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ABSTRACT

Thermoelectric technology has key benefits and strengths in many terrestrial energy recovery
applications. Thermoelectric system cost is a key factor governing final decisions on the use of
thermoelectric energy recovery systems in all terrestrial applications; thus cost being just as
important as power density or efficiency for the adoption of waste energy recovery (WER)
thermoelectric generators (TEG). New integrated cost analysis / thermoelectric analysis
approaches have now shown key relationships and interdependencies between overall TEG
system costs, including TE material costs, manufacturing costs, and specifically heat exchanger
costs; and the TE performance design metrics such as TE material properties, TE device design
parameters, heat exchanger performance metrics such as hot-side and cold-side conductances
and UA values, and hot side heat flux in achieving optimal TEG WER designs. These new
approaches have led to a new thermoelectric system economics paradigm that strongly
influences TEG cost and performance decisions. While work by Yee et al. and LeBlanc et al. [2,
3] provided foundations for the latest cost scaling analysis / TE performance analysis, this new
work takes prior work to new insights and understandings and provides the basis for new
thermoelectric system economics. Optimum TEG system cost conditions can now be tied
directly to the TE materials, TEG design parameters, and heat exchanger design parameters
through critical non-dimensional analysis. The non-dimensional analysis and metrics show the
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TEG system cost and performance interdependencies and interlinks in one unifying and
cohesive relationship. Prior work [1, 2] has shown that the system design that minimizes cost
(e.g., the G [$/W] value) can be close to designs that maximize power, but these design regimes
are not necessarily aligned with high system conversion efficiency or high specific power. This
paper will explore the key sensitivities and interrelationships between critical cost metrics and
critical TE performance and design metrics in the new thermoelectric system economics
paradigm, provide quantitative data showing these sensitivities, and their serious implications
on TEG system design in terrestrial WER applications. Critical non-dimensional parameter
mapping has shown where heat exchanger cost-dominated conditions, TE material or
manufacturing cost-dominated conditions, and combinations of cost conditions control and
drive the overall TEG cost and performance. This new cost-performance paradigm shows the
required pathways and challenges to achieving TEG system costs of $1-$3/Welec.

INTRODUCTION

Thermoelectric (TE) energy recovery systems worldwide in industrial, automotive,
military and spacecraft applications have a common need to demonstrate high
performance; as measured by conversion efficiency, power output, power density, or heat
or power flux, and low cost to be competitive with various energy conversion technologies.
Recent focused attention has been given to cost modeling of cost per watt metrics
associated with thermoelectric systems [1-5], in order to evaluate and quantify current cost
levels and future potential cost levels for this technology in various energy recovery
applications. Comprehensive TE / heat exchanger performance models have been
extensively discussed in the literature [6-8]. However, detailed integrated TE/heat
exchanger performance — cost analysis models are not readily available or not generally
reported on in energy recovery applications. Key system challenges and
commercialization barriers are not so much TE performance anymore as they are system-
level thermoelectric generator (TEG) costs in energy recovery (ER) applications, such that
cost modeling and integrating cost modeling with TEG system-level performance
modeling is now critical. LeBlanc et al. [2] and Yee et al. [3] initially investigated cost
modeling using simplified TE performance-cost models to get first order estimates of TE
system level costs applicable to energy recovery systems. Hendricks et al. [1, 5] followed
this work with integration of detailed TE/heat exchanger performance models coupled with
the cost modeling to better understand and quantity the cost metrics of real-world TE
systems including detailed heat exchanger effects.  This work seeks to expand those
efforts in seeking a formalized, comprehensive approach that provides a more complete
understanding of TE / heat exchanger integration coupled with cost modeling effects. This
paper describes detailed thermal / TE system analysis models coupled with the cost
modeling work of LeBlanc et al., Yee et al, and Hendricks et al. and new design paradigms
resulting from the integrated performance-cost modeling. New relationships are
developed from this coupled, integrated TE performance-cost modeling that provide
enhanced understanding and elucidate the impacts and interrelationships of optimum TE
fill factor, heat exchanger thermal conductance, UAu, and interfacial heat flux in
minimizing TEG system costs. The new cost minimization relationships then used to
explore the relationships and interdependencies between key TE / heat exchanger design
parameters and cost parameters; ultimately leading to new cost regime mapping of heat-
exchanger-dominated, TE-materials-dominated, and TE-manufacturing-dominated
regimes and their relationships within the overall TEG system design domain for a given
ER application.



