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a b s t r a c t

Designs of heat exchangers have mostly been disconnected to the performance of thermoelectric
generator (TEG) systems. The development work, mostly focused on thermoelectric materials, required a
significant amount of engineering parametric analysis. In this work, a micro plate-fin heat exchanger
applied to a TEG is investigated and optimized to maximize the output power and the cost performance
of generic TEG systems. The cost per performance is counted by a measure of price per power output
($/W). The channel width, channel height, fin thickness of heat exchanger, and fill factor of TEG are
theoretically optimized for a wide range of pumping power. In conjunction with effective numeric tests,
the model discusses the optimum size of the system components’ dimensions at two area sizes of the
substrate plate of heat exchanger. Results show that at every pumping power, there are particular values
of channel width and fin thickness that provide maximum output power in the TEG. In addition, for
producing maximum cost performance at lower pumping power, larger channel width and channel
height and smaller fill factor are required. The results also illustrate that there is a unique pumping
power for fixed thickness of fin and ceramic substrates that provides minimum cost per performance for
the TEG systems. The theoretical results of the micro heat exchanger are in a good agreement with the
experimental investigation data.

� 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

Researches in thermoelectric phenomena have mostly focused
on developing thermoelectric materials to improve the dimen-
sionless figure-of-merit (ZT) of the material [1,2]. As there is no
general model commonly accepted for the whole thermoelectric
generator (TEG) system, most of the earlier works required a sig-
nificant amount of engineering parametric analysis. Although
Fukutani et al. [3] optimized thermoelectric refrigerators for inte-
grated circuit cooling applications, there are a few important
studies in the case of power generation. Mayer et al. [4] optimized
the thickness of the thermoelectric element at which it is thermally
matched to the heat exchangers, but this work ignored Peltier and
Joule effects in heat transfer. It has been observed that in a model
where electrical impedance matching was not considered [5], the
maximum power output was achieved when internal thermal
resistance matched the sum of external thermal resistances. In

addition, in order to obtain the maximum power formula as a
function of conversion efficiency, the matching of electrical load,
maximum efficiency condition and thermal resistance in a thermal
circuit have been considered by Snyder [6,7]. Furthermore, it is
shown that the system efficiency at maximum power output is
inversely proportional to the sum of heat dissipation in hot and cold
thermal resistances [8].

In the power generation systems, a key factor is the optimization
of the systems design together with its heat source and heat sink.
Effective heat exchanger design is a limiting factor in thermal sys-
tems with high heat dissipation rate. To provide high heat flux at
the surface of the structure, micro-scale single-phase heat transfer
has beenwidely used in industrial and scientific applications [9]. As
is observed, the geometric configuration of the microchannel heat
exchanger has a critical effect on the convective heat transfer of
laminar flow in the heat exchanger [10,11].

For decreasing the convective resistance at a given substrate
area, both the convective heat transfer coefficient and the surface
area of the channel walls in contact with the fluid should increase
[12]. One way to increase the convective heat transfer coefficient is
to reduce the hydraulic diameter of the microchannels. On the
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other hand, for a given pump power, when the hydraulic diameter
decreases, the heat resistance of the heat exchanger increases due
to rapid decreasing of the volumetric flow rate. The channel di-
mensions can be optimized at a practical limit of the available
pumping power by minimizing the sum of conductive resistance,
convective resistance and heat resistance of the system [13]. At a
constant pumping power, when the aspect ratio of the channel
becomes larger, the heat transfer area increases, but the volumetric
flow rate and fin efficiency decrease. Furthermore, as an important
parameter in the output power of the system, the pumping power
due to friction factor in the microchannels should be carefully
considered.

