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Abstract

Active building envelope (ABE) systems represent a new thermal control technology that actively uses solar energy
to compensate for passive heat losses or gains in building envelopes or other enclosures. This paper introduces initial
steps in exposing the community to this new technology, and explores an optimization based design strategy for its fea-
sible application. We discuss the overall ABE system, and focus on the design and analysis of a key component—the
thermoelectric heat pump unit, or the TE unit. This unit becomes an integral part of the generic enclosure, and is a
collection of thermoelectric coolers, or heaters. As a critical component of the optimization based design strategy, com-
putationally inexpensive approximate analytical models of generic TE coolers/heaters (referred to as TE coolers) are
developed. A multi-objective optimization technique is implemented to design and evaluate different design configura-
tions of the TE unit. The multi-objective optimization simultaneously minimizes two design objectives: (1) the total
input power required to operate the TE unit and (2) the number of TE coolers for economic considerations. Preliminary
results indicate that the total input power required to operate the TE unit decreases as the distribution density of the TE
coolers increases. In addition, the thermal resistance of the heat sink (attached to the TE cooler) plays a key role in
determining the number of TE coolers required. These preliminary findings may have practical implications, influencing
the implementation of the ABE system.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Active building envelope (ABE) systems represent a
new thermal control technology that actively uses solar
energy to compensate for passive heat losses or gains
in building envelopes or other enclosures. In ABE sys-

* Corresponding author. Tel.: +1 518 276 8145; fax: +1 518
276 6025.
E-mail address: messac@rpi.edu (A. Messac).

tems, solar radiation energy is converted into electrical
energy by means of a photovoltaic unit (PV unit). Sub-
sequently, this electrical energy is used to power a ther-
moelectric heat pump unit (TE unit), which is a
collection of thermoelectric coolers (heaters in winter).
The TE unit allows the transport of heat through the
ABE wall. The PV and TE units are integrated within
the ABE system enclosure. The TE unit can operate in
a heating or a cooling mode, depending on the direction
of the current supplied by the PV unit. This feature
allows for the ABE system to be used for heating as
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Nomenclature

h natural convection coefficient

k thermal conductivity of the thermoelectric
element

ks thermal conductivity of the heat sink

Mps mass of the heat sink

n number of thermocouples per TE cooler

ne number of fins

tr thickness of the fin

ty thickness of the heat sink base plate

IABE the thickness of the ABE wall
wy,wy  weights of the aggregate objective function

A area of cross-section of the thermoelectric
element

Aage  surface area of the ABE wall

Ay area of the heat sink base plate

Ay cross-sectional area of the fin

Ay area of the heat source in contact with the
heat sink

COP coefficient of performance

1 input current supplied by the PV unit

Iax maximum allowable input current

K thermal conductance of the thermocouple

L length of the thermoelectric element

L corrected length of the fin

L¢ length of the fin

N number of thermoelectric coolers

Pr perimeter of the fin

P;, input power supplied by the PV unit

Ohs heat dissipated through the heat sink

Qioad  heat dissipated by the heat source
Ope heat absorbed at the cold end of the TE

cooler

Opn heat generated at the hot end of the TE
cooler

R electrical resistance of the thermocouple

Ry base spreading resistance

R thermal resistance of the fins

Ry thermal resistance of the heat sink

RtThE thermal resistance of the TE unit

S relative Seebeck coefficient

T. temperature of the cold end of the TE cooler

Th temperature of the hot end of the TE cooler

T max maximum allowable temperature for the TE
cooler

T, ambient air temperature

V input voltage supplied by the PV unit

Vinax maximum allowable input voltage for the
TE cooler

Vs Seebeck voltage

Wi width of the fin

Greek symbols

o electrical resistivity of thermoelectric ele-
ment

Phs density of the heat sink

A ratio of the area of cross-section to the

length of thermoelectric element

well as cooling applications. Among the key differences
between ABE systems and conventional thermal con-
trol technologies are that the former: (i) are intended
to operate using solar energy [1], (ii) are made of solid-
state devices and operate silently with no moving
parts, (iii) use little or no fossil energy sources, and
(iv) should result in important long-term environmental
benefits.

Active building envelopes: A brief description of the
proposed ABE system is provided here (see Fig. 1).
For more details, see [1]. The ABE system is comprised
of two basic components: a photovoltaic unit (PV unit)
and a thermoelectric heat pump unit (TE unit). The PV
unit consists of photovoltaic cells, which are solid-state
devices that convert solar radiation energy into electrical
energy. The TE unit consists of thermoelectric heaters/
coolers (referred to here onwards as TE coolers), which
are solid-state devices that convert electrical energy into
thermal energy, or the reverse. The PV and the TE units
are integrated within the overall ABE enclosure. As
shown in Fig. 1, the PV unit forms an envelope sur-
rounding the external wall such that a gap is maintained

Thermoelectric
Cooler
Internal External
‘Ii’ Heat Sink .~ \ . Heat Sink

Heat
Dissipation
Zone

Photovoltaic
System

b

Thermal Air Flow

Insulation

Fig. 1. Active building envelope (ABE) system.

between the wall and the PV unit. This gap acts as an
external heat dissipation zone for the TE unit. The exter-
nal walls of the proposed ABE system consist of two lay-
ers, as shown in Fig. 1. The external layer (facing the PV
unit) is made of a thermal insulating material, and the
internal layer is made of a material with high heat stor-
age capacity.



