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Abstract

A procedure is developed to assess the potential of thermoelectric modules when used for electrical power generation. The generating
performance of a thermoelectric module is evaluated in terms of its power output, conversion efficiency and reliability, while the potential
for improving its performance is investigated based upon the power-per-area, cost-per-watt and manufacture quality factor. The methods
employed in determining these parameters are described and used to evaluate several commercially available modules. The results show
that a thermoelectric module is a promising device for low temperature waste heat recovery. © 1998 Elsevier Science SA. All rights

reserved.
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1. Introduction

The relatively low conversion efficiency of thermoelec-
tric modules (~ 5%) has been a major factor in limiting
their applications in electrical power generation and has
restricted their use to specialised situations where reliabil-
ity isamajor consideration [1]. However, one exception is
the thermoel ectric recovery of waste heat when it is unnec-
essary to consider the cost of the thermal input [2]. Conse-
quently, the low conversion efficiency is not a serious
drawback. The primary consideration in this application is
to optimise the thermoelectric module to provide maxi-
mum power output. A previous investigation has shown
that the power output of thermoelectric modules can be
improved by optimising the thermoelement length [3].
Accompanying recent progress in this field is an urgent
need for reliable information on the generating perfor-
mances of thermoelectric modules. Generaly, the power
output and conversion efficiency provide a rough estima-
tion of module performance when operating in the generat-
ing mode. However, additional information such as the
power-per-unit-area, cost-per-watt, quality of module fab-
rication and reliability is required to evaluate its commer-
cial potential for its intended application and to identify
areas of further improvement in module performance. Fur-
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thermore, this information would also facilitate a direct
comparison of currently available modules of different
design and assembled using different fabrication processes.

2. Maximum power output and conversion efficiency

Two types of commercially available multicouple ther-
moelectric modules are shown schematically in Fig. la—h.
Type A was originally designed for cooling applications
and possesses significant inter-thermoelement separation.
In this type of module, n- and p-type semiconductor
thermoelements are connected electrically in series by
highly conducting metal strips and sandwiched between
thermally conducting but electrically insulating plates. Type
B has been developed recently for power generation and is
densely constructed with very small inter-thermoelement
separation. However, the conducting metal strips in the
latter module are not insulated and the module cannot be
attached directly to electrica conductors, such as an alu-
minium heat sink.

Maximum power output of a thermoelectric module is
defined as the power output generated when the module
resistance matches the load resistance. In principle, the
maximum power output of a thermoelectric module can be
measured readily when it has a temperature difference
across it. However, in practice, accurate measurement of
power output requires an appropriate circuit which min-
imises the problems associated with the very low thermo-
electric module resistance and fluctuations in signal mea-
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Fig. 1. Schematic diagrams of multicouple thermoelectric modules. (a)
Type A configuration with ceramic insulating plates and large inter-ther-
moelement separation; (b) Type B configuration without ceramic insulat-
ing plate and with very small inter-thermoelement separation.

surements due to the Peltier effect. In Fig. 2 is shown a
circuit designed to overcome these problems, which en-
ables an accurate measurement to be made of the thermo-
electric module maximum power output. When a tempera-
ture difference is established across the module, voltages
V, and V, are measured at terminals a and b when the
switch is open and closed, respectively. The maximum
power output of the module can be calculated using

Prox = N (1)
e 4RL(V1/V2 - 1)

where, R, is the load resistance which includes contribu-
tions from all the wires and connections in the circuit. The
electrical resistance of a module (R,,) can also be obtained
from,

Vl
R,=R_ 72 -1 (2)
Fig. 3a—b display the maximum power output as a function
of temperature difference for modules which possess dif-
ferent geometry as listed in Table 1. The modules denoted
‘I’ indicate that they possess 127 thermocouples having a
thermoelement cross-sectional area of about 1.4 X 1.4 mm?
(Fig. 3a). While those denoted ‘1I’ and ‘III" possess 33

3

Fig. 2. Circuit for measuring the maximum power output and resistance
of thermoelectric modules.
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Fig. 3. Maximum power output as a function of temperature differences.
(a) Modules with 127 thermocouples and a cross-sectional areaof 1.4 1.4
mm?; (b) Modules denoted |1 possess 31 thermocouples and a cross-sec-
tional area of 4.5x 4.5 mm?. Module denoted 111 possesses 49 thermo-
couples and a cross-sectional area 5.0 5.0 mm?.

thermocouples with a cross-sectional area of about
45x 45 mm? and 50 thermocouples with a cross-sec-
tional area of 5.0 X 5.0 mm?, respectively (Fig. 3b). It can
be seen that the maximum power output increases parabol-
icaly with an increase in temperature difference. For a
given temperature difference, there is a significant varia-
tion in maximum power output for different modules due
to variation in thermoelectric materials, module geometry
and contact properties. However, as shown in Fig. 3a, the
maximum power output follows a clear trend and increases
with an decrease in thermoelement length for a given
Cross-sectional area.