In order to decrease the coolant pumping power in the TEG
system, an effective design of microchannel heat exchanger is
proposed and implemented in a three-dimensional TEGmodel [14].
Nonetheless, when it comes to real-world design of thermoelectric
system for direct thermal to electricity conversion, a focused dis-
cussion on the TEGs integrated to heat exchangers in micro-scale is
still lacking. A consideration of thewhole energy conversion system
which involves thermal contacts with the hot and cold reservoirs is
specifically required. In particular, an analysis of the thermal cost
performance, which is a cornerstone for any energy technology, is
missing in the thermoelectric field.

In the case of power generation, there are a few important
studies [15] that were carried out using optimized analytic models
for the parametric analysis of TEG systems. Developing analytic
models suitable to predict the performance of micro heat ex-
changers and TEG can yield a simple approximate approach for
designing a TEG system that can achieve maximum power and
maximum cost performance. Based on this model, the thermal
resistance of the system can be optimized to maximize the cost
performance of the system. In addition, the thermal resistance of

the microchannel heat exchanger can be minimized for a set of
aspect ratio (the ratio of channel height to channel width) [16].

In this study, a TEG system including the system cold side micro
plate-fin heat exchanger is optimized parametrically, in order to
maximize the output power of the TEG and cost performance of the
power system. The cost performance of the system is defined as the
difference of output power and pumping power divided by the
system mass. This mass includes both the TEG and the heat
exchanger. On the other hand, the thermoelectric output power
depends on the channel dimensions that define the heat exchanger
thermal resistance. Therefore, the modified fill factor and the
channel dimensions play key roles in lower material usage and
higher output power. The particular focus of this study is exploring
the optimumvalues of these parameters in awide range of practical
pumping power.

This work is based on developing a thermal equivalent network
model that takes into account external finite thermal resistances
keeping the TEG ceramic substrates and the micro heat exchanger
at a fixed temperature difference of hot and cold reservoirs. The
Peltier effect and the Joule heating effect are taken into account in
the thermal circuit model. The width and height of the micro-
channels, the fin thickness, and the thermoelements’ length that
significantly influence power generation are geometrically opti-
mized. The fill factor, which is the fractional area coverage of a
thermoelement per unit TEG substrate area, is optimized to
generate themaximum system cost performance. In addition, using
an effective numeric test, the generated equations also discuss the
optimumvalue of the parameters at two sizes of the heat exchanger
substrate plate. Fig. 1a shows the schematic of the TEG system
including the heat exchanger. Fig. 1b presents the detailed di-
mensions of the plate-fin heat exchanger, where water is used as
the coolant fluid and the fluid path is made of parallel aluminum

Nomenclature

A area, m2

b fin thickness, m
Cp specific heat of water, J/kg K
Dh hydraulic diameter of the channel, m
d thermoelement length, m
H channel height, m
h heat transfer coefficient, W/m2 K
F fill factor
K contraction and expansion loss coefficient
k thermal conductivity, W/m K
L heat exchanger length, m
M mass, kg
m resistance ratio, ohm/ohm
_m mass flow rate, kg/s
N number of elements
Nu Nusselt number
Dp pressure drop, Pa
P price, $
Re Reynolds number
Rth thermal resistance, K/W
Z figure-of-merit, 1/K
T temperature, K
t thickness, m
u fluid velocity, m/s
U cost performance, W/$
W heat exchanger width, m

w power, W

Greek symbols
d channel width, m
h efficiency
l normalized thickness of substrate
m dynamic viscosity, Ns/m2

r density, kg/m3

Ø spreading angle, deg

Subscripts
a cold reservoir
b base of microchannels
ch channel
cr ceramic substrate
hx heat exchanger
f fluid
fin fin
in inlet
max maximum
o overall
out outlet
p pump
pl plenum
s hot reservoir, substrate plate
t total
teg thermoelement
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channels. Considering the maturity of industrialization, the cost
primarily relies on the price of the raw materials used.

2. Model

The output power of a TEG system and its cost performance
require the matched thermal resistance design of the sum of
thermal resistances of the reservoirs and the ceramic substrates.
Thus, the maximum output power and the maximum cost perfor-
mance must coincide with the minimum external thermal
resistances.