NOMENCLATURE

English

Anex — TE/Heat Exchanger Interface Area [m?]

Are — Thermoelectric Element Area [m?]

Crec — Thermoelectric Generator Cost [$]

Chex — Heat Exchanger Cost Parameter [$/(W/K)]
C"- TE System Manufacturing/Fabrication Costs per Area [$/m?]
C'"- TE Material Volumetric Costs per Volume [$/mq]
Cp - Exhaust Flow Specific Heat [J/kg-K]

F - Fill Factor

Fopt — Optimum Cost Fill Factor

G — Thermoelectric System Cost per Watt [$/W]

| — Thermoelectric Device Current [A]

Kexn — Heat Exchanger Conductance [W/K]

Kn — Hot Side Total Thermal Conductance [W/K]
Kc — Cold Side Total Thermal Conductance [W/K]
Kux — Heat Exchanger Conductance Value [W/K]
Kre — Effective Thermoelectric Conductance [W/K]
L — Thermoelectric Element Length [m]

m - Load resistance to TE device resistance ratioTE
m,, - exhaust mass flow rate [kg/sec]

N — Number of Thermoelectric Couples

q” — Thermal Flux [W/m?]

Q — Thermal Transfer on Hot- or Cold-Side [W]

Spn — Total Seebeck Coefficient (= Sp + |Sn|) [V/K]
UA, — Heat Exchanger UA Value [W/K]

V - Thermoelectric Device Voltage [V]

T — Temperature [K]

Greek

¢ - Heat Exchanger Thermal Effectiveness

v - Thermoelectric Element Length to Area Ratio [m]

k - Thermal Conductivity (thermoelectric material unless otherwise specified)
[W/m-K]

n - Thermoelectric Conversion Efficiency

o - Heat Loss Factor Quantifying Heat Losses (=Qioss/Qn,1e) in EQ. 9 or Electrical
Conductivity in Egs. 13, 16 & 18

Subscripts

amb — ambient environment

exh — exhaust conditions

h — associated with TE hot-side parameter
¢ — associated with TE cold-side parameter
n — associated with TE n-type materials

p — associated with TE p-type materials
TE — Thermoelectric parameter

HEX — Heat Exchanger parameter



THERMAL/THERMOELECTRIC SYSTEM ANALYSIS MODELS
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shown in Figure 1.

Figure 1 (a) Thermal resistance network for exhaust heat ~ 1he TE fill factor is

recovery including leakage from the hot-side heat standardly defined as:

exchanger. (b) General heat and electrical energy flows. F= i (1)

(c) equivalent (traditional) thermal circuit. Aex

at the interface

between heat exchanger surfaces and thermoelectric device surfaces. As such, hot-
side interfacial thermal energy balance requires that hot-side heat exchanger heat
fluxes and hot-side thermoelectric heat fluxes are related through the fill factor:

_ Qh,TE +Q loss

Ohrex = F Qe = = fo (T

exh?