4030 R.A. Khire et al. | International Journal of Heat and Mass Transfer 48 (2005) 4028-4040

In Fig. 1, the words “Thermal insulation” and
“Thermal Mass” pertain to the external and the internal
layers of the ABE wall, respectively. The TE coolers are
dispersed inside the openings that are provided in the
insulating layer. Each TE cooler consists of two heat
sinks. As shown in Fig. 1, the internal heat sink either
absorbs or dissipates heat to the thermal mass layer.
The external heat sink either absorbs heat from, or dis-
sipates heat to, the surrounding air; through natural or
forced convection. In the present study, we have ne-
glected the effect of the internal heat sink in keeping with
the scope of this preliminary study.

This paper is organized as follows. Section 2 de-
scribes the approximate analytical models that are judi-
ciously integrated in this study. Section 3 estimates the
cooling load for a generic enclosure. Section 4 presents
the optimization problem formulation for the design of
the TE unit. The results are discussed in Section 5. Con-
cluding remarks are provided in Section 6.

2. Basic models for ABE system

In the process of analyzing the overall ABE system,
we first focus our attention on each unit in detail. In this
paper, we present the design and analysis of the TE unit
for the ABE system. Specifically, this section develops a
computationally inexpensive model of the TE unit.
Here, the individual models of the components of the
TE unit are coupled, yielding a single integrated model
that takes into account the effect of the heat sink on
the TE cooler.

2.1. Thermoelectric cooler

This subsection describes the approximate analytical
model of a TE cooler. As shown in Fig. 2, when current
flows through the junction of two dissimilar conductors
(also called a thermocouple), heat is either dissipated or
absorbed (depending on the direction of the current) at
that junction. This phenomenon is known as the Peltier
effect, and causes a decrease in the temperature at the
heat-absorbing junction, and a simultaneous increase
in the temperature at the heat-releasing junction [2-4].
When current flows through a TE cooler that contains
n thermocouples, the amount of heat absorbed at the
cold junction (Qy.) is given by [5,6]

1
Ope =n|SIT. — K(Ty — Te) — E12R (1)
where
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Fig. 2. Schematic of a thermocouple.

In Egs. (1)~(3), S'is the relative Seebeck coefficient of the
thermocouple; 7 is the input current flowing through the
circuit; 7, and T3, are the temperatures of the cold and
the hot junctions, respectively; K is the thermal conduc-
tance of the thermocouple; R is the electrical resistance
of the thermocouple; & is the thermal conductivity; p is
the electrical resistivity; and A and L represent the
cross-sectional area and the length of the thermoelectric
element, respectively. The subscripts 1 and 2 refer to the
thermoelectric materials 1 and 2, respectively.

2.2. Heat sink

Heat sinks lower or maintain the temperature of a de-
vice by dissipating heat into the surrounding medium.
The primary requirement of an effective heat sink is to
provide a low thermal resistance path for heat dissipa-
tion. In ABE systems, heat sinks are required to dissi-
pate the heat generated at the hot side of the TE
coolers. The performance characteristics of the TE cool-
er (e.g., input power, heat absorption capacity) are
greatly affected by the thermal resistance of the associ-
ated heat sink. Failure to dissipate the required heat
from the TE cooler may result in an increase in its hot
side temperature. As per Holman [7], the heat dissipated
by a heat sink is given by

o T, —T,
th_ Rhs

(4)
where Qy, is the heat dissipated by the heat sink, 7}, is
the temperature of the heat source (in the ABE systems,
the hot end of the TE cooler), T, is the ambient air tem-
perature, and Ry is the thermal resistance of the heat
sink, given by

Ry =Ry + Ry, (5)
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Fig. 3. Schematic of a heat sink: (a) thermal circuit of a heat
sink and (b) geometric parameters of a fin.

where Ry and R, represent the thermal resistances of the
fins and the base (also called the base spreading resis-
tance), respectively. Fig. 3(a) shows the thermal circuit
of a heat sink. As shown in Fig. 3(a), the fin resistance
and the base spreading resistance are in series. The heat
generated by the heat source (the hot side of the TE
cooler) is conducted through the heat sink, which is then
dissipated to the surrounding medium by convection.
The following subsections present the approximate ana-
lytical models for estimating the fin resistance and the
base spreading resistance of the heat sink.

2.2.1. Fin resistance

A typical heat sink consists of thin metal projections,
called fins, as shown in Fig. 3(a). Fins provide additional
surface area to increase the convection heat transfer.
When a heat sink is exposed to natural convection, it
is called a passive heat sink, and when it is exposed to
forced convection, it is called an active heat sink [7].
In the present study, we analyze a passive heat sink.
Also, for the present study, we will consider an extrusion
type heat sink, which is suitable for low heat dissipation
applications such as ABE systems. The thermal resis-
tance of a single fin heat sink is given by [7]

1
Ry = 6
! V hPfkhsAf tanh(mch) ( )
where
hP¢
= 7
" khsAf ( )

In Eqgs. (6) and (7), & is the natural convection coeffi-
cient; ky is the thermal conductivity of the heat sink;
and Pg, Ay, and L. are the perimeter, the area of
cross-section, and the corrected length of the fin, respec-
tively. These quantities are evaluated as [7]

Py = Z(Wf + tf) (8)
A =We X t; (9)
ch:Lf+tf/2 (10)

In Eqgs. (8)—(10), the variables W, ¢, and L¢represent the
width, the thickness, and the length of the fin, respec-
tively. The basic geometric parameters of a fin are illus-
trated in Fig. 3(b). By multiplying Eq. (6) by the number
of fins (n¢), we can estimate the fin resistance of a multi-
ple fin heat sink.