2.1. Thermal resistance of the micro plate-fin heat exchanger

The channel width, fin thickness and heat exchanger width can
define the number of the microchannel. With fixed heat exchanger
width, the number of the channel is:

Nch ¼ W
bþ d

; (1)

where thickness of the heat exchanger side walls is neglected. The
thermal resistance of the heat exchanger is independent of the level
of dissipated power in forced convection cooling, and is the sum of
the conductive resistance due to conduction from the substrate, the
convective resistance due to convection from the heat exchanger to
the coolant fluid, and the heat resistance due to heating of coolant
fluid through the heat exchanger. The flow temperature increases
through the microchannels. As the flow absorbs heat, it produces
thermal, or heat, resistance. The temperature range of the working
fluid, which is water, indicates that Prandtl number is larger than

five throughout this study. Thus, it is assumed that a thermally fully
developed flow is acceptable [12]. In addition, for a constant heat
flux boundary condition, the temperature difference between the
heat exchanger base and the bulk coolant fluid is the same at any
plane in the flow direction [17]. Therefore, the thermal resistance of
the heat exchanger is:

Rth ¼ ths
khxAs

þ 1
hohfinAfin

þ 1
_mCp

; (2)

where the first, second and third terms on the right side of the
equation are the conductive resistance, convective resistance and
heat resistance, respectively. The mass flow rate and the fin area
can be defined based on the number of a microchannel as follows:

_m ¼ rfNchdHu; (3)

Afin ¼ 2NchðH þ dÞL; (4)

and the convective heat transfer coefficient is:

hfin ¼ Nukf
Dh

(5)

Because the aluminum substrate of the heat exchanger has a
high thermal conductivity, the conductive resistance is 1% of the
convective resistance for t ¼ 200 mm for instance, and can be
neglected. For the modeling of the convective resistance, the
heat conduction in the fins is assumed to be one dimensional,
i.e., only along the fin height, along with constant heat transfer
coefficient and uniform fluid temperature. The convective resis-
tance can be divided by a correction factor (fin efficiency) to take
into account the thermal resistance of the fins, which implies a
non-uniform temperature up the walls. The efficiency for straight
rectangular low-thickness fin with an adiabatic tip is defined as
follows [18]:

hfin ¼
tanh

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2h=kfb

p
H
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2h=kfb

p
H

; (6)

Then, the overall surface efficiency of the heat exchanger
becomes:

ho ¼ 1�
�
NchAfin

At

��
1� hfin

�
: (7)

Volumetric flow rate in the channels is found simply as the
product of velocity and cross-section area. Therefore, the pumping
power to circulate the coolant fluid in the heat exchanger is:

wp ¼ NchdHuDpch; (8)

where, in laminar flow regime, the pressure loss throughout the
heat exchanger is given by [19]:

Dpch ¼ Krfu
2

2
þ 48mLu

D2
h

: (9)

where K is the contraction and expansion loss coefficient for flow at
the heat exchanger entrance and exit, respectively. In this study, the
fin thickness is small compared with the channel width; therefore,
the first term in (9) can be neglected. By this simplification, the
pressure loss relation with the velocity becomes linear. By
combining the above equations with (2), the thermal resistance of
the heat exchanger is found as:

Fig. 1. A schematic of the power system. a. TEG system including the heat sink. b.
Detailed dimensions of the plate-fin heat sink.
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The range of pumping power for optimizing the considered pa-
rameters is from 10�3 W to 25 W.