T,.T.) )
HEX

In using this relation, one must be very careful to not confuse interfacial heat fluxes
with interfacial heat flows. In addition, the fill factor can also be interpreted as
“funneling factor”, whereby the hot-side thermoelectric heat flux is actually increased
over the hot-side heat exchanger heat flux by the “thermal funneling” of heat flow
from the heat exchanger into the thermoelectric device. The following Equations 3-8
described the TE voltage - V, current - I, power (V*1), hot-side and cold-side thermal
flows — Qn and Q. respectively, TE element geometry factors - y, and y» , and TE
conversion efficiency relations inherent to this modeling approach. They define the
fundamental relationships and linkage between voltage, current, power, thermal flows
and conversion efficiency and the TE module geometry, TE fill factor, and heat
exchanger interface area, Anex.
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Work by Hendricks et al. [1, 5] has also shown that hot-side thermal transfer is
given by:
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and the cold-side thermal transfer is given by a similar expression:
Qc,TE = Kc (I—c _Tamb) (10)
where hot-side heat exchanger effectiveness is defined by:
&, =1—exp( ._UA“ ) (11)
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These equations form a self-consistent set of equations that are functions of hot-
and cold-side temperatures and exhaust temperature, as described in Hendricks and
Crane [7], that define the complete coupled relationship between the heat exchanger
design and the TE device design. The additional terms, TE fill factor, F, and heat
exchanger interface area, Anex, are additional factors to solving these equations,
which are tied to this set of performance equations through the additional information
in Eg. 2. These equations point out and highlight that the TE fill factor and heat
exchanger interfacial area are not “arbitrarily selected” parameters, but instead
inherently tied to optimum TE design points at each point in the design space and any
desired interfacial heat flux requirements. In most applications, the heat exchanger
interface flux, gnrex, usually has a “target” design value that the application is
pursuing to satisfy system volume, weight and/or footprint area requirements. The
goal is to use these relationships to determine optimum TE/heat exchanger designs
within the overall system design space defined and bounded by the exhaust
temperature, Texn, TE hot-side temperature, Tn, TE cold-side temperature, T., and
ambient temperature, Tamp. The complicating factors TE fill factor, interfacial heat
fluxes, and the heat exchanger interface area are related by Eq. 2 and provide the
ultimate foundation to cost analyses discussed below.

THERMOELECTRIC SYSTEM COST ANALYSIS

The cost analysis leverages work by LeBlanc et al. [2] and Yee et al. [3], with



enhancements as discussed in Hendricks et al. [1]. The total TE system cost is defined
by [1, 2, 3]:

CTEG[$] = (Cm' LTE +C”)" F- AHEX +(CHEX,h : KH +CHEX,C : Kc) (12)

where the three cost components are volumetric costs associated with TE materials,
aerial-related fabrication costs, and heat exchanger costs. Eq. 12 shows that the fill
factor, F, and TE device/heat exchanger interfacial heat transfer area, Anex, is part of
what determines system-level TEG costs. When this is considered in concert with the
power output generated by the TEG system governed by Eqgs. 1-11, which is also
dependent on the fill factor and interfacial area, it is clear that the crucial metric cost
per watt generated is a complex function of TE device and heat exchanger design
parameters and TE device and materials costs and heat exchanger costs. One crucial
aspect of terrestrial energy recovery applications is to determine the optimum fill
factor that optimally utilizes TE converter and heat exchanger materials and
performance to achieve cost and performance goals. Hendricks et al. [5, 9] leveraged
the work of Yee et al. [3] and LeBlanc et al. [2] to develop a more rigorous modified
relationship for cost per watt, G, by eliminating the key assumptions and constraints
in Yeeetal. [3]:
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which results when invoking the relationship K¢ > 10Ky from Hendricks [4]. One goal
of this analysis is to determine optimum fill factors, Foy, Which minimize the cost
function and determine their dependency on heat exchanger conductance, UA, and
interfacial heat flux, gn". As discussed by Hendricks et al. [5] this new equation
eliminates prior simplifying assumptions and when using this modified cost per watt,
G, relationship, the 0G/oF = 0 condition yields a much more comprehensive and
complex relationship for Fop:
Crtxn +Crexe ) U K, Crexn+ Crexe)UA Y (L1 V' . X
| 0 e | 0 Rt GRUZ0 | 3 e
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It provides a more accurate representation of the F-dependency on UA, and
interfacial heat flux, q nnex, which will be shown below. The terms UA, and UA, will
be used interchangeably in the following discussions because A, and Ay, are the same
in this analysis. Eqg. 14 can be mathematically manipulated into a non-dimensional
form where Fop is then a function of three key non-dimensional parameters as given

by:

Foo=_1 ((CHEx,h+CHEx,c)'UAu) i (LTEZ)
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(15)
This optimum fill factor, Fou, can then be substituted back into G (Eg. 13) to obtain
the optimum cost function, Gep, Which in turn can be mathematically manipulated to



give a non-dimensional form of the optimum cost function given below:
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where AT = (Texn — Tamn) links the cost impacts to the fundamental overall temperature
differential in any given energy recovery application.

Egs. 15 and 16 show that the optimum TEG cost conditions, Fop and Geg, are
functions of three critical non-dimensional parameters:

((CHEX,h + CHEX,C) ' UAu>
C" Lyg® +C"Lpg”

(i)
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Ky ' Lrg

The first of these is tied to the ratio of heat exchanger costs to TE device costs, the
second is coupled to TE device dimensions to TE/heat exchanger interfacial area
(basically a geometric factor), and the third is tied directly to TE device/heat

exchanger interfacial design parameters and heat exchanger UA, and heat flux, g»".
The third term can be shown to be tied directly to the interfacial heat flux, gn’, by :

v Kyg(Texh—Thot)
qn = # 17
Furthermore, a fundamental TE materials cost parameter (in $/W) is evident in Eq.

16 defined by:
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(18)
such that Gop/G," is defined by Eq. 16 above, where AT = (Texn — Tamb) links the cost
impacts to the fundamental temperature differential in any given energy recovery
application. This strongly shows that energy recovery applications with larger
available temperature differentials will have cost advantages and research,
development, and deployments should preferably target these. The second form for
Go* reveals a fourth non-dimensional parameter:

CIII . LTE
1)
( CII

that can also be extracted from the first two non-dimensional parameters above. This



parameter essentially describes ratio between TE material volumetric costs and TE
manufacturing costs and their relative impact on overall TEG system costs. This
parameter also is fundamental to determining the relative importance of TE volumetric
costs and manufacturing costs and will be discussed further below in mapping out
various influential cost regimes.

Yee et al. [3] and LeBlanc et al. [2] originally found a similar, but more restricted,
TE cost parameter with a fundamentally different form due to assumptions in their
analysis, but this G,” is related to all the TE material costs and depicts the fundamental
TE material cost per watt. The parameter also contains the fundamental TE material
property effects in TEG design, and demonstrating that high power factors generally
lead to lower TE material costs per watt and therefore system costs per watt through
Eq. 16. The two terms on the right-hand side of Eq. 16 representative multiplicative
factors on the fundamental TE materials cost effects elucidated in Eqg. 18 and are
generally >1. Therefore, minimum cost conditions are only achievable when these
two terms approach 1. This will be discussed further in section 4.0. Eqgs. 15 — 18
therefore define the fundamental overarching relationship between TEG system costs,
critical TE materials performance and costs, and heat exchanger performance and
costs. Figure 2 shows this non-dimensional cost relationship that defines the entire
cost domain for terrestrial TEG systems. Egs. 15 and 16 most importantly identify
and quantify the (Fopt , Gopt) relationship describing this full cost domain in Figure 2.