We note that, in this paper, we approximate the heat
transfer between the fin surfaces and the surrounding air
using the natural convection coefficient (/). This approxi-
mation assumes that the air in contact with the fin sur-
faces is maintained at the ambient air temperature (7,),
at all times. Such an approximation is in agreement with
the preliminary nature of this design study. However, in
future studies, a detailed analysis of the heat transfer
process at the fin surfaces is required, which takes into
account the effect of the localized increase in the air tem-
perature on the natural convection process.

2.2.2. Base spreading resistance

The base spreading resistance needs to be considered
when a heat source with a smaller heat dissipation area
is mounted over a heat sink with a larger base plate area
[8], as shown in Fig. 3(a). This increases the base plate
temperature at the location of the heat source. The
base spreading resistance is given by the empirical for-
mula [8]

Ry — |:\/A_ — Ay |: AbkhsAbRavg + tanh(lblf) (1 1)

khs\/ TApAg. 1+ )vbkhsAbRavg tanh(/lbtf)
where
/2 1
P . 12
° \/Ab * VAsc ( )

In Egs. (11) and (12), Ay, is the area of the base plate of
the heat sink; A is the area of the heat source, which is
in contact with the base plate; and R, is the average
thermal resistance of the heat sink, which is assumed
to be equal to the fin resistance, Ry, according to Ref.
[9]. In the current paper, we assume the spacing between
fins to be equal to the fin thickness. The area of the heat
sink base plate is determined as 4, = (2np — 1)tpwy.

2.3. Estimating the effect of heat sink on TE cooler

As stated in the previous subsection, a heat sink is re-
quired to dissipate the heat generated at the hot junction
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of the TE cooler. The heat generated at the hot junction
of the TE cooler (Qpy) is given by [10]

Qph:QpC+W (13)

where ¥V is the voltage across the TE unit. Since the heat
sink is required to dissipate this heat, we have
Ohs = Opn. Using Eqs. (4) and (13), we obtain an expres-
sion for the temperature at the hot end of the TE cooler
as [10]

Th="T,+ (QpC + VI)Rys (14)

Substituting Eq. (14) into Eq. (1) to eliminate T3, we can
determine the effect of a heat sink on a TE cooler;
namely, the dependence of Q. on Ry.

We conclude this section by commenting on the
model accuracy assessment work that we have per-
formed. We have assessed the accuracies of the approx-
imate analytical models described in this section by
comparing their results with those from more compre-
hensive models developed in the literature, which would
be less suitable for the preliminary nature of our optimi-
zation based design study. We used the model developed
by Visser and de Kock [11] to assess the accuracy of the
heat sink model, and the model developed by Nagy and
Buist [10] to assess the accuracy of the model for esti-
mating the effect of the heat sink on the TE cooler
[12]. We observed that the difference between the results
from the two models (approximate and comprehensive)
is less than 15%, which is acceptable for this study.
These comparative results lend sufficient credence to
the analytical models presented in this section, making
them appropriate for the preliminary optimal design of
the TE unit. Next, we evaluate different configurations
of the TE unit for a generic enclosure. In the next sec-
tion, a cooling load is estimated for this enclosure under
certain assumed conditions.

3. Estimation of cooling load for a generic enclosure

To demonstrate the application of the proposed opti-
mization based strategy to design the TE unit of the
ABE system, we analyze the model of a 1 mx1m x
1 m generic enclosure. This section provides the assump-
tions made in this design study, and the estimation of the
cooling load for this enclosure. Fig. 4 schematically rep-
resents the generic enclosure for which the TE unit is
designed.

3.1. Assumptions

The following assumptions are made for the generic
enclosure. (1) The thickness of the ABE wall is topg =
0.15m. (2) Only one of the four sidewalls acts as the
ABE wall, and heat losses or gains from the other side-
walls are negligible. (3) The thermal conductivity of the

Insulated walls

(&val l)

ABE-wall H
R, o
Ryp) ‘ .
>
Ripe << R,

Fig. 4. Generic enclosure containing single ABE wall.

ABE wall is kagg = 0.05 W/m K. (4) The external tem-
perature is 7, = 38 °C, and the internal temperature is
T;=20°C. (5) The conduction heat transfer through
the ABE wall is the only mode of heat transfer. (6) All
TE coolers in a TE unit absorb equal amount of heat,
and the total heat absorption is uniform throughout
the wall. (7) Each TE cooler has heat sinks capable of
absorbing and releasing the required amount of heat.
(8) All the TE coolers are connected in series. (9) The
temperature of the cold end of the TE cooler is equal
to the internal temperature (7, = 7;). (10) The effect of
the change in the external temperature, 7,, on the per-
formance of the PV unit is neglected. (11) The effect of
air circulation on the overall heat transfer process is
neglected.

