak efficiency of 6% was achieved, the average efficiency hovers around 3%. A similar experimental investigation performed by [60] revealed that the output increases with an enhanced fin design.




5.1.2. Forced Air Cooling


Forced air cooling is the simplest cooling method compared to other methods, which typically use a fan of the required capacity. Wilson [61] reported power generation of 4 W using a 1 W fan on a smaller TEG. The advantage of a fan-cooled system is that it is adaptable to various sizes of TEGs and environments. An added advantage is the use of air and its availability. The efficiency of the forced air cooling relies not only on the mass flow rate of the air; heat sink design and the nature of the forced air also significantly affect the cooling rate. Different configurations of heat sinks have been investigated by Hsu [62] to find the optimum number of fins. Peak efficiency of 2.1% was achieved, generating 44.1 W at a temperature difference of 88.3 K. A comparative study [63] of various convection methods versus the individual leg length, L, and the results are shown in Figure 9.




5.1.3. Water Cooling


Water cooling is by far the most widely adapted cooling method in most thermal systems, and TEG is no exception [64]. The high heat capacity of water and its abundant availability make it more attractive Although a substantial amount of power will be used to move the water, this parasitic loss will be accounted for when defining the total efficiency of the device. STEG with a parabolic dish using water cooling can reach an efficiency of 2.81% [65].




5.1.4. Natural Convection


Compared to forced convection, natural convection is not preferred due to the larger size and low rate of heat rejection. The experimental study by Champier [66] employs an aluminium tank filled with water on the cold side of the TEG, while the exhaust air from the biomass stove is in contact with the hot side through aluminium fins. Maximum power of 9.5 W was generated by using domestic water as a coolant. Another similar study [67] uses an open water tank filled with water, which would evaporate as the temperature increases. A lab prototype designed by Singh [68] uses a thermosyphon on a salinity-grade solar pond, generating 3.2 W of power.




5.1.5. Forced Convection


Forced water cooling is efficient in terms of heat extraction compared to the methods discussed above, though a significant parasitic loss does exist when delivering water at the required flow rate. Various operating parameters such as hot and cold side temperatures, flow rate and convection efficiency were studied by Niu [69]. The maximum efficiency of 4.44% at the power output of 146.5 W was achieved with a coolant at 30 °C. In the case of STEG, forced water cooling was researched extensively. A microchannel heat sink was designed to cool the individual thermopiles and was able to generate 4.9 W at electrical efficiency of 2.9% when the temperature difference was 109 °C [64]. Yazawa [70] was able to achieve 1% convection efficiency by using ambient water and a Fresnel lens. Most studies on STEG use a parabolic concentrator and forced water cooling, and on average they are able to generate 64.8 W of power at 1.59% efficiency [71]. Advances in computational fluid dynamics, together with sophisticated computer models, are able to predict the total system efficiency, as indicated by Aranguren [72]. Heat transfer also depends on the type of heat exchanger design. A comparative study of the tube and fin heat exchanger reveals that the fin exchanger design performs better, especially at low Reynolds number flows [73]. The exchanger designs are shown in Figure 10. Further investigation is required on system design including optimization of pumps, coolant, flow rate, heat exchanger design and piping to reduce parasitic loss.




5.1.6. Evaporative Cooling


Evaporative cooling utilizes the latent heat of vaporization of water in conjunction with heat pipes. Maximum heat flux was achieved with this type of cooling in comparison with the above discussed cooling methods. The system is more reliable due to the heat pipe design. A closed-loop design of heating pipes was realized by Hamade [74], generating 3 W for a temperature difference of 80 °C, while achieving a higher efficiency of 2.02%. The experimental setup using heat pipes on both the hot and cold sides is shown in Figure 11. A four- to six-fold increase in the power output was reported by Djafar [75]. Past research on STEGs involving evaporative cooling by using heat pipes demonstrated a thermal efficiency of 40–45%, and electrical efficiency of 1% [76]. The performance of TEGs with an evaporative cooling system is influenced by the water flow pattern. The flow can be either parallel or in the opposite direction. Experiments [77] show that the counter flow pattern leads to higher output power compared to the parallel flow pattern. This can be attributed to the temperature difference between the hot gas and cooling air along the flow direction. For the parallel flow pattern, the hot gas temperature decreases, and the cooling air temperature increases along the same direction. Evaporative cooling also finds applications in the automotive industry [78], with the potential to replace radiators.