Measurement of the conversion efficiency of a thermo-
electric module presents difficulties because it requires an
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Table 1
Thermocouple number (N), cross-sectional area (A) and thermoelement
length (1) of several commercially available modules

Modules N A(mm?) I (mm) A/l (mm)
1-1-2 127 1.35%X1.35 153 1.19
1-2-2 127 1.47%1.47 147 1.47
1-3-1 127 1.40x1.40 114 1.72
1-3-2 127 1.40% 1.40 2.03 0.96
1-3-3 127 1.40x1.40 254 0.77
11-1-2 31 4.30x4.30 1.52 12.16
11-2-2 31 4.50%4.50 1.67 12.12
111-1-3 50 5.00x5.00 3.00 8.33

accurate determination of the heat input absorbed at its hot
side. However, a redlistic estimate of the module conver-
sion efficiency can be made which is based upon the
maximum power output and its relationship to the contact
properties. When consideration is taken of the effects of
thermal and electrical contact resistances, the power output
per unit area ( p = P/NA) and the conversion efficiency of
a module are given by [3],

a? NAAT?2
P_2_p(|+n)(l+2rlc/|) )
Th_Tc 2 1(Th_Tc)
- 1+2rl /1)%2-=
¢ ( T {(+rc/)[ ANER
4 l+n -
T\, (4)

where, «, p and z are the Seebeck coefficient, electrical
resistivity and figure-of-merit respectively of the thermo-
couple material; N the number of thermocouples in a
module; A the cross-sectional area of thermoelements; T,
and T, are the respective temperatures at the hot and cold
sides of the module; |, the thickness of the insulating
ceramic layers, n=p./p and r = A /A, where p, and A,
are the electrical and thermal contact resistivities. The
contact parameters n and r of a given thermoelectric
module can be determined from the maximum power
output using a method described previously [4]. The con-
version efficiency, ¢, can then be estimated using Eq. (4).
In Fig. 4 is shown the conversion efficiency, together with
the corresponding maximum power output, as a function of
thermoelement length for different temperature differences
a n=0.1 mm and r = 0.2 (both are typical values for the
type A commercialy available modules). It can be seen
that a conversion efficiency of 3% can be achieved for
modules with a thermoelement length around 1.5 mm and
operating at a temperature difference of about 80 K with
the cold side at 300 K. The conversion efficiency of the
modules can be improved by operating at a larger tempera
ture difference and/or increasing the thermoelement
length. However, the maximum power output will be
reduced if a longer thermoelement is employed. Conse-
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Fig. 4. Power output per unit area and conversion efficiency as a function
of thermoelement length.

quently, thermoelement length is usually a compromise
between that required for the maximum power output and
that for maximum conversion efficiency and should be
optimised to obtain minimum cost (£/kWh) taking into
account the cost of heat sources [5].

3. Manufacture quality factor (MQF)

Maximum power output and conversion efficiency of a
thermoelectric module provide useful information on its
performance as a generator. However, as indicated by Egs.
(3) and (4), both the maximum power output and conver-
sion efficiency depend upon temperature difference, ther-
mocouple materials, module geometry and contact parame-
ters, the latter being closely associated with the module
fabrication process. The performance of a module, having
thermoelements with a fixed geometry, fabricated from a
given materials and operated in a given temperature regime,
will be determined by its quality of manufacture. Manufac-
ture quality includes selection of contact materials and
formation of electrical junctions and thermal contact lay-
ers. In order to quantify the manufacture quality, the
influence of the temperature difference and module geome-
try has to be separated from those factors associated with
the manufacturing process. Rewriting Eqg. (3) as,