3.2. Estimation of cooling load

Fig. 4 shows the top view of the generic enclosure
(1mx1mx1m), which is used to demonstrate the
application of the proposed strategy for designing a gen-
eric TE unit. We assume that the heat transfer from the
external environment into the generic enclosure (or the
reverse) is through the ABE wall only. The amount of
heat conducted through the ABE wall is given by Fou-
rier’s law as

T, — T,

ABE

Oioaa = kaBEAABE (15)
where Aagg 1s the surface area of the ABE wall. For the
generic enclosure, Aapg = 1 m X 1 m. Substituting the
appropriate numerical values from Section 3.1, we ob-
tain the heat gained by the enclosure through conduc-
tion as 6 W.

Apart from the heat gained because of conduction, a
typical room with 10 m? floor area gains approximately
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240 W of heat from the electrical appliances and the
people in that room. For the generic enclosure, the floor
area is 1 m* or 10% of the typical room described above.
To account for the additional heat gained because of the
factors described above, we add 0.1 x 240 = 24 W to the
heat gain. Thus the total heat gain is 6 +24 =30 W.
This heat gain will act as the cooling load, Q)y.q4, for
the ABE system. To compensate this cooling load, we
identify the optimal configurations of the TE units.
The next section describes the optimization based design
strategy for the TE unit.

4. Optimization based design strategy

This section describes the proposed strategy to design
an appropriate configuration of the TE unit for the gen-
eric enclosure described in the previous section. This
strategy involves the application of multi-objective opti-
mization to obtain a preliminary conceptual design con-
figuration of the TE unit. According to the previous
section, the estimated total cooling load for the generic
enclosure is 30 W. Using multi-objective optimization,
we determine the optimal number of TE coolers and
the appropriate heat sink geometry, to compensate the
estimated cooling load. In this paper, we consider two
design objectives: (1) electrical power required to oper-
ate the TE unit, and (2) the number of TE coolers. Both
of the objectives are minimized simultaneously by com-
bining them into a single aggregate objective function
(AOF) [13]. The optimization problem involves a cou-
pling between the performance of the TE cooler and that
of the heat sink. The following subsections describe the
design variables, the design constraints, and the objec-
tive function for formulating the optimization problem.

4.1. Design variables

The optimization problem involves seven design vari-
ables, two for the TE cooler and five for the heat sink.
The number of TE coolers (N) and the input current
(I) are the two design variables for the TE cooler. For
the heat sink, the five design variables are: the length
of the fin (L¢), the width of the fin (W}), the thickness of
the fin (#), the number of fins (n;), and the thickness of
the base plate (#,). During the optimization process, the
number of TE coolers is not allowed to become less than
one; and no upper limit is provided for the number of
TE coolers. The TE coolers are selected from the
Melcor product catalog [14]. The input current (/) is
not allowed to exceed the maximum allowable current
(Imax), Which is specified in the Melcor product catalog.
The upper and the lower bounds imposed on the remain-
ing design variables are given in the optimization prob-
lem statement (Egs. (24)—(28)). (Note that the upper and
lower bounds are in mm.)

4.2. Design constraints

The total heat absorbed by all the TE coolers is used
as an equality constraint in the optimization problem.
Eq. (1) determines the amount of heat absorbed by a sin-
gle TE cooler (Qpc). The total heat absorbed by all the
TE coolers is calculated by multiplying the amount of
heat absorbed by a single TE cooler by the number of
TE coolers (V). During the optimization process, the to-
tal heat absorbed by all the TE coolers is constrained to
equal the estimated cooling load (Qjead)-

The temperature of the hot side of the TE cooler (7},)
is used as the first inequality constraint in the optimiza-
tion problem. Eq. (14) evaluates the temperature of the
hot side of the TE cooler. This temperature is not al-
lowed to exceed the maximum allowable temperature
for the TE cooler ( Tyax), Which is specified in the Melcor
product catalog [14].

The input voltage (V) applied to a single TE cooler is
used as the second inequality constraint in the optimiza-
tion problem. The input voltage for a single TE cooler is
given by

V =S8(Ty — Te) + IR (16)

This input voltage is not allowed to exceed the maxi-
mum voltage (Vy.x), which is specified in the Melcor
product catalog [14]. For favorable numerical condi-
tioning properties of the optimization process, all
constraints are normalized as shown in Egs. (19)—(21).

4.3. Objective functions

4.3.1. Input power

The total electrical power (P;,) required to operate all
the TE coolers, is used as the first design objective and
is given by

Pon=NxVxI (17)

In ABE systems, the TE unit is powered by the PV unit
(solar cells). There are several reasons why it is impera-
tive that the input power, which is supplied by the PV
unit, be minimized. The PV unit only produces electrical
energy during the part of the day when solar radiation is
available [15]. The surface area available to place the PV
unit on the ABE wall is limited. The limited available
steady state solar power may not meet peak demand.
As a result, there may be a need to store power for use
at night and at peak power demand periods. Hence,
minimizing the input power is central to the feasibility
of this system.

4.3.2. Number of TE coolers
We use the number of TE coolers (N) as the second
design objective in this paper. There are several
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important reasons for minimizing N. One of the most
important reasons is that the cost of the ABE system will
largely depend on the number of TE coolers and heat
sinks used. We note that the economic viability of
ABE systems will play a major role in its design process,
and warrants a systematic development of the appropri-
ate cost models. However, a detailed economic analysis
is beyond the scope of this paper. Instead, we include the
number of TE coolers (N) as the second design objective
to account for economic considerations of ABE systems,
and this design objective is also minimized.

