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ABSTRACT 

      

     Worldwide energy demand is projected to increase 40% by 2035. Thermoelectric 

power generators could be a rapid, powerful way to meet the increased need for energy 

by converting wasted heat energy into useful electrical energy.  However, inter-

disciplinary factors determining the feasibility of widespread thermoelectric power 

generation systems have been minimally explored.   This work connects materials and 

manufacturing costs, materials properties, and system-level design to identify the factors 

necessary for successful thermoelectric generators.   

     Interest and investment in thermoelectrics for waste heat recovery and localized 

heating and cooling have flourished in recent years.  The scalability and success of 

thermoelectric technology hinges on a combination of device efficiency and cost.  The 

first part of this work develops cost-performance metrics for thermoelectric cooling and 

power generation using a device physics model, raw material prices, and estimated 

manufacturing costs.  Both bulk and thin film materials and their respective 

manufacturing techniques are analyzed. The results indicate research and development 

targets that thermoelectric technologies must meet to be competitive in the marketplace. 

     Thermoelectric cogeneration offers an opportunity to recover waste heat from a 

variety of combustion systems. Computationally efficient simulations of practical 

systems that allow optimization and illustrate the impact of key material and system 

parameters are necessary.  The second part of this work compares differences in 

thermoelectric material conversion efficiency and system-level power generation by 

simulating three combustion systems: a water heater, an automotive exhaust system, and 

an industrial furnace.  A more detailed simulation for a 15 kW tankless, methane-fueled 

water heater further explores the potential for small-scale, stationary cogeneration.  The 

simulation uses the finite volume method and links convective flow in a compact heat 

exchanger and conduction through the system to determine thermoelectric power 

generation.  For a single water heater pipe, 126 W of electrical power can be generated, 

and a typical system could yield 370 W.  While varying thermoelectric material 

parameters such as thermal conductivity can improve thermoelectric output by over 50%, 
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system components like thermal interface materials can severely limit power output.  The 

impact of thermal interface resistance on power generation efficiency is established for 

all three combustion systems. The analysis demonstrates the impact system parameters 

have on the feasibility of thermoelectric waste heat recovery in combustion systems.   

     Engineering at the nanoscale produces materials with combinations of properties 

absent in the natural world, enabling tunable and enhanced energy conversion in these 

systems.  In particular, zinc oxide nanowires may offer improved thermoelectric energy 

conversion.  Heat generation along nanowires and near their electrical contacts influences 

the feasibility of energy conversion devices. The final part of this work presents ZnO 

nanowire electrical resistivity data and models electrothermal transport accounting for 

heat generation at metal-semiconductor contacts, axial thermal conduction, and substrate 

heat losses. The current-voltage relationships and electron microscopy indicate sample 

degradation is caused by the interplay of heat generation at contacts and within the 

nanowire volume. The model is used to interpret literature data for Si, GaN, and ZnO 

nanowires. This work assists with electrothermal nanowire measurements and highlights 

practical implications of utilizing solution-synthesized nanowires and realizing functional 

nanowire materials. 

     Finally, concluding remarks and perspectives on the future development of nanowires 

for energy conversion applications are provided. 
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CHAPTER 1: INTRODUCTION 
 

1.1 Overview of energy demand and use 

     Worldwide energy demand is projected to increase 40% by the year 2035 [1].  The use 

of every energy resource (oil, coal, gas, nuclear, hydro, biomass/waste, and other 

renewables) will increase.  While the enthusiasm for renewable energy sources has 

grown, fossil fuels will continue to be the dominant resources used to feed energy 

demand.  Hence, the near-term imperative is efficient use of these energy resources.   

 

 

Figure 1.1: Worldwide energy demand history and projections broken down by energy 

resources used to supply the demand.  Figure adapted from [1]. 

 

     Energy use analyses convey an alarming reality.  Less than fifty percent of the energy 

resources consumed are translated into energy services.  The majority is rejected and not 

utilized [2].  For instance, vehicles are approximately 25% efficient.  Combustion 

systems account for about 75% of energy used in manufacturing, but they are only 45% 

efficient [3].  There are two approaches to improving the use of energy resources.  One 

approach is to improve the efficiency of the primary conversion processes themselves.  

Another approach is to convert the rejected energy into a useful form.  Since rejected 
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energy primarily takes the form of thermal energy [2], conversion of heat into valuable 

energy services is paramount. 

 

 

Figure 1.2: Energy use by sector in the U.S.  Figure adapted from [4]. 

 

     Energy use is projected to grow in all sectors (residential, commercial, industrial, and 

transportation).  Electricity generation is increasing rapidly in these sectors, particularly 

as the electrification of the developing world escalates.  While the combination of 

resources used to produce electricity will change, electricity demand will increase at an 

annual rate of 2.4%.  In the U.S., electricity accounts for approximately 45% of 

residential and commercial energy use.  Every energy resource will continue to be used 

for electricity generation. 

 

 

Figure 1.3: Breakdown of worldwide electricity generation by resource for 2009 and 

projections for 2020 and 2035.  Figure adapted from [1]. 
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     Technologies which utilize rejected heat energy to generate electricity are thus timely 

and essential energy efficiency and electricity generation solutions.  Stirling and Rankine 

cycles are often used to achieve this conversion of heat into electricity, but they involve 

an additional mechanical conversion step and require significant capital equipment 

investment.  An alternative technology is thermoelectric generators, solid-state devices 

which convert heat directly into electricity.  Thermoelectric generators have recently been 

proposed for waste heat recovery.  Academic, government, and industrial research and 

development over the past decade point to a promising future for thermoelectric power 

generation. 

 

1.2 Thermoelectric energy conversion 

     Thermoelectrics are solid-state devices which convert thermal energy to electrical 

energy.  Operated in a reverse mode, thermoelectrics can use electricity to provide 

heating or cooling.  Thermoelectrics provide localized control of energy transfer and 

distributed electricity generation.  They have no moving parts and thus operate silently.  

To date, they have been reliable although new applications are challenging the reliability 

of current thermoelectric device technology.  There are also considerable challenges 

associated with thermoelectric technology.  The conversion efficiency is low, and 

performance is highly dependent on the device operating temperature, requiring 

specialized materials and devices for each application.  System integration is particularly 

challenging as the devices require multiple materials with highly differentiated 

mechanical, thermal, and electrical properties. 

     The abundance of recent reviews on thermoelectrics from materials physics to 

applications demonstrates the newfound popularity of this technology [2, 5-9].  

Thermoelectrics rely on the Seebeck effect which is illustrated in Figure 1.4 for a 

material in which electrons are the dominant charge carriers.  When a temperature 

gradient is applied across a material, electrons with more energy on the hot side shift to 

the cold side.  An electric field develops which prevents further electron flow.  The 

Seebeck coefficient, or thermopower, is a measure of the voltage developed in response 

to the temperature drop across the material.   
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           (a)                     (b)                 (c)                                          (d) 

Figure 1.4:  Depiction of the Seebeck effect in a material with electrons as the majority 

carriers. (a) Electrons are represented by the black dots and are evenly distributed in the 

material.  (b) & (c) In the presence of a temperature gradient, a gradient in electron 

concentration results and gives rise to an opposing electric field. (d)  The Seebeck 

coefficient represents the electric potential that results in response to the temperature 

gradient. 

 

 

 

Figure 1.5: A typical thermoelectric module consists of n- and p-type semiconducting 

legs connected electrically in series through metal shunts. 

 

     A typical thermoelectric device depicted in Figure 1.5 has both n- and p-type materials 

where electrons and holes are the majority charge carriers, respectively.  The 

semiconducting materials, or legs, are connected electrically in series with an electrical 

shunt, and multiple sets of leg couples can be connected to form a larger module.  The leg 

couples are thermally in parallel.  Two electrical insulating layers, typically ceramic 

plates, are on either side of the leg-shunt assemblies.  In power generation mode, the 

module is connected to an external load resistance.   
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     The thermoelectric figure-of-merit ZT is the commonly used metric by which 

thermoelectric materials are evaluated: 

 

T
k

SZT σ2
=

      (1)
 

 

where S, σ, k, and T are the material Seebeck coefficient, electrical conductivity, thermal 

conductivity, and temperature, respectively.  The numerator containing the power factor 

S2σ should be high while the denominator k should be low to achieve a high ZT.   

Detailed discussion of thermoelectric device physics and considerations will be presented 

in later chapters.  The key point is as follows: a suitable thermoelectric material requires 

good charge transport while minimizing thermal energy carrier transport.  However, there 

is an inherent conflict in achieving a high ZT.  As shown in Figure 1.6, the Seebeck 

coefficient and electrical conductivity are inversely related, and the electrical and thermal 

conductivities are directly related.   

 

 

Figure 1.6:  Variation of the properties composing ZT with carrier concentration.  The 

tradeoffs between the properties result in a ZT function with a single maximum.  Figure 

adapted from [5, 8]. 
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     This conflict is better understood by considering the property relationships developed 

through classical physics.  A simplified Mott relation shows the Seebeck coefficient’s 

inverse relationship with carrier concentration n [8]: 

 
3222

33
8







=

n
Tm

qh
kS eff
p

B ππ

    (2)
 

 

Conversely, the electrical conductivity is directly related to the carrier concentration: 

 
µσ nq=       (3) 

 

where the mobility µ also depends on carrier concentration.  The thermal conductivity 

has two components from the electron and phonon, or lattice, contributions, ke and kp, to 

heat conduction such that k = ke + kp.  The electron contribution to thermal conductivity 

is proportional to the electrical conductivity through the Wiedemann-Franz law: 

 

TLke σ=       (4) 

 

where the Lorenz number L is a proportionality constant.  Hence, classical physics 

governing transport in traditional materials precludes tuning materials for ever higher ZT 

values. 

     Methods of enhancing ZT have been proposed.  These methods rely on designing the 

materials chemistry and/or the use of low dimensional materials or low dimensional 

components within bulk materials [7, 10].  To increase the power factor, the electronic 

band structure must be altered to increase the Seebeck coefficient.  Per the Mott equation, 

the Seebeck coefficient depends on the gradient of the density of states near the Fermi 

level EF [6, 7]: 

  

( )
FEE

B

dE
d

Eq
TkS

=
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σ
σ

π 1
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22

    (5) 



7 
 

 

where E is the energy level.  Semiconducting thermoelectric materials should be designed 

to have band gaps large enough such that doping leads to one type of carrier but narrow 

enough to achieve high doping and high mobility carriers.  Such a material is termed a 

phonon glass-electron crystal material because the electrical and thermal properties are 

like crystalline and amorphous materials, respectively, all in a single material. Reducing a 

material’s dimensionality alters the electron density of states and has been shown to 

increase the Seebeck coefficient without a significant reduction in electrical conductivity.  

Another method of increasing ZT is to reduce the phonon contribution to the thermal 

conductivity, kp.  The thermal conductivity is proportional to the mean free path Λ of the 

energy carriers.  By introducing a scattering length Ls which is less than the dominant 

mean free path length, the effective mean free path Λeff can be decreased according to 

Matthiessen’s rule [11]: 

 
1

11
−









+

Λ
=Λ

s
eff L

     (6) 

 

The mean free path of phonons in a bulk material is on the order of hundreds of 

nanometers.  Hence, the scattering length which is introduced must be in the nanometer 

to hundreds of nanometers length scale.  The reduction in effective mean free path is 

accomplished through confinement from nanostructuring and/or interface scattering from 

boundaries, defects, and impurities.  These methods of decreasing the effective mean free 

path, and thus the thermal conductivity, are depicted in Figure 1.7.  In these ways, 

materials engineering and nanostructuring enable the engineering of material properties 

to achieve combinations of properties which do not naturally occur in materials.  Several 

instances of nanostructured thermoelectrics with improved ZT values have been 

demonstrated through nanowire [12], nanostructured bulk [13], and superlattice [14] 

materials. 
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Figure 1.7 Schematic illustrating the ways phonons can be scattered in a material.  