2.2. Thermal resistance of the ceramic substrates

Typically, thermoelement legs do not occupy the whole foot
print of the substrate. Since a small fraction of fill factor reduces the
heat flow cross-section area, the spreading thermal resistance
should be taken into account. In this study, a model developed by
Vermeersch et al. [20] is used to predict the thermal resistance in
the ceramic substrates as follows:

Rth�cr ¼ l

kcr
�
1þ 2ltanB

� ffiffiffiffiffiffiffiffiffi
Ateg

p ; (11)

where,

B ¼ 5:86lnðlÞ þ 40:4 0:0011 < l < 1
B ¼ 46:45� 6:048l�0:969 l � 1;

(12)

and,

l ¼ tcrffiffiffiffiffiffiffiffiffi
Ateg

p : (13)

In addition, the footprint area of the thermoelements in this
study is defined as follows:

Ateg ¼ FWL
Nteg

; (14)

where F is the fill factor. Therefore, the thermal resistance of the
ceramic substrate is a function of the heat exchanger and the
thermoelements as follows:

Rth�cr ¼ f
�
tcr;Nteg; F;W ; L; kcr

�
(15)

This model, which is proposed for the dynamic thermal char-
acterization of a square heat source on a rear cooled substrate, is
fitted to exact calculation results for a normalized thickness l

ranging from 0.1 to 10. The error of approximation is �5%.

2.3. Output power

According to the analysis of several TEG systems including the
heat exchanger, maximum output power occurs when the tem-
perature difference between the hot/cold sides of the TEG legs is
approximately equal to one-half of the total temperature difference
between the hot and cold flows in the system [21]. In this study, to
generate the maximum output power, the thermal resistances of

the hot side ceramic substrate and hot reservoirs are taken equal to
the thermal resistances of the cold side ceramic substrate and heat
exchanger, respectively. Therefore, the optimum electrical imped-
ance match, which is the ratio of the external load resistance to the
internal resistance of the TEG, can be expressed as follows [8]:

m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ZT

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðTs þ TaÞ

2

r
: (16)

In addition, the maximum power output, which depends on
symmetric external thermal resistances, is found as follows:

wmax ¼
 

Z

4ð1þmÞ2Rth

!
ðTs � TaÞ2: (17)

where Rth ¼ 2Rth�hx þ ð2Rth�cr=NtegÞ, and is introduced as
external thermal resistances including heat exchangers and wide-
spread thermal resistances. Furthermore, for ZT ¼ 1, m ¼ 1:4.

The Peltier effect and the Joule heating effect that take place at
the junctions of the elements and throughout the conductor,
respectively, are considered in Eq. (17). This effect, which is addi-
tional heat transport, is created by the electric current flow in the
system when an external load is connected to the system. In
addition, this equation takes into account the Seebeck effect in the
TEG. In order to maximize the output power, the optimum leg
length of the thermoelement is given as:

d ¼ ktegNtegAtegmRth: (18)

The optimum dimensions of the microchannels and the TEG are
achieved at two substrate sizes (Acr ¼ 2 cm� 2 cm and
4 cm� 4 cm). In addition, the number of thermoelements and the
thickness of ceramic substrate are fixed at 400 and 100 mm,
respectively. Table 1 shows the variation in fill factor with the
selected thermoelement width.

2.4. Cost performance

The prices of the keymaterials in the TEG system are assumed to
be 20 $=kg; 100 $=kg and 500 $=kg for the aluminum heat
exchanger, TEG ceramic substrates and thermoelectric materials,

Table 1
The variation of F with the selected ateg and Nteg for maximizing wmax.

W � L ðcm2Þ 2 cm� 2 cm ¼ 4ðcm2Þ 4 cm� 4 cm ¼ 16ðcm2Þ
ateg ðmmÞ 0.1 0.3 0.5 0.2 0.6 1.0
F 0.01 0.09 0.25 0.01 0.09 0.25

Rth�hx ¼ 2
ffiffiffi
3

p
ðbþ dÞ

CprfWdH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wpHdðbþ dÞ
mWLðH þ dÞ2

s þ Hdðbþ dÞ0
BBBBBBBBBBBBBBBBBBBB@

1�

2LH

0
BBBBBB@
1�

ffiffiffi
2

p
tanh

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NchkfH

�
H þ d

��
2Lþ 2b

�
HdLbkhs

vuut
H

!
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NchkfH

�
H þ d

��
2Lþ 2b

�
HdLbkhs

vuut
H

1
CCCCCCA

2LH þ Ld

1
CCCCCCCCCCCCCCCCCCCCA

NchkfWLðH þ dÞ2

(10)
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respectively. The mass of each microchannel depends on the
channel width, channel height and fin thickness. In addition, the
total mass of the used thermoelectric material and TEG substrates
can be defined based on the substrate dimensions. Therefore, the
cost performance of the system is defined as:

U ¼ wmax �wp

Pt
: (19)

where,

Pt ¼ 20Mhx þ 100� 2�Mcr þ 500Mteg

¼ 20rhxHWL
�
1� d

bþ d

�
þ 200rcrtcrWLþ 500rtegdtegFWL:

(20)

The system cost optimization is discussed at three ceramic
substrate thicknesses (tcr ¼ 2 mm; 10 mm and 50 mm). Larger
thickness of substrate creates larger optimum channel dimensions.
Therefore, to keep the optimum channel dimensions within the
micro-scale range, the maximum imposed ceramic substrate
thickness is 50 mm in this study. To show the effect of fin thickness,
the maximum cost performance is discussed at three fin thick-
nesses (b ¼ 1 mm; 10 mm and 100 mm). The heat source tempera-
ture and the ambient temperature are assumed as 600 K and 300 K,
respectively.

Different channel dimensions and fin thicknesses give different
Reynolds numbers. Considering variations in channel width,
channel height and fin thickness, the Reynolds number in the
microchannels varies from 22.3 to 891.8 in the applied range of
pumping power. Li et al. [22] reported that transition to the tur-
bulence regime flow began near Re¼ 1535 in micro-scale channels,
which is lower than the Reynolds number predicted by classical
theory. Therefore, the range of Reynolds number guarantees that
the flow produced in the microchannel is in laminar regime flow
throughout this study.

For the laminar and almost thermally fully developed flow, a
constant Nusselt number equal to 3.5 is assumed. However, the
exact value of the Nusselt number depends on the shape of the
cross-sectional area of the channel. The assumed value is about
right for the average aspect ratio in this study [23]. Additionally,
as Morini [24] stated, the entrance effects on the average Nusselt
number can be neglected if the Graetz number is less than 10
(Gz < 10) in the microchannels. Due to the variation of Graetz
number in this work, 5:94 < Gz < 8:05, the Nusselt number is
assumed to be independent of the channel entrance effect.
Water is used as the coolant fluid in the aluminum heat
exchanger. The thermal properties of water are taken as con-
stant at 305 K. Table 2 presents the thermal properties of coolant
fluid, heat exchanger, ceramic substrates and thermoelectric
materials.

3. Validation

Validation of the analytic results is considered in this section.
The thermal resistance of the heat exchanger is compared experi-
mentally with the thermal resistance of a micro plate-fin heat
exchanger built with twenty microchannels. Table 3 shows the
geometric details of the heat exchanger. The experimental data is
recorded at thermally steady state in the system for four flow rates
(0:010; 0:017; 0:025; 0:034; and 0:041 kg=s) in the heat exchanger.
The ultrasonic flow sensor for continuous water measurement with
accuracy 0.01% is from Burkert. In order to measure the tempera-
ture in the heat exchanger, and the water temperature in the inlet
and outlet of heat exchanger, T-type thermocouples are used. An
appropriate Labview program is used to record the measurement
data.

As shown in Fig. 2, the designed inlet and outlet plenums
create U-shaped coolant flow paths in the heat exchanger.
Although this type of plenum arrangement provides better uni-
form mass flow distribution compared with the other studied
plenum arrangements in the heat exchanger as discussed by Chein
and Chen [25], non-uniformity of velocity and temperature dis-
tribution in the heat exchanger still persists. In addition, the
contraction and expansion loss coefficients are neglected in this
work. These two factors together with the uncertainty of the
experimental results make difference between the experimental
data and theoretical results as shown in Fig. 3. However the results
of experimental investigation and theoretical analysis of the heat
exchanger are still in a good agreement. Table 4 shows the percent
error of the thermal resistance value between the current work
and the experimental data.