4.4. Optimization problem statement

Our preliminary investigation shows that a trade-off
exists between the two design objectives, the input power
and the number of TE coolers. That is, the input power
decreases as the number of TE coolers increases and
vice-versa (details provided in Section 5.1). We formu-
late a multi-objective optimization problem to minimize
these two conflicting objectives. The multi-objective
optimization problem statement to design the appropri-
ate TE unit configuration is as follows:

min w1 Py + woN (18)
NJILLe Wit ity
N
subjected to N _ 1=0 (19)
load
4
—-1<0 20
Vmax ( )
Th
-1« 21
Tmax 0 ( )
1<N (22)
0.01 <7 < Iy (23)
1< L <50 (24)
1< W <50 (25)
1< <5 (26)
1< <5 (27)
2< <50 (28)

Eq. (18) represents a weighted-sum based aggregate
objective function [13] that combines the two design
objectives. In Eq. (18), w; and w, represent the weights
corresponding to the input power and the number of
TE coolers, respectively. These weights represent the rel-
ative importance given to the two design objectives, and
are selected such that 0 < wy,w, <1 and wy +wy=1.
Here, w; =1 and w, =0 indicates that we minimize
the input power alone, and w; =0 and w, = 1 indicates
that we minimize the number of TE coolers alone. The
combination w; = 0.5 and w, = 0.5, for example, repre-

Table 1

TE coolers used in the TE unit design configurations
Melcor . (m) # of thermocouples/TE
product # cooler (n)

7 17 31 63 71 127

CP1.0-n-08L 50x10* x x x x x X
CP1.0-n-06L 61x10* x x x x X X
CP1.0-n-05L 79x10* x x x x x X

x: Cases evaluated in this study.

sents an intermediate level of compromise between the
design objectives.

4.5. Design configurations of the TE unit

We select the “CP1.0-n-zzL” class of TE coolers
manufactured by Melcor Corporation, USA, to design
the TE unit. Here, n represents the number of thermo-
couples per TE cooler, and zz is a two digit number as-
signed by Melcor Corporation to represent the value of
A (the ratio of the cross-sectional area, 4, to the length,
L, of the thermoelectric element). The detailed specifica-
tions of this class of TE coolers are given in the Melcor
product catalog [14]. Three sub-classes of the “CP1.0-n-
zzL” class of TE coolers are evaluated, each having a
different value of 4. Each sub-class is further divided into
six different design configurations. We evaluate 6 X 3 =
18 different design configurations using the strategy de-
scribed in the previous subsections. Table 1 shows the
different TE coolers that are evaluated in this study.
The three sub-classes of TE coolers are given in the first
column of Table 1. The second column shows the values
of A corresponding to each sub-class mentioned in the
first column. The headings of columns 3-8 represent
the number of thermocouples per TE cooler. The config-
urations of the TE unit that are evaluated in this paper
are represented by the symbol “x”.

5. Results and discussion

In this section, we present the results of the design
study conducted for the TE unit of the generic enclosure.
The results of the present design study are shown in
Fig. 5(a)—(h) and tabulated in Table 2. The detailed dis-
cussions of these results are given in the following
subsections. The selection of the optimal TE unit config-
uration is also discussed.

5.1. Trade-off between input power and number of TE
coolers

In this subsection, we discuss the trade-off character-
istics between the input power and the number of TE
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Table 2
Optimal parameters for all TE unit configurations
n 7 17 31 63 71 127
CP1.0-n-08L type cooler (4 = 5.0 x 10~ m)
1 1 1 1 1 1 1
Wi 50 50 50 50 50 50
Le 50 50 50 50 50 50
ng 50 50 50 50 50 50
ty 5 5 5 5 5 5
I 1.139 1.137 1.138 1.136 1.136 1.137
N 53.375 22.309 12.459 6.380 5.696 3.485
Py 22.827 23.35 24.122 25.680 26.107 28.141
CoP 1.314 1.284 1.243 1.168 1.149 1.066
Ry 0.788 0.676 0.629 0.566 0.552 0.513
14 0.375 0.918 1.692 3.506 3.977 7.153
Ty 38.780 39.617 40.733 42.939 43.44 46.556
RAE 0.0148 0.0303 0.0505 0.0887 0.0970 0.1472
CP1.0-n-06L type cooler (1 =6.2x 107 m)
1 1 1 1 1 1 1
W 50 50 50 50 50 50
Le 50 50 50 50 50 50
ng 50 50 50 50 50 50
t 5 5 5 5 5 5
I 1.234 1.232 1.233 1.231 1.231 1.232
N 49.692 20.829 11.691 6.038 5412 3.274
Py, 20.813 21.367 22.138 23.751 24.136 27.002
cop 1.441 1.404 1.355 1.263 1.242 1.111
Rus 0.787 0.676 0.629 0.566 0.552 0.513
|14 0.339 0.830 1.530 3.172 3.593 6.620
T, 38.805 39.668 40.806 43.038 43.528 46.931
RIE 0.0159 0.0325 0.0538 0.0937 0.1021 0.1567
CP1.0-n-05L type cooler (2 =7.9x 107 m)
1 1 1 1 1 1 1
W 50 50 50 50 50 50
L¢ 50 50 50 50 50 50
ng 50 50 50 50 50 50
t 5 5 5 5 5 5
I 1.395 1.393 1.394 1.391 1.392 1.393
N 44.990 18.989 10.731 5.633 5.066 3.134
Py, 19.018 19.610 20.461 22219 22.640 25.843
Ccop 1.577 1.529 1.466 1.350 1.325 1.160
Rus 0.787 0.676 0.629 0.566 0.552 0.513
14 0.303 0.741 1.367 2.833 3.209 5917
Ty 38.858 39.767 40.959 43.246 43742 47.140
RIE 0.0175 0.0356 0.0586 0.1005 0.1091 0.1637