Nanoparticles, grain boundaries, and the material’s boundaries and surfaces scatter mid- 

and long wavelength phonons.  Atomic defects scatter short wavelength phonons.  Figure 

adapted from [15]. 

 

     There are multiple classes of thermoelectric materials [6].  Traditional thermoelectrics 

have consisted of the chalcogenides bismuth telluride (Bi2Te3) and lead telluride (PbTe) 

as well as the binary semiconductor silicon germanium (SiGe).  Newer complex 

inorganic structures such as clathrates, skutterudites, and half-Heusler compounds are in 

development.  These often have atoms in interstitial sites of the crystal unit cell to act as 

phonon scattering centers, or rattlers.  Oxide and silicide thermoelectrics have received 

some interest because of initial reports of favorable thermoelectric properties combined 

with source material abundance and affordability. 

     Existing applications of thermoelectrics are extremely limited.  The primary 

application has been electricity generation onboard space exploration vehicles [16].  In 

this application, a radioisotope thermoelectric generator uses the heat from the 

radioactive decay of an isotope to power a thermoelectric [17].  Small thermoelectric 

modules are used for localized heating and cooling needs [18].  New applications in high 

temperature waste heat recovery using thermoelectrics have been proposed, particularly 

for automotive exhaust, industrial, and combustion appliance systems.  Low temperature 

thermoelectric heat recovery options to supply small power requirements are less 

developed although they have been demonstrated for powering wireless sensors [19]. 
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1.3 Outline of doctoral research 

     While the promise of thermoelectric power generation is exciting, there are many 

technical challenges to overcome in moving from their current limited use to the 

deployment of thermoelectric devices which impact energy supply and demand needs.  

The goal of this doctoral research has been to address these challenges by answering the 

following key question: what factors determine the feasibility of thermoelectric power 

generation systems? 

      The answers lie at the intersections between material properties, system design, and 

costs.  The next three chapters detail these interactions.  In the second chapter, a techno-

economic analysis, sometimes referred to as a thermo-economic analysis, is applied to 

thermoelectrics.  The analysis yields a thermoelectrics cost-performance metric which is 

used to evaluate state-of-the-art materials.  The analysis and metric provide a tool to carry 

thermoelectrics research and development through the emerging technologies “valley of 

death” [20].  This work was accomplished in collaboration with Shannon Yee, Dr. Chris 

Dames, and Dr. Matt Scullin.  The next chapter discusses a thermoelectric energy 

systems model which provides a tool for thermoelectric system development, 

demonstrates the difference between materials and system efficiency, and projects the 

impact of novel interface and thermoelectric materials.  Partnerships with Bosch RTC 

supported this modeling. Finally, the role of enabling thermoelectric materials is explored 

using a specific study of a novel materials candidate, solution-synthesized zinc oxide 

nanowires.  Electrothermal measurements and analysis of these nanowires demonstrate 

the significance of electrical contact resistivity on nanowire material characterization and 

product development.  Collaboration with Drs. Sujay Phadke, Takashi Kodama and 

Alberto Salleo facilitated this work. Concluding thoughts and perspectives on the future 

of thermoelectrics and nanowire materials for energy conversion systems are provided in 

the last chapter. 
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CHAPTER 2: MATERIAL AND MANUFACTURING COST CONSIDERATIONS 

FOR THERMOELECTRICS 

 

2.1 Introduction to thermoelectric thermo-economic analysis 

     Thermoelectrics are used in power generation and heating/cooling applications to 

convert heat to electricity and pump heat.  To date, thermoelectrics have been constrained 

to niche applications such as space vehicle power sources.  They have received renewed 

interest due to the development of higher performing materials and their potential to 

improve the efficiency of combustion systems through waste heat recovery [2, 7, 9].  

Improvements in material performance are ongoing [6, 8, 21] since conversion 

efficiencies of typical thermoelectric materials are below 10% [5, 7].     

     Thermoelectric technology offers key advantages.  With no moving parts, 

thermoelectrics are silent and reliable, and they allow localized control of energy transfer.  

Moreover, the physical form factor is flexible.  Since multiple thermoelectric n- and p-

type couples can be connected in series, a thermoelectric device can be smaller than a 

computer chip or larger than a solar panel.  Nevertheless, considerable challenges 

associated with thermoelectric technology remain.  Most notably, existing 

thermoelectrics have lower conversion efficiencies than alternatives such as organic 

Rankine cycles.  Additionally, the reliability and durability of thermoelectric devices in a 

wide range of operating conditions have not been demonstrated.  Challenges related to 

sublimation, oxidation, thermal and electrical interface degradation, and mismatched 

coefficients of thermal expansion are becoming increasingly critical for new 

thermoelectrics applications. 

     There have been technical and financial barriers to thermoelectric technology 

development.  The cost of thermoelectric materials is prohibitive, largely due to the use 

of tellurium and germanium in traditional materials.  Moreover, safety concerns will 

increasingly preclude toxic materials such as lead [22].  The weight and specific power of 

thermoelectric devices is particularly important for mobile applications such as vehicle 

waste heat recovery, yet few weight minimization solutions have been proposed.  While 

government funding of thermoelectrics research and development has expanded 
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significantly in the past decade, the relative lack of familiarity with the technology made 

early-stage financing in the private sector comparatively slow to follow. 

     In spite of the remaining challenges, there are several indications the future of 

thermoelectric technology is bright. There has been a rapid development of higher 

performance materials due in part to nanostructuring and novel crystal structures [2, 6, 

21]. Robust prototypes demonstrate the feasibility of thermoelectric devices for 

widespread, scalable applications [23-26].  Multiple start-up companies have received 

considerable recognition and funding while also forming strong partnerships with 

established academic and industrial research units [19, 27-30].   

     The development of scalable thermoelectric devices hinges on the both the device cost 

as well as energy conversion performance [2, 31].  Cost-performance analyses have been 

conducted for other energy technologies such as batteries and photovoltaics [32, 33].  

This work develops cost-performance metrics for thermoelectric modules considering 

both conversion efficiency and materials and related processing costs.  This enables an 

assessment of which materials may be most promising for specific applications and 

allows the present work to set performance targets for thermoelectric cooling and power 

generation applications.  The costs of power generation (in $/W) are reported by 

combining material properties reported for seven material classes, device physics, raw 

material costs, and estimates of manufacturing costs.  The analysis is performed for five 

operating temperatures to reflect the myriad of potential thermoelectric applications.  The 

difference in manufacturing costs for bulk versus thin film materials informs the 

feasibility of novel material use. A comparison to existing, competitive technologies 

highlights the targets thermoelectric technologies must reach both in cost and device 

performance to achieve success in the marketplace. 

  

2.2 Development of a cost-performance metric 

   2.2.1 Device Physics 

     An appropriate cost metric for thermoelectric generation relates the electrical power 

output to the material and manufacturing cost of the generating module. A schematic of a 

thermoelectric module and an equivalent thermal circuit are depicted in Figure 2.1.  
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Detailed analyses of device heat transfer and power generation have been developed in 

earlier works [34-37].  

 
Figure 2.1: Schematic of thermoelectric module with an equivalent thermal circuit 

accounting for heat flow through the semiconducting legs as well as the air gap between 

the legs. 

 

The electrical power output, P, of the module is the product of the heat flowing through 

the device, qh, and the conversion efficiency of the device, ηth.  Considering the two-

legged module in Figure 2.1, an energy balance of the hot side at T1 yields the heat flow 

through the device:  

 

RIITSTKq pnTh
2

1 2
1

−+∆=
    (1) 

 

where KT is the total thermal conductance of the module, ∆T = T1-T2 is temperature 

difference across the module, Spn = Sp-Sn is the thermopower difference of a pair of legs, I 

is the electrical current through the module, and R is the internal electrical resistance of 
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the module.  The total thermal conductance is the sum of a parallel thermal leakage 

conductance, K||, and the thermal conductance through the active material, KTE.        

     For the device physics model, the following approximations are applied: (i) thermal 

and electrical contact/junction resistances are neglected, (ii) the cross sectional areas are 

constant along the length of each leg, (iii) material properties are evaluated at the average 

temperature between the hot and cold sides, (iv) the electrical resistance of the 

metallization layer is lumped with the electrical resistance of the thermoelectric material.   

     The thermoelectric generator efficiency depends on multiple material and module 

parameters and can take different forms.  The electric power can be expressed as a 

function of current, I, or the open circuit voltage, Voc, and the electrical resistance of the 

load, RL, and of the module, R [34]: 

 

  

2 2
2 pnoc

L L L
L L

S TVP I R R R
R R R R

∆   
= = =   + +      (2) 

 

Combined with Equation 1 and the definition of efficiency, this yields 
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The figure-of-merit, ZT = (S2σ/k)T, simplifies the equation to   

 

  ( )
2 1
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m
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where Tm = (T1+T2)/2 is the average temperature, and m = RL/R.  Finally, optimizing m 

leads to the maximum idealized efficiency: 
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This is different from the efficiency at maximum power which occurs under load 

matching conditions (i.e., RL = R and m = 1): 
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The efficiency at maximum power as expressed in Equation 6 is used to develop the cost-

performance metrics described below. 

     The series thermal resistances (1/KH and 1/KC) are important for thermoelectric 

generator applications.  Typical heat exchanger U-values were selected from literature 

based upon the application temperature and summarized in Table 2.4 [38, 39].  For 

thermoelectric cooling, the heat exchanger U-values were approximated in the limiting 

case of exchange between two low pressure (<1 bar) shell-and-tube heat exchangers.  For 

low temperature recovery and solar thermal generation, the hot and cold side heat 

exchange were approximated as those from process water to a low pressure gas and from 

a low pressure gas to cooling water, respectively.  For the high temperature applications 

(automotive exhaust or industrial process heat), the hot and cold side heat exchange were 

approximated as those from high pressure (150 bar) gas to low pressure gas and from a 

low pressure gas to cooling water, respectively.  While the cost of the heat exchanger was 

not included in this analysis due to the large variability in cost based upon application, a 

reasonable value is $0.04/W [40]. 

     The metallization layers and electrically insulating plates also add series thermal 

resistances.  For the metallization layers, copper with a thermal conductivity of 400 W/m-

K and a thickness of 25.4 µm was selected.  For the heat spreading, electrically insulating 

top and bottom plates, alumina silicate with 30 W/m-K and a thickness of 0.38 mm was 

selected.  The cost and of these materials was then approximated as $0.078/cm2 based on 

catalogue pricing [41].   
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     The parallel thermal conductance, K||, has a significant effect on the module 

performance and must be accounted for correctly as it scales with the FF.  In many 

applications, the volume between thermoelectric legs is likely to be occupied by a gas 

(e.g., air).  In these situations, the leg length will be such that conduction, convection, and 

radiation contribute.   