CRITICAL LOW TEG COST RELATIONSHIPS

Eq. 15 for Fope has some interesting consequences concerning TE material area to
heat exchanger interfacial area that represent a new paradigm compared to common
conventional TE device and generator designs. One crucial consequence is that when
heat exchanger costs and performance are properly accounted for through Cuexn ,
Crexe, UAy, and interfacial heat flux parameters, then Eq. 15 predicts Foy generally
approaching non-traditionally high values of 0.6 to 0.8 when heat exchanger costs are
any reasonable value of $0.5/(W/K) to $1/(W/K) or higher. Cost-effective, cost-
competitive TEG designs require high hot-side-heat-fluxes to help use hot-side
conditions most effectively and this manifests itself in higher Fox values. This
requirement for high hot-side heat fluxes in TEG systems is similar to that in the solar
system designs, where low solar fluxes generally lead to prohibitively high cost
systems. This is much higher than common fill factors of 0.15 to 0.2 in conventional
TE device designs, which generally derive from manufacturing-related driving factors
and considerations and don’t necessarily account for heat exchanger costs and
performance effects. Interestingly, Eq. 15 does predict optimum fill factors, Fog, near
0.2 when heat exchanger costs are driven artificially low such that they are
inconsequential or negligible. High optimum fill factors generally result because a
given TEG design must more effectively and efficiently utilize available interfacial
heat transfer area and TE device area when heat exchanger costs are significant and
non-negligible.
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Care must be taken in using Eq. 15 for Fop because this equation is developed using
merely cost analysis techniques with no accounting for energy conservation or energy

balances. Hendricks [9] discusses the constraints

Eq. 15.

heat flux limits, and proper use of

Hendricks [9] further observed that two important relationships for minimizing

TEG system costs are given by:
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This Eq. 19 relationship generally implies that heat exchanger costs must be low and
it defines a cost regime boundary for when heat exchanger costs do not dominate the

overall TEG system costs. Eq. 20 implies an critically important interface condition

between the heat exchanger and TE device. Upon inspection of Eq. 16 if Eq. 19 and

Eq. 20 conditions would apply simultaneously, then the overall TEG cost would be

controlled primarily by TE material and manufacturing costs.



One final note on Eqgs. 19 and Eqgs. 20 it is clear how these critical heat fluxes are
also dependent on ke, Lyg, and (Texn — Th). The two parameter ke and Lye are TE
device design parameters that govern these critical heat fluxes associated with
governing and controlling TEG system costs, with lower «re and higher Lte both
contributing to lower critical cost-driving heat flux levels. This is especially important
in offsetting the effects of higher (Texn — Th) to create more power in energy recovery
systems when optimizing power output, and lowering cost per watt metrics. This is
more evidence of how interrelated and interdependent TE device design, TE material
properties, and cost are in TEG energy recovery systems.

These two relationships (Egs. 19 and 20) can be modified to two other useful forms:

(Cugxn + Cux,c) - UAy C"* Lrg
: - <0.05-(7+1)-F
( c" - AHEX c" opt
(21)
(CHEXh + Cypx c) U4, (C’” “Lrg )
. . > 1)-F

( c" - AHEX c + opt
(22)
These two versions show how the earlier TE material cost — TE manufacturing cost

parameter
(= +1)

enters into cost regime analysis. One can now use Egs. 21 and 22 to develop a useful
cost regime map to determine some critical influential regions in establishing overall
TEG system costs similar to that done by Yee et al. [3]. The important point regarding
Egs. 19 — 22 is that in this integrated cost-performance optimization analysis and
process there do evolve crucial relationships between key system design parameters,
such interfacial heat flux, q hnex , heat exchanger UA, , Auex , TE device design
parameters, Lte and Fop, and key cost parameters that must be acknowledged and
satisfied to minimize cost while maximizing performance.

COST REGIME MAPPING

It is essential and enlightening to determine critical regions where certain costs are
dominate in order to understand the entire TEG system cost domain. Equations 21
and 22 allow one to establish a cost regime map defining where heat exchanger, TE
materials and TE manufacturing costs will dominate the overall TEG system costs.
Figure 3 shows this cost regime map and the critical regions that evolve from Egs. 21
and 22. This map was first introduced by Hendricks [9], but here it has been expanded
to include superimposing constant cost [$/W] lines ranging from ~$1/W to up to
$5.60/W onto the map. The cost relationship in Eq. 16 and the two terms on the right-
hand side of Eq. 16 will magnify the magnitude of the impacts on overall costs,
however the fundamental regime locations from Eqgs. 21 and 22 are enlightening. It
is clear the impact and influence of Fqy in determining and quantifying the key cost
regimes in Figure 3 as it is fundamental to setting the regime boundaries. As pointed
out in Hendricks [9], Fop: will generally be about 0.2 — 0.9 in most energy recovery
applications and analyses, such that one can get a sense of where the quantitative
boundaries are on the vertical axis of Figure 3 map. An important note is that not only