2 ? A
P=F- -NAT 2—p (T) (5)
where
1
F= (6)
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or
e ™
N“z(z—p )

where F is referred to as the manufacture quality factor
(MQF). It can be seen from Eq. (6) that F approaches
unity when the electrical and thermal contact resistances
are negligible and/or the thermoelement length ap-
proaches infinity. The maximum power output and conver-
sion efficiency then approached those predicted by the
‘ideal’ model [6]. However, in practice, a relatively short
thermoelement should be employed to obtain large power
output. Consequently, a large F can only be obtained by
reducing the thermal and €electrical contact resistances. In
Fig. 5 is plotted F as a function of thermoelement length
for different contact resistances. It can be seen that for
modules with the same thermoelement length, any varia-
tion in F indicates differences in the quality of manufac-
ture. Furthermore, it is noted that each curve in the figure
represents a group of modules which possess identical
contact properties (determined solely by the manufacturing
process), athough their thermoelement lengths may be
different. Consequently, the module manufacture quality
for different thermoelement lengths can be compared by
identifying their corresponding curves. Evidently, F is a
useful parameter which measures manufacturers' ability to
fabricate high-quality modules based upon the available
materials and it can also be used as a pointer for improving
module performance.

The F of commercially available thermoelectric mod-
ules can aso be estimated experimentally using Eq. (7)
and the results are displayed by solid circles in the figure.
It is apparent that the module manufacture quality for the
majority of the manufacturers is quite similar with F
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Fig. 5. Manufacture quality factor F as a function of thermoelement
length for n=0.1 mmand I, =1 mm.

values ranging between 0.6 to 0.8 for a thermoelement
length of around 1.5 mm. However, module 111-1-3 ex-
hibits a significantly poorer MQF because of different
contacts and manufacturing process. Evidently, this result
also indicates that the performance of module 111-1-3 can
be increased significantly by improving its MQF.

4. Power -per-area and cost-per-watt

The power-per-area of a module is defined as the ratio
P/A.,, where P is the power output and A, the area of
the module, while the power per area of thermoelementsis
defined as the ratio P/2NA, where A is the cross-sec-
tional area of a thermoelement and N the number of the
thermocouples employed in a module. There are basically
two types of commercially available thermoelectric mod-
ules. Modules denoted | and 11 in Table 1 possess atype A
configuration, while the module denoted 111 is type B. In
Table 2 are compared the power-per-area for both types of
modules from severa different manufacturers. It can be
seen that type A possesses a significantly larger P/2NA
than that of type B, which may result from different
fabrication techniques. However, P/A,, of type A is only
dlightly larger than that of type B because of the signifi-
cant separation between the thermoelements in type A.
These results indicate that the ratio P/A,, of type A can
be increased by reducing the inter-thermoelement separa-
tion. It is estimated that the ratio of 2NA/A,, can readily
be increased from about 0.35 to 0.50 for type A, which
results in an increase of about 40% in the power-per-area.
Although the inter-thermoelement separation is very small
for type B, the thermoelement power-per-area (P/2NA) is
low compared with that of type A. Asindicated in Section
3 using MQF, type B possesses relatively poor contact
properties.

In Table 2 are also collected the price and cost-per-watt
of currently available modules from several manufacturers.
It can be seen that the cost-per-watt for different modules
differs significantly, although these modules display much
less diversity in their power output. In general, the cost of

Table 2

Comparison of the power output per unit area, p, for different modules at
temperature difference AT = 65 K. A, is module area, A the thermoele-
ment cross-sectional area, N the number of thermoelements in the
module, P the maximum power output per module

Modules -2 122 131 I-12  111-1-3
A,, (mm?2) 1600 1600 1600 3025 2704
2NA (mm?) 463 549 489 1136 2500
2NA/ A, 029 034 031 038 092

P (W) 0.9 11 11 16 11
P/2NA(W/m?) 1940 2000 2210 1410 440
P/A,(W/m?) 560 680 690 530 406
Cost (£) 133 193 53 312 1033
£/W 148 176 48 195 939
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thermoelectrically producing electricity mainly consists of
the running cost and module cost. The running cost is
determined by its conversion efficiency, while the module
cost is determined by the cost of its construction to pro-
duce the required power output. Since the conversion
efficiency of a module is comparatively low, thermoelec-
tric generation using waste heat is an ideal application. In
this case, the running cost is negligible compared with the
module cost because the fuels cost very little or nothing.
Consequently, an important objective in thermoelectric
power generation using waste heat is to reduce the cost-
per-watt of the modules. It can be seen from Table 2 that a
figure of about £4/W can readily be obtained from mod-
ule I-3-1, which is comparable to that of the state-of-art
solar cell [7]. The low cost-per-watt of the module is
attributed to its Chinese origin and associated low manu-
facturing costs. Furthermore, cost-per-watt can be reduced
by optimising the module geometry, improving the manu-
facture quality and simply by operating the module at a
larger temperature difference. For instance, if the ratio of
2NA/A,, of amodule such as I-3-1 isincreased to 0.5 and
thermoelement length reduced to 0.7 mm, the correspond-
ing increase in the power output of the module will be
about 70% and 10%, respectively, as a result of an in-
crease in the ratio A/l and thermoelement length optimi-
sation [5]. However, the resulting increase in module cost
is unlikely to be significant. In addition, further doubling
in the power output can be achieved by increasing the
temperature difference of modul€e’'s operation from the 65
K employed in the present work to 100 K [5]. Conse-
guently, the cost-per-watt can be reduced to about £1/W.