     For convection, the inside of the module can be treated as an enclosure where the 

Rayleigh number, RaL, a measure of the buoyant forces to viscous forces, is appropriate 

to determine the contribution of natural convection [39].  The critical length scale is the 

leg length. In most applications, dry air or possibly pure nitrogen will occupy that 

volume.  Advection within the cavity occurs when RaL>1708.  Otherwise conduction in 

the gas dominates.  The convection coefficient is approximated with the relation:  

 

  
1 3 0 074 5 90 069 3 10 7 10/ .
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k
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to yield the thermal conductance   
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For low RaL, conduction through the gas dominates the parallel thermal leakage and can 

be expressed as:  

 

  
( )1air

||,cond

k FF A
K

L
−

=
    (9) 

 

For most leg lengths, conduction through the air gap will dominate.  Even for large leg 

lengths, the resulting convection contributions are much smaller than those from 

conduction.  
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     In addition to conduction and convection, radiation exchange may produce a non –

negligible contribution.  The configuration view factor and the surface emissivities 

dominate the radiation heat transfer between the hot and cold surfaces and are largely 

unknown across many thermoelectric applications.  The configuration view factor for 

radiation exchange between two parallel plates is approximated as:  

 

  

2
2

1 L LVF
A A

 
= + −  
      (10) 

 

which is found from the 1D configuration view factor for two infinitely long, parallel 

plates of identical finite widths [39].  Thus, the radiation component of the parallel 

leakage is: 
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where σsb is the Stefan-Boltzmann constant, and εi is the emissivity of the parallel plates 

which is assumed to be ε = 2/3 for both plates.  Figure 2.2 shows convection/conduction 

through the air gap dominates the total parallel thermal leakage.  The radiation 

component is non-negligible even at low temperatures (e.g., Tm=60 ̊C) and becomes more 

significant at higher temperatures. 
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Figure 2.2: Parallel thermal leakage conductance vs. length for Tm=60 ̊C.  The parallel 

thermal conductance for all fill factors (dashed vs. solid lines) is dominated by the 

conduction (blue lines) through the air gap which increases as the legs become shorter.  

The radiation contribution (red lines) becomes more significant at higher temperatures 

but is non-negligible even at lower temperatures; it is not the dominant contribution 

except for large leg lengths.   

 

   2.2.2 Cost-Performance Metric 

     Both material cost and manufacturing costs are utilized to develop a cost-performance 

metric.  The costs are determined based on a conceptual estimating technique [42] since 

these devices are largely unprecedented.  Rapid iterations on cost estimates completed in 

tandem with thermoelectric product development will prove valuable as devices enter the 

market.   

     The cost of the extracted raw material CB captures the fundamental differences in 

material costs.  The material cost is determined from the 2011 price of each element as 

reported by the U.S. Geological Survey.  It is based on the worldwide production of the 

element and represents the average price an industrial consumer would pay [43].  

Thermoelectric materials are typically composed of raw materials which have been 
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processed to a purity level of 99% or higher.  Typical costs for pure materials are 

presented in the supplement information and can be significantly higher than the raw 

material cost.  For instance, aluminum is an abundant material with a raw material cost of 

$2.60/kg. However, the cost of 99.999% pure aluminum is approximately $300/kg [44].  

While purification adds to the material cost [45], the cost of purified materials is highly 

uncertain.  It can vary significantly by vendor and is strongly influenced by rapidly 

changing market and processing factors [46-49].  This volatility can convolute the cost-

performance analysis, so it is omitted here.  This approach does not bias the results for 

particular materials since the purification conditions apply to many minerals [33].  Table 

2.1 provides a comparison of the raw material cost [50] to the cost of purified powders 

[48].  The cost of purification will be a consideration for the development of 

thermoelectric devices, and decisions regarding in-house purification or purchasing 

purified stock will be required, particularly as production volume increases. 

 

Table 2.1: Raw and purified thermoelectric material costs for a selection of the materials 

analyzed in this work. 

Material Name Raw Material Cost 
($/kg) 

Pure Material Cost 
($/kg) 

Bi2Te3 110 1100 
PbTe 81 700 
SiGe 678 9400 

Si 3 240 
Ba8Ga16Ge30 644 9500 

Yb0.2In0.2Co4Sb12 24 270 
(Zn0.98Al0.02)O 2 67 

 

 

     Manufacturing costs are divided into two categories based on the method of material 

processing.  Processes enacted on the entire volume of material such as ball milling and 

spark plasma sintering have costs denoted by CM,B.  Other processes like dicing and 

metallization depend on the area of material processed; these costs are indicated by CM,A.  

The required throughput of thermoelectric material in a manufacturing process will 

depend on both the performance of the material and the yield of the process.  Fewer legs 

will be required for higher performing materials, and less material must be processed as 

yield improves.  Throughput is highly dependent on the specific application and product, 
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so it is not easily generalizable to a broad analysis.  To make this analysis broadly 

applicable, an activity measure [42] has been assigned to the manufacturing equipment 

considered here which assumes the equipment will be in operation year-round.  

Manufacturing equipment costs are approximate and estimated for new equipment.  

Equipment is typically tailored specifically for the end-use application, so 

communication with vendors is required for accurate quotes and precise costs.  

Particularly in early stage research, development, and production, tools built in-house or 

used/refurbished equipment may be used to reduce costs.   In some cases, it may be more 

cost effective to use a service provider or user facility for certain manufacturing steps 

rather than purchasing equipment and performing the process in-house [51-53].  This is a 

common practice for early-stage development requiring semiconductor processing 

techniques. 

      The manufacturing costs are summarized in Table 2.2.  Figure 2.3 depicts the cost for 

processing bulk and nano-/micro-structured materials as well as the module and heat 

exchanger costs required for all devices.  They are classified by processes which are done 

on bulk and film materials.  Some processes performed on bulk materials depend on the 

amount of material processed.  The remaining processes depend on the amount of area 

processed.  The cost is calculated by dividing the equipment cost by the equipment 

lifetime and throughput.  In most cases, the cost and throughput of equipment was 

obtained from quotes or estimates provided by equipment vendors.  A 20 year equipment 

lifetime and 24 hour per day, 365 days per year operation were assumed.  Additional 

costs of tooling, maintenance, repair, assembly (automated or manual), overhead, and 

labor are not included in this analysis. 

     The metallization cost denotes the deposition of diffusion barriers and metallization to 

improve contact to the electrical shunt.  It includes both the cost of the equipment and an 

approximate cost of the metal deposited.  An additional $90/m2 was added to represent 

the metal cost.  This was determined by estimating the cost of sputtering 1 µm of metal 

with  >99% pure metal targets at $10,000/kg with a density of 9000 kg/m3 [48]. 

     The cost of performing molecular beam epitaxy depends on the amount of material 

deposited since the throughput is highly dependent on deposition layer thickness.  A 
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typical deposition rate of 1 µm/h was assumed with an equipment cost of $11.42/h.  The 

density of PbTe was used to approximate the manufacturing cost in $/kg. 

 

Table 2.2: Manufacturing costs for processes required to make thermoelectric modules. 
 Process Cost  

($/kg, bulk) 
($/m2, area) 

Equipment 
cost  
($) 

Equipment  
throughput  

(kg/day, bulk)  
(m2/day, areal) 

Ref. 

Bulk 
processing 

Ball milling 1.10 40,000 5 [54] 
Melt spinning 0.77 135,000 24 [55] 
Spark plasma 
sintering 

1.30 385,000 42 [56] 

Area 
processing 

Dicing  47 150000 0.44 [57] 
Metalization 120 200,000 0.88 [46, 49, 58] 
Low-level 
microfabrication 

150   [59] 

Medium-level 
microfabrication 

2500   [59] 

High-level 
microfabrication 

10,000   [60] 

Screen printing 4.80 50,000 1.4 [61, 62] 
 

 

 

Figure 2.3: Manufacturing, module, and heat exchanger costs for thermoelectric devices 

made of bulk, nanowire, and superlattice materials.  The range bars for nanowire 

materials correspond to the intensity of microfabrication processes, namely the number of 

fabrication steps.  The heat exchanger costs correspond to values for newly developed 

heat exchangers and off-the-shelf exchangers of varying effectiveness [41, 63]. 



21 
 

      

     The analysis presented here is not a comprehensive cost estimate designed to replace a 

cost estimation performed by management to determine pricing.  Rather, this work 

specifically addresses the cost of candidate materials and the cost to process those 

materials into thermoelectric legs for a module.  It enables realistic assessments of current 

and future materials’ potential for use in cooling and power generation applications by 

linking technical performance with estimated material and equipment costs. 

     The material and manufacturing costs described above can be evaluated on an area 

basis in $/m2 as:  

 

  ( ) AMBMB CLCC ,, ++ ρ       (12) 

 

where ρ is the density, L is the thickness, CB is the cost of the raw material, CM,B is the 

manufacturing cost associated with the material, and CM,A is the manufacturing cost for 

area-based processes.   

     Using the area of the device, A, the cost to produce a watt of electricity is expressed as 

the primary metric for power generation G in $/W: 
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where FF represents the fill factor which is a ratio of the area of the active material to the 

total area of the module. This metric relies heavily on the device physics embodied by ηTE 

and qh.  The optimum leg length, Lopt, is determined by numerically minimizing the 

metric G.  As shown in Figure 2.4, the optimum leg length derived from a cost 

minimization procedure is not the same as the leg length determined from merely 

considering maximum efficiency or power output. 
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Figure 2.4: Example Lopt and cost minimization for material bulk Bi0.52Sb1.48Te3 with  

Tm=135 ̊C, A=1 m2, and F=1.  The leg length that gives the minimum cost is not the same 

length that maximized the efficiency or output power.   

 

   2.2.3 Analysis Parameters 

     As summarized in Table 3, state-of-the-art materials used in the analysis are from the 

main classifications: chalcogenides, silicides, clathrates, half-Heuslers, skutterudites, and 

oxides.  A novel polymer material, PEDOT:PSS, has recently been proposed for 

thermoelectrics and is also included here [64]. Both bulk and film materials are 

considered with the latter referring to thin film, superlattice, and nanowire materials.  The 

material properties were taken from the characterization results reported in the references 

listed in Table 2.3.  Materials are also designated by the presence of nanostructuring.  
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Nanobulk materials are ones which were identified by the original authors as having 

nanoscale grain structures.  

     Potential thermoelectric power generation applications span a large range of operating 

temperatures.  Therefore, the cost-performance analysis of the materials in Table 2.3 was 

conducted for five operating temperatures representing various proposed applications as 

shown in Table 2.4.  Since the fill factor is a significant consideration for both cost and 

performance, five fill factors were analyzed.  

     The material properties were taken from results reported in the cited references.  In 

some cases, the materials were not characterized over a temperature range which 

included the temperatures Tm analyzed here.  When the minimum/maximum temperature 

reported was within fifty degrees of the temperatures analyzed, linear extrapolation using 

the first/last two data points was implemented to obtain a predicted material property at 

the target temperature.  Otherwise, the analysis excluded the material in the temperature 

ranges where properties were unavailable. 

 

Table 2.3: Material Identification Table. Color coding identifies material types as 

follows: red for chalcogenides, LAST and SiGe, blue for silicides, purple for clathrates, 

green for skutterudites, black for oxides, yellow for half -Heuslers, grey for polymers. 

ID 
# Material Name Material 

Class 

Material 
Cost 
($/kg) 

Tm = 60 C, FF = 
0.5 Ref. 