does this map show the heat-exchanger-dominated, TE-materials-dominated, and TE-
manufacturing-dominate regimes, but it also shows the progression from one cost
regime to another in formulating the entire oveall TEG system cost picture. The lower
Eqg. 21 boundary (blue line in Figure 3) show that heat exchangers must be completely
neglected or have infinitesimally low costs for TE materials and TE manufacturing to
dominate the overall TEG cost picture.

Several illustrative exemplary cost cases are shown in Table 2 using representative
cost parameters taken from Hendricks et al. [1, 5] and LeBlanc et al. [2] and ranges in
these parameters. Thermoelectric properties and thermoelectric materials costs are
taken from Fleurial et al. [10] and other internal Jet Propulsion Laboratory data and
internal conversations. These examples cases generally show where common cost
parameters and ranges of cost parameters would lie on the cost regime map in Figure
3. Itis clear that all of these Table 2 cases are within the heat-exchanger-dominated
regime along the (Lte C"/ C") = 1 line. Case C1 approaches a non-heat-exchanger
dominated case and if heat exchanger costs were lowered to < $0.25/ (W/K), then one
would approach even closer to the cost regime where TE materials costs, TE
manufacturing costs and heat exchanger costs would all contribute significantly to the
overall TEG system costs (as shown in Figure 3). This table of example costs was
also pointed out by Hendricks et al. [1, 5, 9]. It is also clear in Table 2 that
combinations of C""and C " from Cases A1- C4 could drive these cost regime locations
over to the (Lte C”/ C”) = 0.1 line, but still within the heat-exchanger-dominated
regime, on the left hand side of Figure 3. Other combinations of Cand C" between
those in Cases Al- C4 can drive (Lte C"/C") in between 0.1 and 1.

Table 3 shows additional information for the exemplary cost cases in Table 2 on
what typical values for key non-dimensional parameters and G[$/W] are possible for
these heat-exchanger-dominated cases. It is clear from the Table 3 data that G ~ $3/W
or less is only possible when heat exchangers dominate the overall TEG costs and heat
exchanger costs are < $1/W. In this respect heat exchanger costs are critical. It is also
clear in Table 3 that it is increasingly difficult to achieve G < $3/W as TE material
and manufacturing costs increase and become more dominant in the overall TEG cost
picture. Costs depicted in G begin accelerating as expected when the TE materials
and manufacturing costs increase dramatically in Cases C1-C4. This provides a strong
argument for the TE community to decrease TE technology (materials and
manufacturing) costs as low as possible in order to provide cost-effective,
commercializable TEG solutions for terrestrial energy recovery applications. This
cost-performance analysis and resulting cost metrics of Cases B2 and B3 in Table 3
also provide reasonable upper bounds to target in the pursuit of cost-effective,
commercializable TEG solutions.

Using the technical data in Tables 2 and 3 allows one to locate constant TEG cost
[$/W] lines on the cost regime map as shown in Figure 3. Constant TEG cost lines
for three separate heat exchanger cost parameter cases, $0.25/(W/K), $1.0/(W/K) and
$2.0/(W/K), are shown and located on the cost regime map in Figure 3. These three
heat exchanger cost cases are depicted by the blue, yellow and red lines shown in
Figure 3. These constant cost lines are generated by exercising Egs. 15 and 16 across
the parameter space indentified in Figure 3. Constant TEG costs of $1.01/W, $0.77/W,
and $0.73/W are established for heat exchanger costs of $0.25/(W/K), while constant
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Derived from [9].