6. Medical Applications of Thermoelectric Generators


TEDs have been widely used in the past for temperature management of patients and medical devices, where reliability and noiseless operation are of higher importance than COP. TEDs are increasingly replacing devices that once relied on refrigeration cooling, based on a vapour compression cycle. Ultra-small sensors and next-generation wearable devices, along with the Medical Internet of Things (MIoT) [79], have positioned TEGs as primary micro energy harvesters. This section reviews the role of TEGs in wearable and implantable applications, typical power requirements of sensors, available energy harvesting techniques, and design of TEGs for such applications. The application of TEGs in medical applications can be broadly classified as shown in Figure 12.



Energy harvesting is categorized according to the energy sources. These include, but are not limited to, vibration/motion energy, thermal energy, solar energy, optical energy, wind energy and radio frequency (RF) radiation energy. The environment and the required power will decide the suitable energy harvesting method. Implantable devices date back to 1958 [80], with the discovery of the implantable pacemaker for regulating abnormal heartbeats. The success of pacemakers paved the way for other implantable devices such as implantable insulin pumps to deliver insulin into the body depending on the blood sugar level of the diabetic patients [81]. Later, implantable cardioverter-defibrillators were developed for detecting cardiac arrhythmia and correcting through electric pulses [82]. Though early biomedical implants were designed to impart certain functions, the recent energy-hungry implants are equipped with wireless sensors that not only monitor and activate signals in the local region, but also collect data and send it back through wireless channels to the data storage cloud [83]. Neural implants that capture brain activity for a brain-machine interface require power to perform electrical stimulation, data capture and wireless communication, and demand significant amount of power. The required power level may vary from μW to mW [84], as indicated in Table 1.



The implantable devices can be powered from either “inside the body” or “outside of the body.” The “inside the body” power sources refer to harnessing power from sources such as a thermal gradient, biofuel cell or blood glucose. The “outside of the body” power sources refer to energy from body motion, skin thermal gradient and so on.



6.1. Thermoelectric Generators for Implantable Medical Devices


TEGs are expected to play a key role in a growing number of implantable devices. This section investigates the feasibility of embedding a TEG into the human body, in vitro and in vivo experiments and their results, limitations, and future prospects. Implantable devices substitute for certain functional organs of the body and have to be in operation for the lifetime of the patient. These devices can be powered either by storing electricity or generating it on site. Some common implantable devices are shown in Figure 13 [85].



Energy storage is accomplished through a battery. Currently, the power source for implantable devices is dominated by batteries, which have limitations in terms of safety, power density and service life. As battery technology has evolved, invoking higher power density [86], the service life of the battery has reduced significantly [87]. The problem of battery replacement is compounded by the reliability and improved device technology. Currently, lithium batteries are a widely used power source for most implantable devices due to their stability, high voltage and higher power density. Though the life span of a lithium battery is promised to be more than 10 years, recent findings in battery chemistry indicate a shortened life [88] due to increased power density, demanding frequent battery replacement. Some batteries for neurological stimulation need to be replaced in a few months, leaving patients with scars and pain. High power-requiring devices such as mechanical heart pumps are not viable for implantation but are powered through a wearable battery in the waist.



6.1.1. Design of TEGs for Implantable Devices.


TEGs are one possible means of achieving power generation for implantable devices. Achieving the required power is the first step in designing a TEG. From Table 1, the maximum power requirement can be approximated as 100 µW for most of the devices. Since TEGs generate power through the temperature difference, it is necessary that a sufficient temperature gradient exists in the human body. In order to maximize the power generation from the TEGs, they should be located at the part of the body where the temperature gradient is highest. The core body temperature is regulated at 37 °C [89], while a higher temperature gradient is available on the skin surface [90], where it radiates heat to the environment. Hence, the skin surface and the layers of tissues and their temperature distribution have to be fully understood. A simplified model of human tissues with embedded TEG is shown in Figure 14.