Lopt 
(mm) 

ZTm 
material  

1 Bi2Te3 Bulk 110 0.51 0.74 
[65],[53

] 
2 Bi0.52Sb1.48Te3 Bulk 125 0.51 1.05 [66] 
3 Bi0.52Sb1.48Te3 Nanobulk 125 0.50 1.52 [66] 
4 Bi0.54Te0.46 Nanowire 84 0.39 0.02 [67] 

5 
(Na0.0283Pb0.945Te0.97

33) 
(Ag1.11Te0.555) 

Nanobulk 81 0.50 0.19 [68] 

6 
Bi-doped 

PbSe0.98Te0.02 Superlattice 55 0.05 1.96 [69] 

7 AgPb18SbTe20 Bulk 84 0.53 0.01 [70] 
8 SiGe Bulk 678 0.50 0.09 [71] 
9 Si80Ge20 Nanobulk 371 0.50 0.16 [71] 
10 SiGe Nanowire 679 0.80 0.22 [72] 
11 Mg2Si0.85Bi0.15 Nanobulk 7 2.45 0.09 [73] 
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12 Mg2Si0.6Sn0.4 Bulk 4 2.20 0.20 [74] 
13 Si Nanobulk 3 4.77 0.03 [75] 
14 Si Nanowire 3 0.80 0.72 [76] 
15 MnSi1.75 Bulk 2 1.75 0.05 [77] 
16 Mn15Si28 Nanobulk 2 1.92 0.07 [77] 
17 Ba8Ga16Ge28Zn2 Bulk 615 0.50 0.12 [78] 
18 Ba8Ga16Ge30 Bulk 644 0.50 0.06 [79] 
19 Ba7Sr1Al16Si30 Bulk 2 0.52 0.02 [80] 
20 CeFe4Sb12 Bulk 37 0.50 0.20 [81] 
21 Yb0.2In0.2Co4Sb12 Bulk 24 1.31 0.32 [82] 

22 
Ca0.18Co3.97Ni0.03Sb1

2.40 Bulk 13 2.26 0.20 [83] 

23 (Zn0.98Al0.02)O Bulk 2 9.53 0.01 [84] 

24 
Ca2.4Bi0.3Na0.3Co4O

9 Bulk 30 0.87 0.03 [85] 

25 InGaZnO Nanowire 511 0.80 0.07 [86] 
26 Na0.7CoO2-δ Bulk 36 2.71 0.04 [87] 

27 Zr0.25Hf0.25Ti0.5 
NiSn0.994Sb0.006 

Bulk 10 0.70 0.49 [88] 

28 Zr0.5Hf0.5Ni0.8 
Pd0.2Sn0.99Sb0.01 

Bulk 9 0.50 0.18 [89] 

29 Ti0.8Hf0.2NiSn Bulk 11 0.82 0.04 [90] 
30 PEDOT:PSS Polymer 0.34 1.50 0.01 [64] 

      

 

Table 2.4: Device temperatures and example applications.  Fill factors of 0.001, 0.01, 0.1, 

0.5, and 1 were analyzed. 

Applications 
Low 

temperature 
recovery 

Solar 
thermal 

generator 

Automotive 
exhaust heat 

recovery 

Industrial 
furnace heat 

recovery 
Hot side, Th  (°C) 100 250 500 800 
Cold side, Tc (°C) 20  20 50 50 
Average, Tm (°C) 60 135  275 425 
Hot side U-value,  

Uh (W/m2-K) 102 102 120 120 

Cold side U-value,  
Uc (W/m2-K) 105 105 105 105 

 

 

     Unless the material density was reported with the measured material properties, the 

theoretical density was used.  Multiple manufacturing processes result in thermoelectric 



25 
 

materials whose density is less than the theoretical density.  For instance, most techniques 

involving pressing stoichiometric compositions of powders create thermoelectric material 

pellets which have microscopic air pockets causing the pellet density to be approximately 

80% of the theoretical value.[77]  One key exception is the spark plasma sintering 

technique which produces pellets >90% relative density.[91]  The density of nanowire 

materials is also different than the theoretical density.  Each leg of nanowire material has 

a density which depends on the nanowire fill factor and the density of a matrix material 

around the nanowires.  This analysis approximates the thermoelectric leg density as the 

nanowire material’s density which is likely an overestimate of the density.  Since the 

power density scales with the nanowire and module fill factors, the module fill factor can 

be adjusted based on the nanowire fill factor, so this estimation does not change the 

outcomes of the analysis. 

     It is difficult to characterize thermoelectric properties of thin film materials [14, 69, 

92].  Through-plane thermal conductivity and Seebeck coefficient are often reported with 

in-plane electrical conductivity.  To determine the thermoelectric performance of 

superlattice materials, the Harman method has been used to measure ZT directly.  The 

analysis here is conducted with a superlattice where the Seebeck coefficient was 

measured.  Electrical resistivity was calculated from reported carrier concentration n and 

mobility µ using σ = nqµ with the electron charge q.  The thermal conductivity was 

extracted from the measured data. 

 

2.3 Cost-performance of thermoelectric materials and applications 

     The cost performance analysis yields results which indicate the cost competitiveness 

of thermoelectric technologies for cooling and power generation.  The cost performance 

analysis for thermoelectric power generators demonstrates the cost competitiveness of 

this technology as well as perspective on future materials development.  Figure 2.5 shows 

the cost of thermoelectric devices for each of the operating temperatures considered.  The 

strong dependence of cost on fill factor is expected since a larger fill factor indicates use 

of more material.  Even for a given fill factor, the costs for devices made out of different 

materials can vary by one to three orders of magnitude.  Since material properties are 

temperature-dependent, these results indicate which materials could not be considered for 
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certain applications, particularly when alternative technologies are more affordable.  This 

is particularly relevant for applications operating near the lowest temperature, Tm = 60°C, 

considered since there is a dearth of thermoelectric materials with high performance at 

low temperatures, so the costs are predominately above $1/W.  For each application, it is 

pertinent to compare these thermoelectrics costs to the cost of other electricity generation 

technologies.  For instance, the current cost of photovoltaics is $1/W, and the 

photovoltaic cost is project to quickly reach $0.50/W [93]. Particularly for high 

temperature waste heat recovery, a competitive technology is the organic Rankine 

system.  The cost for such systems is approximately $4-5/W [94]. 

     In Figure 2.6, the materials are plotted for two parameters of interest: the total costs as 

represented in Equation (9) and the figure-of-merit ZTm.  The reference bars are drawn for 

a reference chalcogenide material.  These plots provide an image of the current materials 

landscape and inform future materials research.  There is a paucity of materials in the 

lower right-hand quadrant indicating materials which are less expensive and higher 

performing than the chalcogenide references.  The clustering of points below the standard 

material’s cost point indicates significant research and development work lies in 

developing higher performing materials which are not more expensive to produce than 

the standard bulk materials.  For instance, nanowire materials requiring microfabrication 

processes are not currently competitive options. 
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Figure 2.5: Select $/W cost comparison charts: (a) Tm = 60 ̊C applications, (b) Tm = 135 ̊C 

applications, (c) Tm = 275 ̊C applications, and (d) Tm = 425 ̊C applications.  Horizontal 

lines represent application competition targets.   
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Figure 2.6: Areal cost vs. ZTm scatter plots: (a) legend, (b) Tm = 60 ̊C application, (c) Tm = 

135 ̊C application, and (d) Tm = 275 ̊C application.  The horizontal and vertical lines 

represent comparisons to material 2 for low temperature and 5 for high temperature 

applications.  The shapes represent the material class: bulk, nanobulk, nanowire, other.   

 

     This work provides a first-of-kind thermoelectrics cost-performance metric which 

incorporates material properties, device physics, raw material costs, and manufacturing 

costs. The analysis and resulting cost-performance values provide a tool for 

thermoelectric device research and development at the laboratory and commercial levels.  

A key aspect of the work includes thermoelectric leg geometry optimization through the 

minimization of the cost combined with performance rather than optimization of 

efficiency or power generation alone.  The results demonstrate the status of current state-

of-the-art thermoelectric materials relative to competitive power generation technologies 

for a range of application temperatures.  Devices with low fill factors can be cost-

competitive if the overall power generated is deemed sufficient.  Although novel 

nanowire and superlattice materials reported to date are touted as promising, they appear 

uncompetitive for near-term applications due to low performance and the significant 

costs associated with microfabrication manufacturing techniques.  Even considering the 

use of affordable materials, considerable performance gains must still be achieved for 
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these materials to be competitive. When applied to several traditional and new 

thermoelectric material classes, the analysis demonstrates the paucity of materials which 

are both higher performing and lower cost than standard chalcogenides.  The realization 

of commercial thermoelectric devices hinges on the simultaneous improvement and 

optimization of material properties, system design, and material and manufacturing costs.  
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CHAPTER 3: SYSTEM AND MATERIAL EFFECTS ON THERMOELECTRIC 

POWER GENERATION 
 

3.1 Introduction to thermoelectric systems 

      Heat losses reduce the efficiency of combustion systems.  Thermoelectric 

modules (TEMs) operating as power generators can improve system efficiency using the 

waste energy available in combustion products [2, 7]. Thermoelectric generators are 

attractive cogeneration solutions because they are reliable, silent, and have no moving 

parts.  Moreover, they offer the benefit of generating electricity locally at distributed 

combustion facilities or even household units, diminishing the need to draw power from a 

distant plant [95].  Extensive effort has been focused on utilizing waste heat for 

thermoelectric energy conversion [9, 96].  Applications include automobiles, high-

temperature electronics, and gas-powered appliances used by individuals or small groups.  

Thermoelectric generators can also be used in systems such as water heaters in which the 

goal is to transfer heat energy [36, 97].   

      Thermoelectric materials [5] and systems with incorporated TEMs [98-100] have 

been previously investigated.   Maximizing thermoelectric material efficiency is different 

than maximizing the power output of a TEM integrated into a system [8].  Extensive 

research has focused on improving TEM performance through the figure-of-merit, ZT 

=S2σT/k, of thermoelectric materials where S, σ, and k are the Seebeck coefficient, 

electrical conductivity, and thermal conductivity of the thermoelectric material, 

respectively.  The temperature-dependent properties are evaluated at the average 

temperature T within the TEM.   There has been considerable effort to develop phonon-

glass/electron-crystal materials to reduce thermal conductivity while maintaining high 

values of electrical conductivity. Efforts to control the crystal structure of bulk 

thermoelectric materials as well as develop nanostructured materials to increase phonon 

scattering and improve ZT are ongoing [21].  However, maximizing Z is not necessarily 

the best method to optimize an entire cogeneration system.  For example, combustion 

systems and robust electronic systems experience high operating temperatures and large 

temperature fluctuations, but the efficiency of many thermoelectric materials rapidly 

declines at high temperatures.  The realization of practical, effective cogeneration 
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systems hinges on investigating the impact of thermoelectric material parameters coupled 

with system parameters.   

      A major challenge with system development is inefficiency caused by temperature 

drops at interfaces which are quantified using thermal interface resistances (TIRs) [101].  

Wide temperature fluctuations, frequent thermal cycling, and large contact area in 

thermoelectric systems both degrade the performance of traditional thermal interface 

materials (TIMs) and make the module more susceptible to device failure from thermal 

expansion mismatch. Possible damage from thermal expansion also limits the rate of 

temperature change in a TEM.  Nano-structured thermal interfaces, including those 

incorporating aligned carbon nanotubes (CNTs) or metal nanowires, may lead to 

improved reliability. Previous work has shown that CNT arrays may perform as an 

exceptional thermal interface material because they have both high thermal conductivity 

and mechanical compliance [102-106].  