coolers. Fig. 5(a) shows the trade-off curves for the three
TE coolers that are shown in the fourth column of Table
1 (that is, TE coolers with n = 17). Each curve in Fig.
S(a) corresponds to the specific value of 1. To generate
these trade-off curves, we change the weights w; and
w, (Eq. (18)) between 0 and 1 in 10 equal increments.
On each curve shown in Fig. 5(a), the point to the ex-
treme right represents the case, where w; =1 and
w, =0 (minimizing the input power alone). Similarly,
the point to the extreme left on each curve represents
the case, where w; = 0 and w, = 1 (minimizing the num-

ber of TE coolers alone). As expected, minimizing only
the input power results in a large number of TE coolers
(extreme right) and minimizing only the number of TE
coolers results in a large input power (extreme left).
However, the case w; = w, = 0.5 optimizes both of these
design objectives simultaneously, with relatively even
importance. We observed similar trade-off characteris-
tics for all the values of n that are evaluated in this study.
Based on these observations, we use w;=0.5 and
w, = 0.5 in Eq. (18) for the subsequent discussion. How-
ever, different designer preferences can be specified with
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respect to the two design objectives by simply selecting
an appropriate set of weights.

From Fig. 5(a), we observe that the TE cooler with
/. =7.9x10"*m results in the minimum objective func-
tion values compared to the other two values of 1. We
observed similar behavior for all values of n considered
in this study. Hence, TE coolers with 4 =7.9 x 10~*m
(“CP1.0-n-05L” class) are assumed preferred over the
other two classes.

In the following subsections, we discuss the effect of
important parameters on the performance of the TE
unit. Also, we select the number of thermocouples, n,
for the “CP1.0-n-05L” class of TE coolers, that offers
the optimal TE unit configuration. We note that in
Fig. 5(b)—(h), the horizontal axis represents 7.

5.2. Number of thermoelectric coolers

The number of TE coolers is one of the design objec-
tives used in this paper. In Fig. 5(b), the x-axis shows the
number of thermocouples per TE cooler (n), and the y-
axis shows the number of TE coolers (N) required to
compensate the estimated cooling load. As the number
of thermocouples per TE cooler, n, increases, the num-
ber of TE coolers, N, required to compensate the esti-
mated cooling load decreases. This relationship is in
agreement with our expectations. However, the relation
between the total number of TE coolers, N, and the
number of thermocouples per TE cooler, n, is not lin-
ear. The explanation for this behavior is given in Section
5.7. From Fig. 5(b), We can also observe that the num-
ber of TE coolers is not significantly affected by the
value of 4.

Although we minimize the number of TE coolers in
the optimization formulation, we note that for a TE unit
configuration with a small number of TE coolers (less
than 10), the heat absorption across the ABE wall may
not be uniform. This will violate one of the assumptions
made in this study (Assumption 6 in Section 3.1). In
other words, the approximate analytical model will not
adequately predict the actual behavior of the TE unit
for the generic enclosure.

Based on the above discussion, some of the TE cool-
ers from the preferred “CP1.0-n-05L” class become less
desirable, as they result in N < 10. In Fig. 5(b), the TE
unit configurations marked A, B, and C have N > 10
and are expected to ensure relatively uniform heat
absorption across the ABE wall. Hence, these three TE
unit configurations are preferred over the other TE unit
configurations. Configurations A, B, and C require
approximately 45 TE coolers of CP1.0-7-05L type, 20
TE coolers of CP1.0-17-05L type, and 10 TE coolers
of CP1.0-31-05L type, respectively. We will select one
of these configurations as the most preferred design
based on the second design objective, the input power,
which is discussed next.

5.3. Total input power

The total input power is the second design objective
used in this paper. Fig. 5(c) shows the total input power,
P;,, for each of the configurations evaluated in this
study. The x-axis shows the number of thermocouples
per TE cooler, and the y-axis depicts the input power.
As the number of thermocouples per TE cooler in-
creases, so does the total input power. From Fig. 5(b),
the number of TE coolers required to compensate the
cooling load decreases as the number of thermocouples
per TE cooler increases. We can then observe that as
the distribution density of the TE coolers increases, the
total input power required to operate the ABE system
decreases, for the TE unit configurations evaluated in
this study. There would reach a point where this conclu-
sion goes beyond practical and economic implementa-
tion feasibility.

To identify the most appropriate configuration, we
make the following observations. From Fig. 5(c), the
TE unit configurations A, B, and C require relatively
lower input power than the other configurations. Hence,
these three configurations are chosen as the preferred
ones, among the various TE unit configurations evalu-
ated in this study. From Fig. 5(c), the preferred TE unit
configuration A requires the lowest input power, fol-
lowed by the configurations B and C, in that order.