The voltage generated across the junction of TEG can be obtained through Equation (4):


    V  o u t p u t     =   n × Δ T    (   α 1    −  α 2   )  ,   



(4)




where     V  o u t p u t      is the output voltage from the TEG, ΔT is the temperature difference across the two junctions of the TEG, n is the number of thermocouples that are electrically connected in series, and     α 1     and     α 2     are the Seebeck co-efficient of TEG thermoelements, respectively. The temperature across the two junctions for the steady state heat transfer is given by Equation (5) for a one-dimensional heat transfer:


   Δ T   =   q × δ /  k t  ,   



(5)




where q is the heat flux arriving at the hot junction from the interior tissue side, and δ, kt denote the thickness and thermal conductivity of the TEG, respectively. The heat transfer through the body tissues can be derived through the Pennes bioheat formulation [91], as given in Equation (6):


   ρ c .   ∂ T    (  x ,   t  )    ∂ t   = ∇ k  ( x )  ∇  [  T    (  x ,   t  )   ]    +    Q b  +    Q m  ,   



(6)




where T (x,t) is the tissue temperature distribution and k (x) the space-dependent thermal conductivity of the tissue.     ρ b    ,     c b     are the density and specific heat of the tissue, respectively.





   Q  b    =  ρ b   c b   ω b   ( x )   (   T a    −   T    (  x ,   t  )   )  ,   



(7)




where     ω b   ( x )     is the space-dependent blood perfusion. Past studies indicated that a temperature gradient of 1‒5 K [92] exists but varies significantly depending on the TEG position in the body. It is apparent that the higher the blood perfusion and the metabolism heat generation rate, the higher the temperature gradient, which is favourable for power generation through TEG. Additionally, within the fat layer there is a temperature difference due to the lower thermal conductivity reported by Ishida [93]. Temperature gradient of 4‒5 K was derived by using the parameters listed in Table 2 in the abdominal region.



The study also indicated that an obese person has a higher thermal gradient due to thick layers of fat and being able to generate higher power through the TEG. With a 5 K temperature difference and 100 µW at 1 V power requirement, the size of the TEG can be calculated with Bi2Te3 TEG. TEG with 1000 thermocouples is required for 1 V, as the voltage output is proportional to the number of thermocouples. Output voltage is also influenced by element spacing and material properties, resulting in a TEG of 1.3 cm2.



An in vitro study has been conducted with a pork fillet of size 80 mm × 80 mm to simulate the human body with fat layer of thickness 10 mm and skin layer of thickness 2 mm. The constant heat source is a copper plate at 310 K with thermostat and ambient temperature of 291 K. A TEG was embedded with cold side interfacing between fat and muscle tissue as depicted in Figure 15. It was found that when the temperature difference is 0.5 K after stabilization, the output voltage of a single TEG is 3.3 mV. As shown in Figure 15b, the start of cooling indicates the time when a piece of ice is placed to increase the temperature gradient to 1.1 K, resulting in a TEG output of 6 mV. Though this experiment sheds some light on the capability of TEGs, an important factor of thermoregulation by the body has not yet been accounted for. Hence, an in vivo study will give a realistic output of TEG. A single TEG was embedded inside a rabbit weighing 3.2 kg, as shown in Figure 16. As the TEG output was unstable, it was connected to a booster circuit with a DC/DC converter. The output of the TEG and the voltage generated are shown in Figure 17. The in vitro study concluded that a functional circuit, booster circuit is essential, along with a thermocouple array (TEG), to power an implantable device.



The above experiments reveal that embedding a TEG into the human body to power the implantable devices is feasible; our conclusions are as follows:




	
The TEG can be located at an implantable depth from the skin surface, where the maximum temperature difference exists.



	
Multi-stage TEG can generate higher power for the same temperature difference compared to single TEG.



	
Skin cooling and higher ambient temperature will enhance the TEG output.