      The current work estimates representative thermoelectric power generation 

capabilities for home water heater, automotive exhaust, and industrial furnace waste heat 

recovery.  The goal is to compare material thermoelectric conversion to system power 

generation by accounting for components such as interface layers and heat exchangers.  

Distributed, stationary thermoelectric power generation is explored with a detailed 

simulation of a 15 kW, methane-fueled, tankless water heater.   This work investigates 

TEM output when both material properties and system parameters are considered.  

Varying thermal interfaces and the potential of novel TIMs are presented.  The limiting 

nature of thermal resistances in a thermoelectric cogeneration system is demonstrated, 

and system optimization is informed by varying parameters. The impact of thermal 

interface resistance on power generation efficiency is compared for water heater, 

automotive exhaust, and industrial furnace waste heat recovery. 

 

3.2 Multi-system comparison 

A compact, parametric system model enables a comparative analysis of three 

relevant thermoelectric heat recovery applications: a home water heater, an automotive 

exhaust system, and an industrial furnace.  A home water heater represents the potential 

for small-scale, stationary energy harvesting.  In automobiles, roughly 40% of fuel energy 
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is wasted as heat [107], so thermoelectric conversion of automotive exhaust heat offers an 

opportunity for improved fuel economy and reduced environmental impact, especially 

considering the scale of the worldwide automotive sector.  Industrial waste heat recovery 

with thermoelectrics has received increasing attention since many industrial processes 

such as metal and glass melting discharge gas at high temperatures [108]. Thermoelectric 

energy harvesting offers an opportunity for energy efficiency through on-site electricity 

generation for these large-scale, stationary applications. 

Simulation of thermoelectric systems reveals the relationship between system 

parameters and their impact on efficiency and power generation in these three 

applications.  Figure 3.1 depicts a system with hot exhaust and coolant fluid streams 

flowing through heat exchangers surrounding a thermoelectric module.  Figure 3.2 

provides a thermal circuit model for the system including the temperatures of the hot gas 

stream and the coolant stream as nodes.  Many thermoelectric system studies recognize 

the significant distinction between TEM conversion efficiency and overall system 

efficiency [35, 109].  Fewer studies consider the critical role system parameters such as 

thermal interface resistance, heat exchanger effectiveness, and mass flow rate play in 

thermoelectric power generation capabilities of combustions systems [110, 111].  A 

compact model assuming fixed hot and cold stream temperatures while including the 

impact of heat exchangers, parasitic heat loss, and interface resistance has been 

developed [111].  By fixing the hot and cold stream temperatures to the inlet 

temperatures, the spatial temperature variation along fluid flow directions is eliminated 

[109, 111, 112].  Although this approximation overestimates the overall temperature 

gradient and thus the power generation potential, this approach enables rapid multi-

system comparisons.   
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Figure 3.1: A thermoelectric system has multiple n- and p-type legs connected electrically 

in series with an electrical shunt material.  An electrical insulator surrounds the TEM, and 

a thermal interface material connects the TEM to heat exchangers.  Heat flows from the 

hot stream to the cold stream through the TEM with the thermoelectric legs connected 

thermally in parallel. 

 

 
Figure 3.2: The thermoelectric system can be represented by a thermal circuit in which 

heat flow from the hot source through the system to the cold sink.  The boundaries 

include conductor, insulator, and thermal interface material. 



36 
 

 

    A system of equations describing the heat flow, power generation, and 

conservation of energy can be solved to determine conversion efficiencies.  As indicated 

in Figure 3.2, the heat transfer through the TEM must account for Joule heating and the 

Peltier effect in addition to conduction through the TEM:   

 

eTEMJoule RIq ,
2=      (1) 

  

ISTq chTEMPeltier ,,=      (2) 
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The Peltier heat flux is dependent on the temperature of each side of the TEM.  The 

temperature gradient through the TEM determines the electrical potential developed 

across it.  The electrical power obtained from the TEM once it is connected to a load 

resistor is  
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,eTEMTEMload IRTSIRIP −∆==    (4) 

 

where the product of the Seebeck coefficient and temperature difference is the voltage 

drop.  For a maximum power generation condition where the load and TEM electrical 

resistances are matched, the thermoelectric conversion efficiency is [111] 
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The heat flow into the TEM from the heat exchanger, qh, shows the pertinent system 

parameter dependencies.  An energy balance on the TEM cold side is similar for the heat 

flow out of the TEM, qc, and an energy balance around the TEM shows qh = Pgen + qc. 

The terms σTE and σex represent the fractional heat loss to the environment at the TEM and 

heat exchanger, respectively.  These terms generally have minimal impact and are 

neglected here, but they can be considerable in specialized applications [13]. Thermal 

interface resistance Rth is present on both sides of the TEM where the TEM attaches to 

the heat exchangers.  The heat exchanger effectiveness ε is obtained from ε-NTU (number 

of transfer units) relationships [113].  The overall system efficiency ηsys is the electrical 

power generated divided by the maximum energy that could be transferred from the hot 

exhaust stream. 

     Realistic parameters were modeled by using data reported for operation of each 

system: a water heater (reported here), a sports-utility vehicle [100], and an oxy-fuel 

glass processing furnace [108].  The parameters used in the model are listed in Table 3.1.  

The simulation is executed in Matlab. Temperature-dependent fluid properties at 1 atm 

pressure are obtained using the software Cantera. The simulation is validated with 

multiple conservation of energy analyses during the simulation and on the results.  The 

tolerance allows ≤0.1% variation.  When available, the effective heat transfer coefficient 

UA of the heat exchangers is used to determine heat exchanger effectiveness.  It will take 

a number of years for thermoelectrics technology to penetrate these applications.  In the 

meantime, thermoelectrics materials research is advancing at a rapid pace, and improved 

material properties are inevitable.  This development was accommodated by selecting 

recently reported temperature-dependent property data for nanostructured PbTe [68].    

     The model was used to compare the difference between TEM efficiency and overall 

system efficiency.  Ideal efficiency values are presented in Table 3.2 for the three systems 

indicated.  The system efficiency is 32%, 33%, and 59% lower than thermoelectric 

conversion efficiency for the water heater, automotive exhaust, and industrial furnace 

applications, respectively.   
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Table 3.1: System specifications for simulations of three combustion systems were 

collected from sources providing relevant parameters.  Specifications for the water heater 

system were obtained from communications with collaborators at Bosch RTC. 

  Water heater  Automotive exhaust 
[100, 114, 115] 

Industrial 
furnace [108] 

Hot 
side 

m  (kg/s) 0.0041 0.01 0.03 
Tg  (K) 1700 773 1033 
Gas 
composition 
(mole 
fraction) 

CO2: 0.16 
H2O: 0.32 
O2: 0.097 
N2: 0.42 

CO2: 0.05 
H2O: 0.05 
CO: 0.002 
H2: 0.001 

NO2: 0.002 
O2: 0.01 
N2: 0.885 

CO2: 0.52 
H2O: 0.43 

CH4: 0.0019 
C2H6: 2.0 x 10-5 

O2: 0.0076 
N2: 0.038 

 
UA (W/K) N/A 100 250 
ε 0.85 Determined from UA Determined from 

UA 

Cold 
side 

m  (kg/s) 0.0125 0.1 0.1 
Tc  (K) 300 360 300 
Coolant 
fluid 

water 50/50 ethylene glycol-
water mixture 

water 

UA (W/K) N/A N/A 1800 
ε 0.99 0.99 Determined from 

UA 
      

 

Table 3.2: Thermoelectric module and system efficiencies for three simulated combustion 

waste heat recovery systems were determined.  Thermal interface resistance and parasitic 

heat loss values were omitted to obtain upper limits.   

System ηTE ηsys ηsys / ηTE 
Water heater 4.6% 3.2% 0.68 
Automobile 2.1% 1.4% 0.67 
Industrial furnace 12% 4.8% 0.41 

 

 

     These results are promising for small-scale, distributed applications like the water 

heater since a reasonable efficiency is achievable.  Industrial furnace exhaust heat 

recovery is likely to receive increasing attention since the efficiency is acceptable, and 

the potential to offset industrial electricity use is attractive.  While the automotive exhaust 
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system converts the available thermal energy less effectively, consideration of only a 

performance analysis like this is misleading.  The latter two systems benefit from 

economies of scale, and an evaluation of performance coupled with cost provides a more 

valid assessment of thermoelectric waste heat recovery potential [31, 116]. 

 

3.3 Detailed analysis of the water heater application 

     Efficiency improvements for appliances such as water heaters, refrigerators, and 

furnaces are both financially and environmentally cost-effective [117].  Deeper insight 

into the factors affecting thermoelectric waste heat recovery requires a more detailed 

analysis than the approximate calculations performed above.  Such analyses have been 

conducted for automotive exhaust heat recovery applications [118, 119].  This approach 

can require detailed iterative schemes, hampering the ability to evaluate a range of 

parameters and compare multiple systems as accomplished above.  However, it provides 

spatial resolution of thermal gradients which is essential for system and TEM 

optimization [35]. The analysis below refines the water heater system model to link 

thermoelectric power generation to heat transfer physics in a cross-flow heat exchanger 

setup. 

A numerical simulation of a tankless water heater system is conducted to indicate the 

possibility of efficiency improvement through thermoelectric heat recovery. Also termed 

demand or instantaneous water heaters, tankless water heaters use a heat source to 

directly heat cold water without storing water in a tank and incurring energy loss [120, 

121].  Figure 3.3 shows the water heater system with a fluid cross-flow arrangement 

through an annular-finned pipe.  A water heater system has multiple pipes like the one 

shown.  This practical heat exchanger setup is used in many applications in which 

cogeneration may be feasible.  The thermoelectric module is modeled as a ring-shaped 

structure to match the pipe’s shape [122].  The surface is fully covered by thermoelectric 

material. Optimization of fractional area coverage, or fill factor, has been investigated 

elsewhere [31]. The thermoelectric material is surrounded by an electrical conductor, a 

ceramic insulating layer, and a thermal interface material to connect the TEM to the pipe.  

The model accounts for external gas convection, heat generation by the TEM, and the 

flow rate dependence of the convection coefficients. 
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Figure 3.3: A combustion gas stream flows through a cross-flow heat exchanger to heat 

water in a tankless water heater system.  The pipe length, inner diameter, and outer fin 

diameter are 300 mm, 30 mm, and 60 mm, respectively. 

 

The external and internal convection components use empirical correlations to 

determine the average convection coefficients.  The heat transfer from the gas stream is 

determined using  
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to account for the effective fin efficiency of the annular pipe wall fins and the cylindrical 

wall conduction resistance [113].  The average gas convection coefficient is determined 

from a correlation for a compact heat exchanger with circular finned pipes [123].  The 

driving temperature difference between the gas and the pipe is approximated using a log 

mean temperature relationship:  
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Integrating the local heat transfer rate between two fluids over the total heat exchange 

area leads to a logarithmic relationship between the temperature differences.  Modeling 

the temperature gradient this way allows a close approximation of the pipe wall 

temperature and its variation in the water flow direction without requiring a detailed 

solution of the temperature profile in the pipe wall along the gas flow direction.  The heat 

transfer rate from the interior pipe wall to the water stream is  

 






 −= wT
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where hw is determined from the correlation for laminar internal flow [113]. 