Although the preferred configuration A requires the
lowest input power among the three, it requires a large
number of TE coolers (see Fig. 5(b)). An opposite
behavior can be observed for the preferred configuration
C. However, the configuration B offers a balance be-
tween the number of TE coolers and the input power,
compared to the other two configurations. Hence, based
on the two design objectives used in this paper, we select
the TE unit configuration B as the most preferred design
configuration. This TE unit configuration consists of 20
TE coolers of CP1.0-17-05L type, and requires approx-
imately 19.6 W of input power (Fig. 5(c)), which needs
to be supplied by the PV unit. The details of the most
preferred configuration B are shown in bold letters in
Table 2.

It is important to note that the results of the present
study may be improved by taking into account other
important practical considerations, such as the thermal
capacity of the ABE wall, and the effect of air circulation
on the overall heat transfer process. In the following
subsections, we discuss the effect of other important
parameters on the performance of the TE unit in gen-
eral, and on that of configuration B in particular.

5.4. Input current
The input current required to operate a TE cooler in

each configuration of the TE unit is shown in Fig. 5(d).
The x-axis shows the number of thermocouples per TE
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cooler, and the y-axis shows the input current. The input
current decreases as the number of thermocouples per
TE cooler increases. However, this decrease in the input
current is less than 1%, for the range of design configu-
rations evaluated in this study. As stated in the assump-
tions (Section 3.1), the TE coolers are connected in series
and therefore the same current flows through all of
them. Hence, every configuration of the TE unit will re-
quire the same input current as shown in Fig. 5(d). It is
important to note that the relationship between the in-
put current and the number of thermocouples per TE
cooler is not perfectly linear, as is seen in Fig. 5(d).
The nonlinearities in the modeling equations, and the
coupling between the TE cooler and the heat sink are ex-
pected to cause this behavior. A comprehensive exami-
nation of this behavior of the input current is beyond
the scope of this paper.

The TE unit configuration B requires 1.4 A of input
current. The PV unit, which comprises solar cells, is ex-
pected to supply this input current. It may not be feasi-
ble for a single solar cell to produce 1.4 A of current. In
such a case, multiple solar cells connected in a parallel
circuit can be used to generate the required input cur-
rent. We note that, in the present paper, we have not
used the input current as a design objective in keeping
with the scope of this study. However, the input current
may assume significance, especially in the regions where
ample sunlight is not available, as the current generated
by the PV unit is proportional to the intensity of the
incident solar radiation [15]. Next, we examine the volt-
age across the TE unit, which expectedly has a lesser
impact on the selection process.

5.5. Input voltage across the TE unit

Fig. 5(e) shows the input voltage across the TE unit
for each design configuration. The x-axis and the y-axis
represent the number of thermocouples per TE cooler
and the input voltage, respectively. Since TE coolers
are connected in series, the input voltage across the TE
unit is the product of the input voltage per TE cooler,
V, (Table 2) and the number of TE coolers, N. The input
voltage across the TE unit increases linearly with the
number of thermocouples per TE cooler. Since the PV
unit can be treated as a current source, the input voltage
across the TE unit will have little impact on the selection
of the TE unit configuration.

According to Eq. (16), the input voltage is the sum of
two components. The first is the product of the input
current, /, and the electrical resistance, R; and is there-
fore an explicit function of the input current. The second
is the Seebeck voltage, which is given by

Ve=S8(Tn—T) (29)

According to Eq. (14), for a given heat sink resistance,
Ry, the hot side temperature is an implicit function of

the input current. Hence, we deduce that the input volt-
age for the TE unit is a function of the input current,
and will have little impact on the selection of the TE unit
configuration. However, the input voltage across the TE
unit is one of the factors for consideration in the selec-
tion of the PV unit. (Note that the design of the PV unit
is not a part of the present study.) For the preferred con-
figuration B, the total input voltage across the TE unit is
14.1 V (see Fig. 5(e)).

The input voltage per TE cooler is used as one of the
constraints in the optimization problem. It is useful to
note that the input voltage per TE cooler was not an
active constraint for any design configuration. For all
of the design configurations, the input voltage per TE
cooler was always less than one-third of the maximum
input voltage (Vynax) [14]. Hence, in future analyses,
which may involve combining the models of the PV unit,
the inclusion of the voltage constraint may not prove
critical.

5.6. Coefficient of performance

Coeflicient of performance (COP) [7] is a measure of
the efficiency of the TE unit and is evaluated as

COP — Heat absorbed _ Qioad (30)
Input power P,

The COP values for all of the design configurations are
given in Table 2. Since the same cooling load is applied
to all design configurations (Qjoaq = 30 W), the COP is
inversely proportional to the total input power, as evalu-
ated in Section 5.3. Hence, the plot of the COP versus the
number of thermocouples per TE cooler would show in-
verse trends compared to those in Fig. 5(c). For the pre-
ferred configuration B, the COP is 1.529 (see Table 2).

5.7. Thermal resistance of the heat sink

Here we explain how the thermal resistance of the
heat sink and the total number of TE coolers decrease
as the number of thermocouples per TE cooler increases.
These observations represent the likely trends in the
properties of optimal ABE systems.

For each configuration of the TE unit, the thermal
resistance of the heat sink is shown in Fig. 5(f). The x-
axis and the y-axis represent the number of thermocou-
ples per TE cooler and the thermal resistance of the heat
sink, respectively. The required thermal resistance of the
heat sink decreases rapidly as the number of thermocou-
ples per TE cooler increases. According to Fig. 5(b)
(Section 5.2), the relation between the number of TE
coolers and the number of thermocouples per TE cooler
is also nonlinear. The various nonlinearities lead to some
notable observations. As the number of thermocouples
per TE cooler increases, each TE cooler compensates a
higher fraction of the estimated cooling load. This
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behavior occurs because the resulting thermal resistance
of the heat sink rapidly decreases with the number of
thermocouples per TE cooler (see Fig. 5(f)). The present
behavior of the thermal resistance of the heat sink is
examined next.