	
As the voltage output from the TEG is not sufficient since the implantable device impedance is 0.5 to 100 kΩ [94], the commercially available thermoelectric module’s figure of merit has to be significantly increased.



	
The TEG should be covered with high thermal conductivity and a biocompatible membrane before implanting it into the human body.









6.1.2. Pacemaker


The heart is a vital part of the human body and any interruption or abnormalities in its operation can cause cardiac arrest and eventually death. The heart ceases to function due to a malfunction of the sino-atrial node (SA node) [95] that disrupts the electrical conduction system. Currently, pacemakers that can generate electrical pulses to control the heart rhythms employ batteries that can last for a maximum of 10 years [96]. The depleted battery has to be surgically replaced with a new battery. As an alternative, active research has been ongoing to convert body heat to electrical energy by using TEGs. A feasibility study [97] has been conducted by employing 4000 thermocouples in series of a size of about 6.0 cm2, generating 4 V for a 1 °C temperature difference. The basic charging circuit is shown in Figure 18 along with the PN junction array for the pacemaker. The primary function of the charging circuit is to monitor the voltage level from the TEG and cut off if it is above the threshold voltage by using a Timer IC NE555. Control voltage pin 5 of IC1 is provided with a reference voltage of 5.6 V by Zener diode. Battery charging through TEG follows a three-stage charging algorithm [98]. The charging process starts with the pre-charge stage; once the battery voltage reaches a certain point, it switches to the bulk charge stage, followed by the absorption stage. When the charger is disconnected from the power line, it automatically switches off within 1 min. The study estimates that the pacemaker life can be extended by more than 30 years by continuously charging with a temperature difference of 2 °C.





6.2. Wearable Healthcare Devices


The importance of low-cost sensors is growing, especially for patient health monitoring. Wearable health monitoring devices provide real-time data to assess a patient’s condition over a period of time. Notable success has been achieved when powering these devices through a patient’s body movements [99], yet a solid-state device can transmit the data without any interruption. These sensors with low sampling rate demand low power [100], which is made possible by harnessing the energy from the human body. The possibility of powering these body sensors through wearable TEG is due to a significant reduction in the sensor size and low-power transmission systems. The wireless transmission power requirements have been reduced drastically to ~10 µW [101].



Widely used body sensors include electroencephalography (EEG) for measuring neural activity at the scalp, electrocardiography (ECG or EKG) for measuring cardiac activity, electromyography (EMG) for recording electrical activity of the muscles, and pulse oximeters to monitor the blood oxygen saturation and patient pulse. Though the diagnostic purpose of a sensor and the measuring parameters may vary, the principle of operation is the same. All these sensors measure the electrical pulse from the tissues by measuring the body ion flow. This is accomplished by applying electrolytic gel (Cl-) ions with Ag to initiate a chemical reaction resulting in a 10–100 µW electrical signal [102]. These signals are amplified and transmitted wirelessly to an IoT gateway, which will store these data in the cloud. With the explosive growth in Artificial Intelligence (AI), these data may yield valuable conclusions regarding patients’ health, thereby reducing the need for a doctor’s intervention. Currently available remote monitoring vests are listed in Table 3 with their power requirements. These vests transmit data through Bluetooth and are powered by batteries.



The human body functions like a thermostat set at 37 °C at the core, while the skin temperature is variable. Heat is generated in the body based on metabolic activity and is dissipated to the surroundings primarily by convection and evaporation [109]. The metabolic activity varies based on the physical activity and age, yet the designed TEG should be able to generate the required power with the minimal metabolic rate. Since wearable TEGs are placed on the skin, in order to increase the heat flux, a heat sink or radiator [110] can be employed, as shown in Figure 19, though the size is limited. It is shown that the heat flux from the skin can double for a heat sink the size of a wristwatch. Due to the high thermal resistance of the body, the heat flux from the skin is curtailed, even with an efficient heat sink. Determining the thermal resistance of the body is a complex task, as it depends on various parameters such as proximity to arteries, vasodilation, vasoconstriction and the clothes worn. Also, attention should be paid to the heat fin design so as not to alter the body heat flow, which may lead to a sensation of discomfort.