     The simulation results show the temperature range around the TEM is 400 K to 600 K.  

The chalcogenide lead telluride is an optimal thermoelectric material at these operating 

temperatures, so the standard properties of PbTe are used initially to explore the option of 

a near-term solution which does not rely on new materials development [124].  Optimal 

properties are selected to mimic the ability of segmented thermoelectric legs to maximize 

energy conversion [37].  Thermal and electrical interface resistances are neglected to 

ascertain upper bounds.   

     The simulation is conducted using a finite volume method.  Each pipe is discretized in 

the longitudinal direction.  A shooting method is used to determine the water temperature 

for each volume.  The water temperature is assumed to be a mixed mean temperature 

representing the entire discrete volume.  A false position or regula falsi method allows 

convergence on the amount of heat transferred to the water.  Conservation of energy 

analyses on the results verified the simulation technique. This simulation approach is 

simpler than a finite element model, and it captures the significant thermal and electrical 

physics of the system.  The approach reveals key parameters and their relative 

significance in system optimization. 
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     In order to isolate the influence of system and TEM parameters, a single pipe of a 

tankless water heater system is simulated initially.  Figure 3.4 summarizes a single pipe 

simulation result.  In Figure 3.4a, the change in fluid temperatures demonstrates energy 

exchange between the hot gas and the water.  The gas and the water do not reach the same 

temperature before the water exits the pipe, indicating additional thermal energy is 

available for harvesting.   For cases of longer pipe length or lower water flow rate, the 

change in temperature with distance would decrease.  The temperature drop across the 

TEM along the length of the pipe decreases, so the voltage developed across the TEM 

diminishes.  In optimizing a system, the change in temperature drop indicates the 

thermoelectric material could vary along the length of the pipe since the thermoelectric 

figure of merit ZT is temperature dependent.   

     Figure 3.4b depicts the total electrical power from the TEM as a function of current 

through it.  Current and load resistance are inversely related, so increasing current 

corresponds to decreasing load resistance.  The peak power output occurs where the load 

resistance is equal to the electrical resistance of the TEM.  The average gas outlet 

temperature declines as more heat energy is converted to electrical energy.  The water 

outlet temperature changes minimally because the product of mass flow rate and specific 

heat capacity is larger for the water stream than the gas stream.  The ability to obtain the 

maximum electrical power output without significantly reducing the water output 

temperature is promising. 

     Optimal system operating points are influenced by considering both conversion 

efficiency and relative gain in TEM power with changing load resistance.  The electrical 

power from the TEM can be divided by the energy transferred into the system from the 

hot gas minus the amount of energy transferred to the water to obtain a non-dimensional 

power value.  For a single pipe, this non-dimensional power peaks at 0.8% with an 

average gas outlet temperature of 1100 K indicating a significant amount of energy that 

can still be harvested from the gas.  The voltage developed across the TEM is dropped 

across the TEM electrical resistance and an external load resistance.  While the electrical 

power output comes from the voltage drop across the load resistor, the power dissipated 

in the TEM contributes to Joule heating and can be beneficial in this system to heat the 

water.  The ratio of TEM power output to power dissipated decreases from an initial 
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amount of 21 to 1 at the matched load condition.   This corresponds to an initial 

incremental increase in electrical power of 6.8 W/A, and the increase in power per unit 

rise in current declines to zero at 37 A.  Because the increase in incremental TEM output 

power diminishes, the optimal operating point may not be at the peak power condition 

[111].   

 

 

 
Figure 3.4: a) Fluid temperatures, TEM boundary temperatures, and TEM voltage are 

determined as a function of distance along the pipe. b) Electrical power output from the 

TEM corresponds to a change in gas and water outlet temperatures. The maximum power 

output for the simulated single pipe heat exchanger is 126 W. 
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     The impact of varying system and TEM parameters are determined.  Figures 3.5-3.7 

demonstrate the impact of coolant flow rate, gas flow convection coefficient, and material 

Seebeck coefficient on the power generation potential of thermoelectric cogeneration in 

the water heater system.  Thermoelectric power output rises as the flow rate of the water 

stream due to increased convective cooling of the pipe wall resulting in a larger 

temperature drop across the TEM.  Modifying the gas convection coefficient hg mimics 

multiple system variations.  For example, altering fin geometry or gas flow rate will 

change hg.  Doubling the convection coefficient can increase the electrical power output 

by 50%, and the value of hg affects the impact of the gas side convective thermal 

resistance relative to the other system thermal resistances.  The convective resistance is 

often the highest heat transfer resistance [98].  This work indicates the gas side 

convective resistance can be comparable to TEM resistance as TEM thickness increases.  

The relative importance of interface resistance increases as the gas side convection 

improves.  The limiting effect of interface materials is discussed in more detail below. 

     Altering the TEM thermal conductivity is an effective way to increase output power; 

the power is more than doubled if the thermal conductivity is reduced by 1 W/m-K.  Of 

all the parameters considered, thermal conductivity improvement results in the largest 

gain in power output. The top axis in Figure 3.8 shows ZT corresponding to varying 

thermal conductivity with all other properties held constant.  The maximum operating 

temperature of the thermoelectric material must be considered in evaluating the ZT and 

selecting TEM materials.  For example, Bi2Te3 has a maximum operating temperature of 

about 550 K and could not be considered for this application.   
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Figure 3.5:  Thermoelectric power output rises at a declining rate as the flow rate of the 

water stream increases.  The rise is due to increased convective cooling of the pipe wall 

resulting in a larger temperature drop across the thermoelectric module.  The relative 

impact of reducing the thermal convection resistance decreases, and the energy transfer 

within the water dominates.   
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Figure 3.6: Modifying the gas convection coefficient hg mimics multiple system 

variations.  Doubling the convection coefficient can increase the electrical power output 

by 50%, and the value of hg affects the impact of the gas side convective thermal 

resistance relative to the other system thermal resistances.  Altering fin geometry or gas 

flow rate will change hg.  There is uncertainty around the value of hg because it is highly 

dependent on flow properties and system geometry, and the empirical correlation used is 

only the best available approximation to the geometry considered.   

 

 

Figure 3.7: Increasing the Seebeck coefficient by 100 uV/K augments the power 

generation by 19 W.  Significant increases in Seebeck coefficient have been achieved by 

creating a large change in the density of states near the Fermi level [84].  Stable, scalable 

materials demonstrating this enhancement of thermopower must still be demonstrated [7]. 
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Figure 3.8: TEM electrical power output increases significantly as thermoelectric material 

conductivity decreases.  Optimized materials are simulated by holding the other material 

properties constant.  The curve for the lowest load resistance has markers to guide the 

eye. 

 

     The maximum electrical power output depends on the configuration of the heat 

exchanger system.  Options for pipe configurations in the water heat system are 

considered in Table 3.3.  The table provides the incremental gain in adding pipes in 

multiple configurations.  Pipes located next to each other horizontally are in a parallel 

thermal connection whereas vertically stacked pipes are in a series thermal connection.  

The gas outlet temperature is indicative of the amount of energy remaining in the gas 

stream after it has passed over all of the pipes.  Because the gas stream temperature drops 

as it passes over the pipes, the electrical power out of a pipe’s TEM decreases as it is 

stacked lower in a vertical arrangement.  However, increasing the number of pipes 

stacked horizontally would also require an increase in the mass flow rate of the gas 

stream.  Additionally, the average temperature across the TEM is significantly different in 

each pipe, so different thermoelectric materials should be considered.  The TEM material 

in each pipe should have a peak ZT for the operating temperature of that pipe.   

 



48 
 

Table 3.3: Systems configurations can vary to connect pipes thermally in parallel and 

series.  TEM electrical output increases most for parallel arrangements at the cost of 

higher gas flow rates.  

 
 

3.4 Impact of thermal interfaces 

     Estimating the thermal resistance of interface materials is a major challenge for this 

work.  Interface materials from thermal greases to metallic alloys have thermal 

conductivities ranging from 0.2 to 50 W/m-K [125].  In modern computers, these 

materials have thicknesses between 20 and 100 µm, yielding total thermal resistances 

from 150 to 0.6 m2K/MW.  In macroscale systems such as a water heater the thicknesses 

of interface materials can be substantially larger.  The large thickness is owed to 

geometrical inconsistencies in the larger components as well as the requirement for the 

interface to overcome thermomechanical mismatch between the adjacent materials.  In 

contrast to computers, which are subjected to a temperature variation of approximately 

100 K, combustion-based TEM systems could experience thermomechanical cycling up 

to 600 K.  For the present work, we assume a TIM thickness of 1 mm and thermal 

conductivities of 1 W/m-K for grease, 10 W/m-K for metal solder, and 100 W/m-K for a 

novel CNT-based interface material [103, 105].   
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     The degree to which thermal interface resistance degrades system efficiency depends 

strongly on thermoelectric thickness.  Figure 3.9 illustrates a thicker TEM raises the TEM 

thermal resistance and thus the temperature drop across it.  A 22 W/mm improvement in 

power is possible.  The thermal interface material strongly reduces the output power and 

severely affects power output as TEM thickness increases.  Particularly for TEMs 

composed of novel thin film materials, power generation capability will be limited by the 

heat sink and TIM thermal resistances, and thermal resistance matching between these 

system elements and the TEM is critical [126]. 

 

 
Figure 3.9: TEM electrical power output increases with TEM thickness, but interface 

materials can severely limit the gain in power output.  An interface material thickness of 

1 mm is used for the simulation.  

 

     As shown in Figure 3.1, there are two thermal interfaces, one on each side of the 

thermoelectric module.  Hot side TIR is higher than cold side TIR in practical systems, so 

the analysis is extended to account for Rth,h equal to and multiple factors larger than Rth,c. 

The values of Rth,c shown in Figure 3.10 correspond to TIMs with thermal conductivity 

from 1 to 100 W/m-K, and the solid line shows the maximum operating point with no 

TIR.   
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Figure 3.10: The ratio of system to module thermoelectric conversion efficiency is 

compared to the ratio of hot side to cold side thermal interface resistance for the water 

heater system. The efficiency reduction decreases as the thermal interface resistance 

decreases. 

 

 
Figure 3.11: The ratio of system to module thermoelectric conversion efficiency is 

compared to the ratio of hot side to cold side thermal interface resistance for the three 

combustion systems.  The relationship can be fit to an exponential decay to characterize 

the efficiency reduction due to the interfaces.  Rth,c is held constant at 0.05 K/W. 
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     The severe degradation in power generation potential due to thermal interface 

resistance is not limited to appliance-type systems like the water heater.  Figure 3.11 

illustrates the impact of TIR for all three applications: water heater, automotive exhaust, 

and industrial furnace.  The relationship between the efficiency and TIR ratios is of the 

form 
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where a,b,c, and d are coefficients dependent on Rth,c.  Table 4 provides the coefficients 

corresponding to the relationships shown in Figure 3.11.  The form of the relationship is 

the same for varying cold side TIRs, but the coefficients in the fitting relationship change 

as cold side TIR and the corresponding TIR ratio change. 