From Eq. (5), the thermal resistance of the heat sink,
Ry, is the sum of the fin resistance, Ry, and the base
spreading resistance, R,. According to Eq. (6), the fin
resistance depends on the geometric parameters and
the material properties of the heat sink. The latter are as-
sumed to remain constant in this study. All the geomet-
ric parameters of the heat sink (i.e. Lg, Wr, tp, np, and )
are made design variables in the optimization formula-
tion. The results from Table 2 indicate that the heat sink
design converges to the same optimal geometry for all
the configurations. Hence, the values of the fin resis-
tance, Ry, are equal for all design configurations evalu-
ated in this study.

However, the base spreading resistance, Ry, of the
heat sink behaves differently. As the number of thermo-
couples per TE cooler increases, the area of the TE
cooler, A, also increases [14]. Since the optimal geom-
etry of the heat sink is independent of the TE cooler con-
figuration, the base area of the heat sink, A4y, is constant
for all the design configurations evaluated in this study,
and is equal to Ay = (2n¢ — 1)tpwe = 4950 mm?>. For a
constant base area, the base spreading resistance, Ry,
of the heat sink decreases as the TE cooler area increases
(Eq. (11)). Fig. 5(g) shows the base spreading resistance
for each design configuration evaluated in this study. We
observe that the base spreading resistance decreases
rapidly as the number of thermocouples per TE cooler
increases (Fig. 5(g)). Because of this decrease in the base
spreading resistance, the total heat sink resistance, Ry,
decreases as the number of thermocouples per TE cooler
increases (Fig. 5(f)), and is not constant—as was the fin
resistance Ry.

As stated in Section 2.2, the primary requirement of a
heat sink is to provide a low thermal resistance path for
heat dissipation. From Fig. 5(f), the design configura-
tions with 127 thermocouples per TE cooler have heat
sinks with the least thermal resistance. However, this
observation does not imply that these configurations
have superior heat dissipation capabilities. In the ther-
mal circuit of the TE unit, the heat sinks are parallel
to each other. The thermal resistance of the complete
TE unit, RF, is determined by dividing the thermal resis-
tance of a single heat sink, Ry, by the number of heat
sinks, N. The thermal resistances of the TE units are
shown in Table 2. We can observe that the design config-
urations with seven thermocouples per TE cooler results
in the lowest R}F values, and those with 127 thermocou-
ples per TE cooler results in the highest RIF values, for
all of the values of 1. We can also observe that the ther-
mal resistance of the TE unit decreases with the number
of thermocouples per TE cooler.

However, it is important to note that through the
optimization process, appropriate heat sinks have
been designed for all the TE unit configurations to
dissipate the entire heat generated at the hot junction
of the TE coolers (Qpp). Interestingly, the thermal resis-
tance of the heat sink is not the primary criterion for
selecting the TE unit configuration for the generic
enclosure.

5.8. Hot side temperature

We conclude this section by explaining how the hot
side temperature of the TE cooler is not a significant
driving factor in the selection of the TE coolers
configuration.

Fig. 5(h) depicts the hot side temperature of the TE
cooler (7T},) for each of the design configurations. The
hot side temperature is plotted against the number of
thermocouples per TE cooler. We observe that the hot
side temperature increases with the number of thermo-
couples per TE cooler. In the previous section we noted
that each TE cooler compensates a higher fraction of the
cooling load as the number of thermocouples per TE
cooler increases. This situation leads to an accompany-
ing increase in the hot side temperature of the TE cooler.
Appropriate heat sinks are then designed to dissipate the
required heat. Further, the hot side temperature of the
TE cooler is much lower than the maximum allowable
temperature, T.x [14]. Hence, the hot side temperature
of the TE cooler is not likely to be the primary criterion
for selecting the appropriate design configuration of the
TE unit.

6. Conclusions

A multi-objective optimization based design strategy
was proposed to design the thermoelectric unit (TE unit)
of ABE systems. The application of the proposed design
strategy was demonstrated by designing a TE unit for a
generic enclosure. Computationally favorable approxi-
mate analytical models of the TE cooler and heat sink
were developed for a preliminary optimization study.
The cooling load was estimated for a generic enclosure.
The developed optimization approach was implemented
to evaluate 18 different design configurations of the TE
unit. The results indicate that the total input power
required to operate the TE unit decreases as the distribu-
tion density of the TE coolers increases. It was observed
that the thermal resistance of the heat sink plays a key
role in determining the optimal number of TE coolers
in all of the design configurations. Based on the assump-
tions made in the study, the TE unit configuration
involving 20 TE coolers of CP1.0-17-05L type was found
to be optimal for the generic enclosure. This design rep-
resents a trade-off between the input power requirement
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and the number of TE coolers used in the TE unit. How-
ever, the multi-objective nature of the formulation al-
lows the incorporation of different designer preferences
with respect to these objectives. This paper represents
the first step in the development of a design and analysis
approach for the practical implementation of ABE
systems.
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