6.2.1. Design of a Wearable TEG


The thermal circuit of the TEG placed on the skin is displayed in Figure 19. The core body temperature is 37 °C, while the ambient temperature is assumed to be 22 °C. The heat flow W and the temperature drop on the TEG,    Δ  T  T E G      is given by Equations (8) and (9), respectively. R indicates the resistance and T indicates the temperature of the respective elements indicated with the suffixes:


   W =  (   T  c o r e   −  T  a i r    )  /  (   R  b o d y   +  R  a i r   +  R  T E G    )    



(8)








   Δ  T  T E G   =  (   T  s k i n   −  T  B L    )  =  R  T E G    (   T  c o r e   −  T  a i r    )  /    (   R  b o d y   +  R  a i r   +  R  T E G    )  .   



(9)





It is vital to thermally match the thermal generator (body) to the load (TEG). Due to high thermal resistance, the thermopile inside the TEG should also have high thermal resistance. Thermal matching indicates the thermal equivalent of electrical matching of generator to its load. Hence     R  T E G      can be replaced with two parallel resistance types,     R  t p     , thermopile resistance, and     R  p a r     , parasitic thermal resistance, as below:


    R  T E G , o p t i m a l   =  R  p a r , 0    (   R  b o d y   +  R  a i r    )  /  [  2    (   R  b o d y   +  R  a i r   +  R  T E G    )  +  R  p a r , 0    ]  .   



(10)







From the above equations, considering a watch size wearable TEG, the thermal resistance is 700 cm2 K/W for the temperature difference of 6–7 °C, assuming the thermal resistance of the human body is 300 cm2 K/W [111]. The thermal resistance obtained at various body locations with a 3 cm × 3 cm × 3 cm TEG is listed in Table 4. As per the above formulation, a wearable TEG can generate ~300 µW/cm2. The amount of heat flow to achieve the required power will lead to discomfort. Hence, with the commercially available TEG material of ZT = 1, the maximum power generated will be ~30 µW/cm2. The measured thermal resistance on the skin with temperature variation is shown in Figure 20 [112]. The above analysis concludes with a design choice to maximize the power output from TEG by having a hot plate much larger than the thermopile and a radiator of similar size.



Typically, a biomedical sensor consists of a transducer, signal amplifier, microcontroller, wireless transmitter and power source. It is obvious that the power required is proportional to the amount of data collected over a period of time (sampling frequency). For most sensors, the power required to function is often low and a major share is consumed when transmitting the data, substantially limiting the lifetime of the sensor. Despite an extended battery life, a low sampling rate will result in low data resolution. Torfs [113] demonstrated a wearable TEG whose power requirement varies from 0.6 to 1.4 mW when the sampling rate varies from 128 to 512 Hz. Recent success achieved in lowering the power consumption to 10 µW will open up new avenues in wearable TEGs. Also, improvements in power electronics will lead to the design of biomedical sensors with the ability to operate at less than 1 V, which is a desirable factor for wearable TEGs.




6.2.2. Flexible Thermoelectric Generators


TEGs embedded in clothing are a potential alternative to those mechanical devices in terms of reliability, cost and comfort. Flexible TEGs are fabricated by embedding polymers that are conductive into carbon nanotube webs. For wearable TEGs, Suarez [114] noted the importance of thermal conductivity over the Seebeck coefficient and electrical resistivity of the thermoelectric material in enhancing voltage and power generation. The thermal conductivity of the filler material in the TEG has also been demonstrated to be a critical parameter affecting the performance. The study [115] employs a flexible thermal interface layer (TIL) between the TEG and the skin. For wearable TEGs, polydimethylsiloxane (PDMS) serves as a flexible insulating and supporting material for the encapsulation of rigid thermoelectric legs. The thermal conductivity of the TIL has a greater influence on the performance of the TEG. The wearable module has several n-type and p-type thermoelectric legs interconnected by copper strips both in series and parallel, and the encapsulating PDMS around the thermoelectric legs. Figure 21 shows a schematic of a wearable TEG on a human wrist. The study also compares the performance of TEGs on flat and curved surfaces with a radius R. The voltage generated by flexible TEG, evaluated both numerically and experimentally, is depicted in Figure 22. The experimental results shed light on voltage generation during body movements such as walking or standing, as the heat generated by the body is proportional to these movements. The experimental evaluation with different TIL thicknesses indicates that a TIL of less thickness and high thermal conductivity is preferred for wearable designs. The performance of the flexible TES1-12704 module for harvesting thermal energy directly from the leg, while walking or jogging, was found to be 5 to 50 µW [116].