5. Reliability and failure mechanisms

The cost-per-watt of a module provides a measure of its
economic performance to some extent. However, the ulti-
mate cost of the electricity generated using a thermoelec-
tric module is a function of the operating period and
consequently, related to its reliability. In general, the cost
of electricity generated thermoelectrically using waste heat
is given by,

Cost per watt

£ /kWh =
/ Meantimebetweenfailure

(8)

In Fig. 6 is shown the cost of electricity as a function of
the operating period for severa modules at a temperature
difference of 65 K with the cold side a 300 K. UK
domestic electricity consumption cost of about £0.08 /kWh
is aso given as a comparison. It should be noted that the
estimated price shown in Fig. 6 neglects the system con-
struction cost. Nevertheless, the results indicate that a
highly reliable module is required for thermoel ectric gener-
ation to be economically competitive. For commercialy
available modules, a mean-time-between-failure of over 10
years is probably the minimum requirement.
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Fig. 6. Cost of electricity as a function of operating periods. Solid lines
represent commercially available modules operated at AT = 65 K. Dashed
lines indicates the predicted cost for a module with improved power-per-
area operated at AT =100 K.

It has been reported that commercially available mod-
ules are very reliable when used as coolers and operated at
temperatures below room temperature [8]. However, the
results of a recent reliability study indicated that these
modules may be less reliable when operated above room
temperature as generators [9]. Preliminary results showed
that a significant change in the electrical resistance of the
modules is mainly responsible for the degradation of mod-
ule performance, while degradation in the Seebeck coeffi-
cient is less significant. Consequently, the electrical resis-
tance can be used as a indicator for module degradation. In
Fig. 7 is shown the change in AC resistance of modules as
a function of time. It can be seen that the electrica
resistance of modules increased by about 20% after a test
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Fig. 7. AC resistance of modules as a function of operating period at
temperature 100°C.
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period of 7600 h at a temperature of 100°C. A significant
increase in the electrical resistance of about 15% occurred
during first 300 h, while the degradation is much less
during the following 7300 h. Evidently, the reliability of
commercialy available modules needs to be improved for
“high’ temperature operation.

Preliminary failure mechanisms analysis indicated that
the modul€’s design and fabrication significantly affect the
reliability of the thermoelectric modules [9]. The degrada
tion rate is related to the melting point of the solder and
the thickness of nickel barriers. Scanning electron mi-
croscopy analysis also showed that the module degradation
is mainly related to the compositiona and structural
changes in the vicinity of junctions. Further investigation
is necessary in order to improve the module reliability for
‘high’ temperature operation.

6. Conclusions

Thermoelectric modules which were originaly devel-
oped for cooling applications aso exhibit a promising
performance for electrical power generation using waste
heat in the temperature range 300—400 K. The results
reported in this paper show that a cost-per-watt of about
£4/W can readily be obtained using commercially avail-
able modules with an appropriate thermoelement length. A
detailed analysis of module performance indicated that a
further reduction in cost-per-watt can be obtained using
optimised geometry with improved MQF. The power-per-
area can also be significantly improved by reducing the
inter-thermoelement separation. Although the inter-thermo-
element separation may not affect most cooling applica
tions, its reduction will significantly increase the power-
per-area of a module when it is used in generating mode.
The development of modules which operate reliably at
“high’ temperaturesis crucial in application of thermoelec-
tric waste heat recovery. If currently available modules had

a mean-time-between-failure of 10 years, they could pro-
duce electricity from a warm water flow (AT =60 K) at a
cost of £0.08/kWh. Implementation of module improve-
ments outlined in this paper would reduce the cost to a
redistic estimate of £0.02/kWh. The cost of integrating a
module into a generating system is unlikely to exceed the
cost of the modules. Consequently, a generating system
employing a large number of improved modules would
produce electricity at £0.04 /kWh, a price which compares
very favourably with that charged by major electric utili-
ties.
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