Table 2. Exemplary Cost Cases to Demonstrate Key Cost Regime Characteristics &
Locations in Figure 3.

Computations use Lte = 0.002 m, xre = 2.41 W/m-K, Anex = 0.0137 m? consistent
with Jet Propulsion Laboratory TE materials and heat exchanger designs.

c” C” HEX Costs (KTE'AHEX Cugx *UAN| Lpg-C"

($/m) @m) | GWK) |7 KuLre ( C" Aurx ) c"
Case AL | 8,657x10° 1683 | $0.25/(WI/K) 1.30 22.8 1.02
Case A2 | gg57%10° 168.3 $0.5/(W/K) 1.30 455 1.02
Case A3 | g657x10" 168.3 $TI(WIK) 1.30 91.05 1.02
Case A4 | ge57x10° 168.3 $2/(WIK) 1.30 182.1 1.02
Case BL | 2xg057¢10° | 2X1683 | $0.25/(WIK) 1.30 114 1.02
Case B2 | pyge5710° | 2X168.3 | $0.5/(WIK) 1.30 228 1.02
Case B3 | pyge5710° | 2X1683 | SLOIWIK) 1.30 455 1.02
Case B4 | pyge5710° | 2X1683 | $2.0/(WIK) 1.30 91.05 1.02
Case C1 | 10x8.657x10° | 10x168.3 | $0.25/(W/K) 1.30 2.28 1.02
Case C2 | 10x8657x10" | 10x168.3 | $0.5/(W/K) 1.30 4.56 1.02
Case C3 | 10x3.057x10° | 10x1683 | SLO(WIK) 1.30 9.11 1.02
Case C4 | 10x8.657x10" | 10X168.3 | $2.0/(W/K) 1.30 18.2 1.02




TEG costs of $3.15/W, $2.85/W, and $2.81/W are demonstrated for heat exchanger
costs of $1/(W/K). It is quite noteworthy that constant TEG cost lines tend to be linear
as one traverses across this cost regime map and are approximately parallel to the Eq.
21 heat exchanger domination line in Figure 3. It is very instructive to see that only
for the $0.25/(W/K) heat exchanger cost case (blue lines and stars) do TEG costs
achieve $1.0/W or lower. It is clearly apparent from this data that heat exchanger costs

Table 3. Demonstration of Resulting G-Values For the Cost Cases and Cost Regimes
in Table 2 - Computations use Lte = 0.002 m, xre = 2.41 W/m-K, Anex = 0.0137 m?
consistent with Jet Propulsion Laboratory TE materials and heat exchanger designs.

. <, g(ii(s KTE'AHEXQl Cupx - UAy ) . ( ﬁ_)eé’;‘l‘/ ($/(\;N)
($/m ) ($/m) SIWIK)) | Krlre C'" - L3p +C" 12 ) \Ayg

Case Al | gg57x10° 168.3 0.25 1.30 11.2 67.79 | 073
Case A2 | ggs7sa0’ | 1683 05 1.30 22.43 1319 | 1.43
Case A3 | ggs7xa0’ | 1683 1 1.30 44.85 2599 | 281
Case A4 8.657X104 168.3 2 1.30 89.7 515.9 5.58
Case Bl | 173150 | 2x1683 0.25 1.30 5.6 35.6 0.77
Case B2 | 1731x10" | 2x168.3 05 1.30 11.2 67.8 1.47
Case B3 | 1731410 | 2x1683 1.0 1.30 22.43 1319 | 2.85
Case B4 17_31)(104 2x168.3 2.0 1.30 44.85 259.9 5.62
Case C1 | gg57y10° | 10x168.3 0.25 1.30 1.12 9.38 | $1.01
Case C2 8.657X105 10x168.3 0.5 1.30 2.24 16.1 1.74
Case C3 | ggs7x10° | 10x168.3 1.0 1.30 4.49 29.2 3.15
Case C4 | ggs7x10° | 10x168.3 2.0 1.30 8.97 54.9 5.94