7. Conclusions


The present review summarizes the development of TEGs in the aspects of materials, manufacturing process, architecture, cooling methods and their applications in the medical field with an emphasis on implantable and wearable devices. The design of successful TEGs hinge on solving the coupled challenges in material development, the manufacturing process and system optimization. An overview of the working principles reveals the significance of ZT for a thermoelectric generator or thermoelectric cooler. Remarkable progress has been made in improving the ZT value to as high as 3, accomplished through continuous research on new materials along with nanomaterial additives. Even with enhanced ZT values, the remaining difficulties in achieving low thermal resistance, good thermal isolation and higher power factor are a significant challenge. Higher ZT values will undoubtedly ignite a breakthrough in various new applications that have not been imagined before.



Discussion of the material synthesis reveals the relationship between the manufacturing process and the cost. Challenges in material morphology changes, and defects due to the adoption of a semiconductor process, have been highlighted. Though materials with ZT values on the order of 3 have been demonstrated at the lab scale, significant challenges exist in industrial-scale production. selective laser sintering (SLM) is emerging as a predominant manufacturing process for thermoelectric materials, yet the flowability of power and spreading even layer by layer with constant thickness is still a major issue. Low-cost polymeric thermoelectric materials exploit well-established processes such as electrospinning and chemical vapour deposition. Substantial effort is required for tuning a manufacturing process tailored to the mass production of new nanomaterials with thermoelectric properties.



To exploit the full potential of TEGs, good knowledge of system design and performance during operation is paramount. The selection of suitable architectures is driven by geometry matching, heat sink and heat source parameters, environment and size. TEGs are optimized through the reduction of contact thermal resistance, smaller installation space and eliminated intermediate layers through geometry matching. Predominant architectures such as flexible, cylindrical, bulk and thin-film architectures have been presented with their intended applications. Experimental studies on these TEG architectures show that the total module efficiency is enhanced through the matching of CTE, chemical reaction and lower contact resistance.



The necessity of cooling the cold side of TEGs has been highlighted. Past experimental studies and the maximum efficiency achieved by different cooling methods in relation to the temperature difference indicated the importance of cooling. Various heat rejection techniques suitable for a wide range of power generation have been reviewed. Passive air cooling emerges as a suitable method for low power generation, while forced water cooling is suitable for industrial heat recovery despite its parasitic losses. Further research is required on hybrid cooling techniques and the minimization of parasitic losses. Finally, the feasibility of TEGs for implantable and wearable devices was discussed. The remarkable advantages of implantable TEGs in replacing batteries has been highlighted. Experimental studies on small animals show promising results for TEGs to be a potential long-term energy supplier and a possible alternative to batteries. The power requirements of common implantable devices are listed with a detailed case study on pacemakers. Equations pertaining to the design of TEGs for implantable and wearable sensors are provided. Further study is required on the biocompatibility of thermoelectric materials and any toxic effects on patients.
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Figure 1. (a) Working principle of TEG and TEC; (b) components of a typical thermoelectric generator. 
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Figure 2. Variation of TEM efficiency for different ZT [9]. 
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Figure 3. Typical manufacturing process of TEG [32]. 
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Figure 4. (a) Processing of a flexible origami TEG; (b) flexible thermoelectric generator with polydimethyl siloxane [43]. 
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Figure 5. (a) Components of ring shaped TEG; (b) cylindrical cartridge TEG for exhaust gas pipe [45]. 
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Figure 6. Typical cylindrical TEG for an automotive exhaust showing the stacked TE elements, with inner and outer fins as heat exchangers [46]. 
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Figure 7. (a) Flat bulk TEG with n-type, p-type square legs; (b) flat bulk TEG with pyramidal legs [48]. 