The thermal resistance of a single channel is also compared with
the results of finite volume method and computational fluid dy-
namic (CFD) solver, FLUENT. Fig. 4 shows variation of thermal
resistance with pumping power in a single channel. The fin thick-
ness, channel width, and height are 40 mm, 400 mm and 800 mm,
respectively. Percent error between the two calculations is 1.51%
and 12.19% in the studied range of thermal resistance.

4. Results and discussion

An analysis of the thermoelectricity focusing only on material
development is not comprehensive. In fact, a parametric analysis
that considers optimization of the entire TEG system could lead to a
different conclusion. For instance, at fixed substrate size and
pumping power, the maximum cost performance happens at a
smaller fill factor, when the number of thermoelement increases.
Furthermore, at fixed substrate size and fill factor, more thermo-
elements develop smaller thermal resistance in case of ceramic
substrates, and provide higher cost performance (Eq. 15). Addi-
tionally, as shown in Fig. 5, larger substrate area give larger cost
performance due to increasing effect of channel length and number
of channels on the heat exchanger. However, larger substrate plate
results in lower thermal resistance in the heat exchanger. If the fill
factor is equal to 1, the modified thermal resistances of the ceramic
substrates are just that of the ceramic substrates. Fig. 6 shows the
variation of cost performancewith pumping power and fill factor in
logarithmic scale at fixed dimensions of microchannels and sub-
strate plate. As can be seen in the figure, there are particular fill
factors and pumping powers that provide maximum cost perfor-
mances. This study explores the optimum system components’
dimensions for utilizing full scale effects that lead to maximum
output power and cost performance. The results also introduce a
compact and light heat exchanger design that takes into account
interaction between the micro plate-fin heat exchanger and the
TEG as a union energy system.

Table 2
The thermal properties of the coolant fluid, heat sink, ceramic substrates and
thermoelectric materials.

Dimension ðkg=m3Þ ðJ=kg KÞ
Parameter rf rhx rcr rteg Cp
Value 999 2702 3900 7200 4178

Dimension ðW=m KÞ ðN s=m2Þ
Parameter kf khx kcr kteg m

Value 0.62 220 30 1.35 769� 10�6

A. Rezania et al. / International Journal of Thermal Sciences 72 (2013) 73e81 77



4.1. Maximum output power

Eq. (15) shows that higher fill factor provides higher system
output power due to smaller thermal resistance of the ceramic
substrates. In addition, since the fill factor and the scaling param-
eters of the heat exchanger are not correlated in Eq. (17), the op-
timum channel dimensions do not vary with the fill factor.
Furthermore, as can been seen in Fig. 7, at larger substrate area, the
maximum output power takes place at larger channel width and fin
thickness. The thicker fin improves heat transfer in the heat
exchanger by increasing the fin efficiency that decreases the ther-
mal resistance of the heat exchanger. On the other hand, when the
channel width increases at constant pumping power, the heat
resistance (third term in Eq. (2)) decreases and produces higher
output power. Since fin thickness and channel width are correlated
in the definition of heat exchanger area, there is an optimum value
of these parameters that can produce the maximum power output.
In the studied range of microchannel dimensions, larger channel
height produces lower thermal resistance in the heat exchanger,
which results in higher output power. The average ratio of channel
width to fin thickness is 6:5 < d=b < 12:3 at the considered sub-
strate areas and in the studied range of pumping power. Thus,
neglecting the contraction and expansion loss coefficients in Eq. (9)
is acceptable in this study.