Note: The cost information contained in this document is of a budgetary and planning
nature and is intended for informational purposes only. It does not constitute a
commitment on the part of JPL and/or Caltech.

must be infinitesimally low for TE materials and manufacturing costs to even begin
dominating overall TEG system costs. It is also clear that at all TEG cost conditions
from $1.0/W up to $5.62/W one is always in the heat exchanger dominated region of
the cost map, even when TEG costs are around $1.0/W, although at this level one is
starting to approach the heat exchanger domination boundary. What is keenly
interesting is that for a constant heat exchanger cost condition, whether it be
$0.25/(W/K), $1.0/(W/K) or $2.0/(W/K), when one progresses from cases C1 to B1
to Al or C3 to B3 to A3 in Table 3, the TEG system costs go down, but one goes
deeper into the heat exchanger dominated region (follow progression of blue and
yellow lines). This makes sense because TE materials and manufacturing costs are
decreasing strongly in these case transitions. The constant TEG cost lines also indicate
that one moves deeper into the heat exchanger dominated region as heat exchanger
costs increase, with of course overall TEG costs increasing dramatically as one



progresses from $0.25/(W/K) to $2.0/(W/K). This work serves to highlight where
many, if not most, TEG system cost cases will reside within the TEG cost regime map.

The major finding here is that, not only does heat exchanger performance impact
and govern TEG performance, weight, and volume as discussed in Hendricks et al.
[1], heat exchanger are the major cost driver and govern TEG costs for a large portion
of the cost regime map.

CONCLUSIONS

This latest work in TE system cost — performance analysis and identification and
quantification of cost minimization criteria has uncovered several key relationships
for optimum fill factors, interfacial heat flux limits, cost regime boundaries and maps,
and highlights how heat exchanger costs impacts and drives TEG system costs. These
relationships and cost regime maps provide new TE/heat exchanger design insights
and paradigms that can help to guide future TEG system designs toward cost-effective,
commercializable TEG solutions in terrestrial energy recovery applications. New
interfacial heat flux - cost relationships show that interfacial heat flux must be
increased and maximized to the extent possible, while satisfying interfacial energy
balances to achieve TEG cost minimization. The dependence of TEG systems costs,
G, on heat exchanger performance, UA, and interfacial heat flux, q hnex have been
clearly established in the new (Gopt, Fopt ) relationships, Egs. 15 and 16, and as well as
their dependence on critical non-dimensional design and cost parameters. It is clear
that heat exchanger costs dominate the overall TEG system costs relative to TE
materials and manufacturing costs in most cases, and this is a necessary condition to
even begin bringing overall TEG system costs into the $3/W range. In addition, it
appears that a second necessary condition to achieve the $3/W TEG cost range is that
dominating heat exchanger costs must then be <$1/(W/K). In addition, with heat
exchanger costs and interfacial heat fluxes dominating the overall TEG cost picture it
is clear that TE/heat exchanger interfacial area becomes an increasingly important and
valuable commodity, which drives Fqp to much higher than conventional industrial
values leading to Fop: 0ftentimes being in the range of 0.6-0.8 to minimize TEG system
costs. Cost regime maps have been developed from this cost-performance
optimization analysis, complete with superimposed constant TEG cost lines, that
delineate the critical heat-exchanger-dominated, TE-materials-dominated, and TE-
manufacturing-dominated regimes, along with the intermediate cost regimes that
show the progression from one regime to another. Constant TEG cost lines
superimposed on the cost regime map establish how the various non-dimensional cost-
performance parameters presented and discussed in this work relate to and impact
TEG cost relationships. The constant TEG cost lines demonstrate that even at $1.0/W
TEG costs, one is still within heat exchanger dominated regimes. Heat exchanger
costs would have to be very small or completely negligible for TEG system costs to
be unaffected or driven by them. This work highlights new TEG system design and
cost paradigms that have significant implications on future thermoelectric WHR
system designs, and their mass, area footprints, volume, performance, and operation.
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