Figure 7. (a) Flat bulk TEG with n-type, p-type square legs; (b) flat bulk TEG with pyramidal legs [48].



[image: Designs 03 00022 g007]







[image: Designs 03 00022 g008 550] 





Figure 8. Schematic of an evaporative cooling system for TEG. 
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Figure 9. (a) Power output comparison of different cooling methods for different leg lengths; (b) temperature difference for different lengths [63]. 
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Figure 10. (a) Tube heat exchanger; (b) fin heat exchanger [71]. 
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Figure 11. Schematic of an evaporative cooling system for TEG [77]. 
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Figure 12. Classification of TED in medical applications. 
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Figure 13. Common implantable devices. 
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Figure 14. (a) TEG embedded in three-layer human tissue; (b) cubic domain of human tissue [90]. 
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Figure 15. (a) In vitro experimental setup; (b) output voltage in relation to temperature difference [90]. 
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Figure 16. In vivo experimental setup with a rabbit [94]. 
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Figure 17. (a) Temperature profile of TEG and rabbit rectum; (b) output voltage in relation to temperature difference [94]. 
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Figure 18. (a) P-N junction array for pacemaker; (b) battery charging circuit [98]. 
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Figure 19. (a) Thermal circuit with generator and load; (b) TEG with radiator [110]. 
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Figure 20. (a) Estimated thermal resistance per square centimetre of the skin, measured at 22.7 ± 0.5 °C on the wrists of 77 people under the attached TEG: (1) is the thermal resistance between the body core and arterial blood in the wrist, (2) is the thermal resistance between the arterial blood and TEG. (b) Nine locations where the thermal resistance of the human body has been measured; (c) the thermal resistance of the human body at 23 °C depending on its location on the trunk [112]. 
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Figure 21. (a) Structural design of a wearable TEG on the wrist; (b) cross-sectional view of the TEG on skin that is a flat surface and (c) on skin that is a curved surface [112]. 
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Figure 22. (a) Comparison of TEG voltage on flat and curved surface; (b) TEG voltage generated during walking and standing [113]. 
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Table 1. Power requirements of common implantable devices.
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	Implanted Device.
	Applications
	Typical Power Requirement





	Cardiac pacemaker
	Conduction disorders
	30–100 μW



	Cardiac defibrillator
	Ventricular tachycardia
	30–100 μW (Idle)



	Neurological stimulator
	Essential tremor
	30 μW to several mW



	Drug pump
	Spasticity
	100 μW–2 mW



	Cochlear implant
	Auditory assistance
	Up to 10 mW



	Glucose monitor
	Diabetes care
	>10 μW
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Table 2. Material properties and convective heat transfer coefficients used for tissue thermal modelling.
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	Material
	Thermal Conductivity
	Density
	Heat Capacity





	Muscle
	0.7–1.0 W/m K
	1070 kg/m3
	3471 J/kg K



	Fat
	0.1–0.4 W/m K
	937 kg/m3
	3258 J/kg K



	Skin
	0.5–2.8 W/m K
	—
	—



	Blood
	0.51–0.53 W/m K
	1060 kg/m3
	3889 J/kg K
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Table 3. Remote monitoring vests and their power requirements.
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	Model
	Manufacturer
	Ref





	Health Vest
	Smart Life Technologies
	[103]



	Vital Sense.
	Philips-Respironics
	[104]



	Life Shirt
	Vivo Metrics
	[105]



	Equivital
	Bio-Lynx Scientific Equipment, Inc.
	[106]



	Bioharness
	Zephyr
	[107]



	ProeTEX
	Curone
	[108]



	ExMedicus Smartwatch
	Planet Intelligent
	[106]
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Table 4. Thermal resistance measurements measured at various body locations.
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	Body Location
	Ambient Temperature °C
	Thermal Resistance cm2 K/W





	Trunk
	23
	200–800



	Outer wrist
	22.7
	440



	Inner wrist
	22.7
	120–150



	Forehead
	21.5
	156–380











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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