 

Table 3.4: Coefficients for the relationship between conversion efficiency and the ratio 

between hot and cold side thermal interface resistances were determined using a fitting 

analysis.  Fitted values presented here are for a system with 0.05 K/W cold side thermal 

resistance. 

 a b c d 
Water heater 0.37 -0.15 0.14 -0.018 
Automotive exhaust 0.31 -0.21 0.089 -0.021 
Industrial furnace 0.13 -0.28 0.029 -0.025 

 

 

     This analysis provides rapid assessment of TIM system-level impacts.  It is much 

easier to measure the effective TIR for TIMs at lower temperatures.  Experimental setups 

to measure TIMs at high temperatures (e.g. exhaust stream temperatures of these 

systems) are rare and challenging to develop [127].  Using this analysis, an easily 

obtained value of Rth,c can be combined with an estimate of the relative Rth,h value to 

determine the effects of system efficiency reduction due to thermal interface resistances. 

     The difference between thermoelectric material conversion efficiency and system-

level power generation in three combustion applications is determined. A tankless water 
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heater system with an integrated thermoelectric module is numerically simulated in detail 

to investigate the impact of varying both system and TEM parameters.  Reducing the 

TEM thermal conductivity by 50% doubles the electrical power output.  Increasing the 

hot side convection coefficient and increasing the TEM thickness can increase the output 

power by up to 50%.  Thermal interface materials significantly limit the ability of a TEM 

to maximize output in a cogeneration system.  Industry standard TIMs can reduce TEM 

power output by approximately 40% depending on material and thickness. More work is 

needed to minimize this thermal resistance while accounting for the severe repetitive 

thermomechanical cycling in these systems.  The current work suggests that novel 

interfaces such as those based on CNT technology are encouraging options for future 

research.  Thermoelectrics offer a promising cogeneration opportunity, and enhancements 

in TEM materials will improve the technology’s potential.  Recognizing and solving the 

remaining challenges of TEM system integration are required to improve overall system 

efficiency and power output. 
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CHAPTER 4: ELECTROTHERMAL PHENOMENA IN ZINC OXIDE 

NANOWIRES AND CONTACTS 

 

4.1 Introduction to electrothermal nanowire phenomena 

     Nanowires are promising for applications including transistors [128, 129], sensors 

[130, 131], and energy conversion devices [132].  Recent research examined their 

potential in energy applications including thermoelectric waste heat recovery [133, 134], 

solar cells [135], and batteries [136-138].  Zinc oxide nanostructures have generated 

particular interest due to their optical and electrical properties, ease of synthesis, and non-

toxicity [139-141].   Most ZnO nanowire devices use electrical contacts where the contact 

composition and transport of energy carriers are critical for performance [142].  Contacts 

can dominate nanowire device response, particularly in devices exhibiting rectifying 

behavior [143, 144].        

     Nanoscale thermal contact resistance has been studied for nanowires and nanotubes.  

Using a contact resistance model based on acoustic mismatch theory [145], the thermal 

resistance of a nanowire point contact and variations in phonon transmission through 

welded and non-welded nanowire contacts were determined for indium arsenide 

nanowires [146].  Heat generation and thermal failure limit the reliability of 

nanowire/nanotube devices [147, 148].  Heat generation and electrical breakdown studies 

on individual carbon nanotubes show failure often occurs in the interior, away from 

contacts [148].  There is a pressing need for a methodology determining the impact of 

heat generation in nanowire devices, particularly those which may have limited electrode 

contact area and interfacial layers.  The need is significant for oxide nanowires such as 

ZnO, SnO2, and MgO in which the nanocontact interfacial effects increase the effective 

contact resistance [149]. 

     This work analyzes heat generation within a nanowire and at its contacts, and the 

relative heat generation is used to determine nanowire device limitations.  The model is 

applied to ZnO nanowires fabricated here using solution-synthesis [150]. Data for ZnO, 

GaN, and Si nanowire structures measured by other researchers are utilized to determine 

the relative heat generation for a broader range of materials.   
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4.2 Electrothermal model of a single nanowire structure 

     The model considers a nanowire contacted by two metal electrodes as shown in Figure 

4.1a with current flowing through the structure.  The simplified one-dimensional heat 

diffusion equation 
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neglects the temperature dependence of both thermal conductivity and thermal 

conductance from the nanowire to the substrate.  The parameters kw, ρw, A, and T are the 

nanowire thermal conductivity, resistivity, cross-sectional area, and local temperature, 

respectively. The first term quantifies heat diffusion along the nanowire; the second term 

accounts for Joule heating within the nanowire due to current density J flowing through 

it.  Thermal boundary conductance g is used to calculate the rate of heat loss per unit 

length to the underlying substrate at ambient temperature To.  By linearizing the 

relationship between the nanowire-substrate heat conduction with respect to the 

temperature difference, this analysis may overestimate the peak temperature distribution 

in the nanowire by up to 15% for temperature differences exceeding 1000 K.  Other 

complications reduce the accuracy for the case of extreme temperature differences, 

including the temperature dependent thermal conductivity and nanowire-metal electrical 

and thermal contact resistances, which renders this approach approximate and best suited 

for scaling assessment. One-dimensional conduction is assumed, and temperature 

variations in the nanowire and electrode cross-sections are neglected.  The resistance to 

heat conduction inside the nanowire and electrode cross-sections is several orders of 

magnitude smaller than the thermal resistance of their surroundings, so the 1D 

approximation is valid [113].   

     Heat generation occurs at the electrode-nanowire contact due to electrical contact 

resistance.  The model is applied to Ohmic contacts in which the metal work function is 

smaller than the semiconducting nanowire electron affinity, and the current-voltage 

relationship is linear.  This condition does not preclude analysis of metal-nanowire 

contacts with interfacial layers so long as the barrier width is thin enough to fulfill the 
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Ohmic contact requirement.  The representation of electrical contact resistance for 

Schottky contacts [151] is not valid in this approach because it applies only near zero bias 

condition and does not describe the barrier to charge carrier transport resulting in heat 

generation.   

 

 

Figure 4.1: (a) Scanning electron micrograph of a nanowire device with labels indicating 

heat conduction and generation.  Metal-nanowire contacts are circled. (b) Temperature 

profiles obtained by applying the electrothermal analysis to a ZnO nanowire structure 

with metal contacts.  The parameters used to generate the profiles are kw = 20 W/m-K, r = 

80 nm, Lw = 10 µm, ρc = 5 x 10-3 Ω-cm2, g = 1.2 W/m-K and I = 400 nA.   The resistivity 

range is representative of ZnO nanowires measured by other researchers [152].   

 

     Research on thermal contact resistance between a nanowire and an underlying 

substrate provided a theoretical framework for determining this thermal resistance based 

on van der Waals interactions between the two surfaces [153].  An extended model 
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accounting for ballistic and diffusive phonon transport through a nanoscale constriction 

was developed along with the effective reduction in fluid thermal conductivity due to the 

small gap between the nanowire and substrate [154].  Both approaches have been applied 

to experimental characterization of a carbon nanotube with the extended model predicting 

a value closer to the one deduced from experiments [155].  The phonon mean free path in 

ZnO is approximately 30 nm; the contact width between the nanowire and substrate is 2 

nm for nanowires analyzed here.  While the contact is smaller than the phonon mean free 

path, the substrate is a 200 nm layer of SiO2 on silicon, so transport across the interface is 

treated as diffusive.  Thermal constriction resistance Rc to a substrate with thermal 

conductivity ks is [153] 
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where Lw, D, and w are the nanowire length, diameter, and the half-width of its contact 

with the substrate, respectively. The effective thermal resistance Rf of the fluidic gap 

between the nanowire and substrate is [154] 
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where a is 2 for an air gap at room temperature, kf is the thermal conductivity of the fluid, 

and λf  is the mean free path of air molecules. This expression for Rf is determined using 

the reduction in the effective thermal conductivity of the air since the thickness of the 

fluidic gap is comparable to the mean free path of the air molecules.  As a result, the 

thermal resistance of the fluidic gap is approximately 2 x 107 K/W which is orders of 

magnitude larger than the thermal constriction resistance of 4 x 104 K/W. The total 

thermal resistance Rt is Rt = (RcRf)/(Rc + Rf).  The heat loss g is the inverse of this 

thermal resistance divided by nanowire length.   
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     The model yields the temperature profile of a nanowire with contacting electrodes.  

Figure 4.1b demonstrates the results for a nanowire device where symmetric contact heat 

generation is assumed.  Asymmetric contact heating could occur in rectifying systems 

with Ohmic and Schottky contacts.  The temperature distribution depends strongly on 

nanowire electrical resistance as demonstrated by the case where the large nanowire 

resistivity leads to a peak device temperature within the nanowire.  Several researchers 

have conducted experiments using the resulting nanowire/nanotube failure to characterize 

the nanostructure’s properties [147, 156].  Nonetheless, there is another critical failure 

mode in which metal-nanowire contact resistance dominates.   

 

4.3 Electrothermal analysis of zinc oxide nanowires 

     The electrothermal model is applied to measurement structures of 1% Ga-doped ZnO 

nanowires with Ti/Ag electrodes.  The nanowires were solution-synthesized and single 

crystalline wurtzite in structure [150].  A dilute nanowire solution was dispersed on a 

silicon substrate topped with 200 nm SiO2.  Electrodes were patterned on nanowires with 

electron beam lithography as shown in Figure 4.2; atomic force microscopy was used to 

verify electrode thickness.  Images obtained with an FEI XL30 Sirion scanning electron 

microscope (SEM) enabled extraction of nanowire and electrode dimensions.  A Keithley 

2612 measured current and voltage to provide electrical resistance. 

     Unique precautions are required for individual nanowire measurements [157].  Stray 

voltages, even at low levels, can easily damage the nanowire or contact electrodes.  

Hence, all the electrical probes were shorted and connected to the ground potential before 

putting the probes in contact with the microfabricated measurement structure.  

Additionally, the nanowire structure is a high impedance load, so measurements were 

conducted by sourcing voltage and measuring current.  Particularly for the highly 

variable nanowire contact conditions, this is the safest method to protect the device under 

test.  Finally, all measurements were conducted inside a Faraday cage. 

     The selection of the metal electrode material contacting the semiconducting nanowire 

is important.  In some cases, Schottky contacts can form when the metal’s work function 

is larger than the semiconducting nanowire’s electron affinity.  Given the altered surface 

state on the nanowires, the electron affinity may be different than the nominal value.  
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Even when a low metal work function is used as an intermediate layer between the 

nanowire and a higher work function metal, Schottky contacts can form.  Additionally, 

surface defects may pin the Fermi level to a non-nominal value. It is particularly 

important to isolate a device with Schottky contacts from any light source since the 

structure will operate as a Schottky contact solar cell.  Furthermore, ZnO exhibits 

persistent photoconductivity.  The incident energy from the light will alter the nonlinear 

current-voltage relationship.  Nanowire structures with Ti/Au electrodes had Schottky 

contacts which resulted in combined thermionic and field emission, or tunneling, as the 

dominant current transport process through the Schottky contacts [158] where the 

relationship between current and voltage is nonlinear [143, 151, 159-161]: 
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The parameter Eo is related to the transparency of the barrier to electron flow Eoo: 
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where N, meff, εs are the doping concentration, carrier effective mass, and permittivity of 

the semiconducting nanowire, respectively.  This nonlinear current-voltage relationship 

from the back-to-back Schottky contact devices enabled extraction of a nanowire doping 

concentration of 1018 cm-3.  Given the variability of the nanowire surface and the contacts 

made to it, verifying the doping concentration using another method is advisable. 