In conjunction with effective numeric tests, the TEG system can
be optimized for various dimensional parameters. Fig. 8 shows the
maximum output power and the variation of cost performance in
order to provide the maximum output power at different pumping
powers. Expectedly, as the pumping power increases, the output
power also increases because the thermal resistance of the heat
exchanger decreases. Although higher pumping power provides
higher output power, a fundamental limit on cost performance
occurs when the pumping power becomes comparable to the
output power. Beyond a certain value of pumping power, the cost
performance value becomes negative. This happens, for instance, at

a pumping power equal to 5.35 W for a 2 cm� 2 cm area size of
substrate plate.

The thermoelement length is optimized for three fill factors and
two area sizes of the substrate plate. In this study, in order to
produce a fixed fill factor at different substrate sizes, the footprint
area of the thermoelements is changed. A larger substrate size re-
quires a larger optimum thermoelement footprint. Fig. 9 shows the
variation of optimum thermoelement length with pumping power
variation at different fill factors and substrate areas. As mentioned
earlier, higher fill factor produces smaller thermal resistance in the
ceramic substrate at constant substrate area. On the other hand, the
footprint of the thermoelement increases proportionally with the
fill factor. According to Eq. (10), the optimum thermoelement
length increases with the fill factor. At constant fill factor and
pumping power, as the substrate size of the heat exchanger in-
creases, the thermal resistance of the heat exchanger decreases due
to larger effective surface in the heat exchanger. Moreover,
the footprint of the thermoelement increases proportionally with
the fill factor. Therefore, larger substrate size makes higher
thermoelements.

4.2. Maximum cost performance

As the model of system cost performance considers the mass of
the components in the system, the maximum cost performance
does not occur at the maximum output power for a fixed pumping
power. In this model, channel height and fin thickness are effective
factors in making a light and compact heat exchanger while smaller
fin thickness leads to higher cost performance. There is an optimum
value for channel height that maximizes the cost performance at
any pumping power. As shown in Fig. 10, optimum channel height
increases with the ceramic substrate thickness. In contrast with the
thicker ceramic substrate, larger channel height produces lower
thermal resistance in the heat exchanger, which increases the
output power. Therefore, there is a particular value of channel

Table 3
The geometric details of the microchannel heat sink used for experimental investigation of heat sink thermal resistance.

Parameter HðmmÞ dðmmÞ bðmmÞ DhðmmÞ LðmmÞ WðmmÞ LplðmmÞ Dpl;in=outðmmÞ
Dimension 700 1400 1400 933 56.0 56.0 50.0 5.0

Fig. 2. The microchannel heat sink used for experimental investigation of heat sink
thermal resistance.

Fig. 3. The thermal resistance of the microchannel heat sink compared with the
experimental results.
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height that maximizes the ratio of output power to mass of heat
exchanger. In addition, because larger fin thickness increases the
overall fin efficiency in the heat exchanger, it requires smaller op-
timum channel height.

The pumping power due to pressure drop in the microchannels
is an important factor for maximizing the cost performance. The
number of microchannels affects the mass flow rate distribution in
the heat exchanger. The optimum hydraulic diameter of the
microchannel can produce minimum pumping power while the
thermal resistance of the heat exchanger is minimum. The thick-
ness of the ceramic substrate and the fin thickness also affect the
optimum channel width. The optimum channel width, which is

correlated with the channel height in defining the channel hy-
draulic diameter, decreases at the thicker ceramic substrate and at
the thinner fin, as shown in Fig. 11. In addition, the optimum values
of the channel width and the channel height decrease when the
pumping power increases.

Table 4
The percent error of the thermal resistance value between the current work and the
experimental data.

Mass flow rate, _mðkg=sÞ 0.010 0.017 0.025 0.034 0.041

Error,
				 _mEXP � _mcurrent work

_mEXP

				� 100%
10.49% 3.20% 3.42% 9.85% 8.75%

Fig. 4. The thermal resistance of microchannel heat sink compared with the results of
computational fluid dynamic solver (FLUENT).

Fig. 5. The variation of cost performance with fill factor. d ¼ 70 mm;

H ¼ 100 mm; b ¼ 10 mm; wp ¼ 1 W.