     For the Ohmic contact devices with Ti/Ag electrodes, a transmission line analysis 

yields specific contact resistivity of the metal-nanowire contact [162-164].  The electrical 

contact resistance Rm between the metal and the nanowire is [162, 164] 
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LT, the electrical transfer length [162, 164] 
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relates nanowire resistivity ρw to specific resistivity of the metal-nanowire contact ρc. The 

fraction of nanowire circumference covered by metal is F for a nanowire with radius r; 

the length of contact is Lm. SEM imaging of the structures tilted at various angles show 

the majority (~75% or more) of the nanowire circumference is covered by metal.  Full 

coverage (F = 1) is assumed, providing an upper-bound on ρc. The total resistance 

between two contacts is RT = 2Rm + (ρw/πr2)Lw.  A 4-point measurement reveals 

nanowire resistivity which is used with 2-point measurements to determine contact 

resistance.  Surface depletion is neglected; the analysis assumes the entire nanowire 

cross-section is used for electrical conduction.  This assumption is validated by a 

calculation of the depletion width which is less than 3 nm, less than 5% of the radius 

[165]. 

     Nanowire and specific contact resistivity for two structures are listed in Table 4.1. 

There are two possible reasons the extracted contact resistivity spans multiple orders of 

magnitude.  Solution-synthesized nanowires often have a surfactant coating remaining on 

the nanowire surface.  Raman spectroscopy on the same batch of nanowires measured 

here shows evidence of the surfactant [166].  Multiple 4-point measurements were 

performed on sample 2 before the 2-point measurements.  It is possible one of the 

electrode-nanowire contact areas decreased during the measurement.  In this case, the 

actual contact resistivity would be lower than the value calculated using the contact area 

determined from pre-measurement SEM images. 

 

Table 4.1: ZnO nanowire parameters determined here from 4- and 2-point measurements. 

Sample r (nm) ρw (Ω-cm) ρc (Ω-cm2) 
1 52 4.7 x 10-3 (±2.4 x 10-3) 5.4 x 10-4 (±1.3 x 10-4) 
2 67 1.0 x 10-2 (±1.4 x 10-2) 17 (±12) 
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     Incorporating experimental nanowire and contact resistivity values into the 

electrothermal model indicates the peak temperature rise occurs at the metal-nanowire 

contact. At the maximum measured current of 5 µA, the predicted contact temperature is 

900 K which approaches the silver electrode melting point. Shown in Figure 2, post-

measurement images show device failure at the metal contact while much of the 

nanowire between the electrodes remains intact.  The images reveal pitting of the metal at 

the contact resulting in reduced contact area between the nanowire and electrode.  The 

pitting may be due to current crowding at the leading edge of the metal-nanowire contact 

region [167].  The localized region of high current density at the leading edge may 

exacerbate electromigration of the metal electrode.  Therefore, the actual contact area 

between the electrode and nanowire is less than the nominal value causing an increase in 

current density and contact temperature as shown in Figure 3.  Failure of the device 

occurs at one contact indicating the contact resistances are asymmetric.  Though 

challenging due to the rapid evolution of dimensional changes from heat generation, an 

informative future study would involve in situ imaging of the nanowire structure during 

the electrical measurement to capture the dynamic change in electrode width.  

 

 

Figure 4.2: Scanning electron microscope image of ZnO nanowire device (a) before and 

(b & c) after measurement. There is pitting of the contact where the effective electrode 

width and area of contact with the nanowire decrease, and the metal electrode melts.  The 

rightmost electrode shown in (a) was not used for measurements presented here.   
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Figure 4.3:  Peak contact temperature changes with electrode width.  The minimum width 

the ZnO nanowire device can tolerate is 720 nm; further electrode narrowing causes the 

contact to reach the electrode melting point. 
 

4.4 Development and application of a relative heat generation metric 

     Analysis of nanowire structure failure is critical to the development of reliable 

devices.  It is useful to compare heat generation in the nanowire divided by heat 

generation at the contacts.  For Ohmic contacts and device current I, this non-

dimensional, relative heat generation is represented as θ = I2Rw/(IΠ + I2Rw) which can 

also be expressed as 
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where EC and EF are the semiconducting nanowire conduction band edge and Fermi 

level, respectively. The parameter C in the Peltier coefficient Π depends on the variation 

of the density of states and mobility with electrical energy [168]. The numerator 

represents nanowire Joule heating.  The denominator has two components contributing to 

contact heating, the Peltier effect and the power dissipated due to electrical contact 

resistance. The sign of the Peltier term depends on the direction of current through the 
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metal-nanowire contact where one contact has a positive Peltier heat release term while 

the other has a negative heat absorption term. The relative heat generation θ thus 

indicates where nanowire device failure is likely.  Figure 4.4 shows the relative heating as 

a function of contact resistivity for the wide range of ZnO nanowire contact resistivity 

[169].   As effective contact resistance of the junction increases, or nanowire resistivity 

decreases, the device is more prone to fail at the contact. 

 

 

Figure 4.4: Ratio, θ, of the heat generation rate in the nanowire to the heat generation at 

the contacts varies with electrical contact resistivity of the metal-nanowire contact and 

indicates the likely device failure point.  The figure shows the variation in θ for a ZnO 

nanowire device operating at 1 µA for which the Peltier coefficient is evaluated at the 

contact temperature determined from the electrothermal model. The parameters used are 

Π = 0.17 V, r = 66 nm, Lw = 7 µm, ρw = 1 x 10-2 Ω-cm. 

 

     Electrothermal transport data for relevant materials are examined to assess the impact 

of relative heating on an array of nanowire devices proposed for energy conversion 

applications.  Figure 4.5 shows the relative heating versus specific contact resistivity for 

silicon [162, 170-174], gallium nitride [164, 175-178], and zinc oxide [129, 179-181].  

Using data reported by previous studies, the relative heat generation rate is determined 

assuming typical metal-nanowire contact length, nanowire length, and device current of 1 
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µm, 10 µm, and 1 µA, respectively.  The electrical transfer length is calculated assuming 

full metal coverage (F = 1).  When not reported, nanowire radius is measured from the 

authors’ presented SEM images using an image analysis program.  If authors report 

carrier concentration and mobility from 4-point measurements, nanowire resistivity is 

calculated.  The Peltier term is several orders of magnitude less than heating from contact 

resistivity, so this term was neglected in calculations for the data in Figure 4.5. 

 

 

Figure 4.5: The ratio of nanowire-internal to contact heat generation plotted as a function 

of reported contact resistivity for Si (■), GaN (   ), and ZnO (●) nanowire devices from 

various studies (Si [162, 170-174], GaN [164, 175-178], ZnO [129, 179-181]). Nanowire 

material type is designated by marker type.  Data from each source are differentiated by 

color as indicated in the references.  Data from this work are circled. 

 

     The comparison of multiple nanowire devices demonstrates a wide range of specific 

contact resistivity, approximately 1.2 x 10-8 to 0.75 Ω-cm2.  Likewise, the relative heating 

parameter for devices other than the solution-synthesized ZnO nanowires spans two 

orders of magnitude.  ZnO nanowire structures with relative heating parameters below 

0.1 where contact heating dominates will likely fail during device operation due to 

melting of the metal contact.  Little information is reported for such failures, rendering a 
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thorough analysis of experimental electrothermal phenomena in nanowire devices 

difficult.  The necessity of such communication is highlighted by this analysis.  The 

paucity of such data for solution-synthesized nanowires is significant.  With the 

exception of data reported here for ZnO, the data used to generate Figure 4.5 are taken 

from measurements of vapor-synthesized (e.g. chemical vapor deposition, vapor-liquid-

solid growth) nanowires.  Ease of fabrication makes solution-synthesized nanowires 

promising, but contact resistivity may limit their functionality and impact device 

performance.  Annealing processes to eliminate residual surfactant are particularly 

limited with ZnO nanowires since an insulating oxide readily forms at the nanowire-

metal contact for multiple metals, a process that can be amplified with elevated 

temperatures.  Annealing of these solution-synthesized ZnO nanowire structures with Ti 

and Ti/Al electrodes showed a reduction in electrical conductivity. 

     This work proposes an electrothermal model which links current-voltage measurement 

data to the resulting temperature profile of semiconducting ZnO nanowire devices.  The 

contact resistance of the metal-semiconductor contact leads to heat generation at the 

contact which surpasses the nanowire Joule heating.  Therefore, the contact heat 

generation limits the operating range of the nanowire device.  This approach is used to 

determine design and operating parameters for nanowire devices.  Additionally, recent 

reviews demonstrate the substantial variability in ZnO nanowire devices, particularly at 

the metal-semiconductor contacts.  This work highlights the significance of these contacts 

and the need for further contact characterization and improvements.   
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CHAPTER 5: CONCLUSION 

      

     Global energy demand will increase dramatically over the coming decades.  Fulfilling 

these energy needs will require new technological advancements. The technological 

challenges encountered during this process can be overcome by understanding the 

interlinked relationships between enabling materials, energy system design, and techno-

economic analyses.  This doctoral research has demonstrated these relationships as 

applied to thermoelectric energy conversion devices, a promising technology for waste 

heat recovery and energy efficiency improvements. 

     A thermo-economic analysis integrated materials and manufacturing costs and state-

of-the-art materials performance to evaluate current thermoelectric technology and 

identify future development targets.  An energy system analysis yielded a thermoelectric 

system modeling tool and demonstrated the impact of system and material parameters on 

the power generation capability of practical systems.  A study of a novel zinc oxide 

nanowire material provided an electrothermal model and relative heat generation metric 

which demonstrated the impact of nanowire contacts on characterization and devices. 

     The nanoengineering of materials enables tunable properties which can enhance 

energy conversion processes and systems, and, indeed, research developments indicate 

promising properties for nanostructured materials.  However, the role materials like 

nanowires and nanotubes will play in energy conversion advancements remains 

ambiguous.  As the nanowire contact study described here demonstrates, accessing the 

enhanced nanomaterials properties requires excellent contact to nanostructured materials 

and often individual nanostructures like nanowires.  The interaction between the 

nanoscale realm in which the property enhancement is created and the macroscale world 

is perhaps the greatest barrier to the proliferation of nanoengineered materials for energy 

conversion applications.  A key remaining scientific and engineering challenge is to 

realize the nanoscale benefits in macroscale systems. 

     The synthesis and manufacturing of nanostructured materials, particularly nanowire 

materials, are crucial factors in the development of nanomaterials for energy conversion.  

The scalability and cost of these processes is often not addressed amidst the clamor over 

the promise of these novel materials.  Nonetheless, scalability, throughput, and cost are 
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critical parameters for the development and commercialization of practical components 

and systems.  The techno-economic analysis provided here for thermoelectric 

applications demonstrates the significant challenges which remain on this front.  The 

manufacturing techniques traditionally associated with nanomaterials are still relatively 

expensive which makes these materials less competitive from a cost-performance 

perspective.  New synthesis and manufacturing techniques like solution synthesis and 

spray coating will greatly evolve the deployment of nanomaterials with enhanced, tunable 

properties. 

     The rapid research progress in synthesis and characterization of nanowire materials 

promises opportunities for transformative energy conversion technologies.  The 

remaining challenges of integrating nanotechnologies into macroscale systems and 

creating economically viable devices pose the most pressing obstacles to overcome.  

Future work on these topics would be valuable and timely. 
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