Fig. 6. The variation of cost performance with pumping power and fill factor in log-
arithmic scale, d ¼ 70 mm; H ¼ 100 mm; b ¼ 10 mm; ds ¼ 100 mm.

Fig. 7. The optimum channel width and fin thickness with the variation of pumping
power in order to produce maximum output power, H ¼ 500 mm, ds ¼ 100 mm.

Fig. 8. The cost performance and maximum output power of the system with the
variation of pumping power, As ¼ 4 cm� 4 cm; H ¼ 500 mm; ds ¼ 100 mm.
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As shown in Fig. 12, in order to maximize the cost performance
of the studied power system, a larger fill factor is required as the
ceramic substrate thickness increases. The thermal resistance of the
ceramic substrate increases with its thickness. One way to decrease
the thermal resistance due to ceramic substrate thickness is to in-
crease the fill factor. On the other hand, the mass of the system
increases proportionally with the fill factor. Altogether, a thicker
ceramic substrate needs a larger fill factor in order to produce the
maximum cost performance. The optimum fill factor increases with
the pumping power.

Fig. 13 illustrates that there are optimum values of channel
width, fin thickness and fill factor that produces the maximum cost
performance in the system at every pumping power. As the thick-
ness of both the fin and the ceramic substrate increases, the system
thermal resistance as well as the system mass increase while the
maximum cost performance decreases. This maximumvalue occurs
at lower pumping power as the thickness of the fin and the ceramic
substrate increases. This kind of dependency is shown by Hendricks

Fig. 9. The variation of optimum thermoelement length with pumping power,
H ¼ 500 mm, ds ¼ 100 mm.

Fig. 10. The optimum channel height with the variation of pumping power at three
thicknesses of fin and substrate plate, As ¼ 4 cm2.

Fig. 11. The optimum channel width with the variation of pumping power at three
thicknesses of fin and substrate plate, As ¼ 4 cm2.

Fig. 12. The optimum fill factor with the variation of pumping power at three thick-
nesses of substrate plate b ¼ 10 mm, As ¼ 4 cm2.

Fig. 13. The pumping power and maximum cost performance width variation of
pumping power at three thicknesses of fin and substrate plate, As ¼ 4 cm2.
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[26] where the dependency of both the heat exchanger’s overall
heat transfer on the microchannel design specifics is studied for a
wide range of pumping power. As mentioned earlier, although the
output power of the TEG increases with the pumping power, these
two parameters become comparable to each other after a
particular pumping power so that the maximum cost performance
decreases. The maximum cost performance occurs at lower
pumping power as the fin thickness increases. For instance, at b ¼
2 mm; 10 mm and 50 mm, the maximum cost performance occurs at
wP ¼ 43:1 W; 35:0 W and 31:0 W, respectively. Note that these
values of pumping power produce the maximum overall cost per-
formance in the studied range of pumping power compared with
the maximum cost performances at each pumping power.

5. Conclusions

In order to maximize the output power and cost performance of
TEGs, the channel width, channel height and fin thickness of the
applied micro plate-fin heat exchanger along with the fill factor of
the TEG are optimized for a wide range of pumping power. In this
study, the micro plate-fin heat exchanger applied to the TEG is
investigated and optimized in order to maximize the output power
and the cost performance of generic TEG systems. The model dis-
cusses the optimum size of the system components’ dimensions at
two area sizes of the substrate plate of heat exchanger. For maxi-
mizing the output power, results show that a larger substrate plate
switches the maximum output power to the larger channel width,
fin thickness and optimum thermoelement length. Additionally, at
all the pumping powers studied, there is a particular value of
channel width, channel height and fin thickness that produces
maximum output power in the TEG. The model also considers the
thickness variation effect of the fin and the ceramic substrate on
optimized microchannel parameters and fill factor. The results
illustrate that there is a unique pumping power that provides the
maximum cost performance for the TEG systems.
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