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Abstract

Generating electricity from the sun using a combination of a
compound parabolic concentrator (CPC) and a thermoelectric
module (TEM) has been studied. The system was modeled,
analyzed and tested. The model equations and the
methodology used for the demonstration are presented and
experimentally validated. The experimental setup comprised a
manually fabricated CPC placed on a commercially available
TEM. The results showed that the combination can generate
and sustain enough power for a small appliance. It was also
shown that there is enough dissipated heat from the system
which could be harnessed for additional uses. The cost is still
high, about $35/Wp, but if credit is given for the thermal
energy the initial cost goes down.

Nomenclature

A Area[m?]

CR Concentration ratio

h  Heat transfer coefficient [W/m?K]
I Electrical current [A]

I, Solar radiation [ W/m?]

K Thermal conductance [W/K]

L  Thermoelement length [m]

Ni Number of thermoelements

P Power [W]

g Heat flow [W]

R Electrical resistance [Q]

Si» Concentrated solar radiation [W/m?]
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Temperature [K]

Heat loss coefficient [W/m?K]
Voltage [V]

Velocity of air [m/s]

Figure of merit
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Greek Symbols

a Seebeck coefficient [V/K]

AT Temperature difference [K]

& Emittance

Thermal efficiency

Acceptance angle [°]

Thermal conductivity [W/mK]
Electrical resistivity [Q2-m]
Stefan-Boltzmann constant [W/m?K*]
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Subscripts

Relating to the surrounding ambient air
Cold side of thermoelectric
Hot side of thermoelectric
Heat sink

Thermoelectric module
n-type thermoelement

P- type thermoelement
Thermoelement

Water

Loss, load
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1. INTRODUCTION
1.1 Thermoelectric generators

Thermoelectric generators (TEG) convert heat energy directly
to electricity. They have the advantage of being able to operate
from a low grade heat source as well as from a high grade heat
source. This is a great advantage because this makes them
appropriate to be used for waste heat conversion into
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electricity and also for harnessing electricity from the sun [1,
2].

A thermoelectric generator is a unique solid state energy
generator. It has no moving parts and is very reliable and
environmentally friendly. It consists of an array of n- and p-
semiconductor thermoelements connected electrically in series
and thermally in parallel. They are joined at the ends and are
sandwiched between two ceramic insulators which also serve
as their foundation and electrical insulator. This arrangement
forms a thermoelectric module (TEM). The thermoelectric
module is then sandwiched between a heat source and a heat
sink creating a temperature difference between the module’s
hot surface and the cold surface. As a result of this
temperature difference, a current flows through an external
load resistance. An electrical power is generated as long as the
temperature difference is maintained between the two
surfaces. The module in this form is known as a thermoelectric
generator (TEG). A basic arrangement is as shown in the Fig.
1.

Heat

source .
\‘ Heat input
b Q

Thermoelectric
device

Electrical power
output P

Heat sink

Heat dissipated
Q:

FIG. 1. THE BASIC ARRANGEMENT FOR THERMOELECTRIC
POWER GENERATION.

The thermoelectric generators make no noise when they run
and if any noise at all, it will come from the fan (for the air
cooled system). For water cooled system, there is practically
no noise at all. The TEG’s are modular and so increments in
power output can be achieved by simply adding more modules
to the system

The TEM has low conversion efficiency. The low conversion
efficiency has been a major factor limiting their application in
electrical power generation. It has also restricted their use to
specialized situations where reliability is a major consideration
[3, 4]. It is not surprising though because the TEM is a thermal
device which operates between two temperature regimes,
therefore the Carnot efficiency limits its absolute energy
conversion efficiency.

Over the past four decades, improvements in the conversion
efficiency have been marginal. The challenge has been the
development of thermoelectric materials with an improved
dimensionless figure of merit ZT (T is the absolute
temperature, Z = o’lpA. d’lp is referred to as the electrical
power factor) [5]. The thermoelectric material commonly in
use now is the Bismuth Telluride Bi,Tes and currently, the
best thermoelectric material possesses a maximum value of ZT

approximately 1. Although a number of new promising
approaches in improving ZT have been proposed, these are yet
to be realized in practice [5].

Several other parameters also affect the power output and the
conversion efficiency of the TEG; these have been studied by
Rowe, Min, Chin, and others [3, 6, 7, and 8]. Amongst these
parameters, the temperature difference has the greatest effect
on the power output. This is quite fortunate because there is
an abundance of waste heat sources which can be harnessed
for power generation. However, the quality of the heat source
is important. High temperature energy sources result in higher
power output and higher efficiencies because of the high
temperature differences, AT’s [7, 9]. But a combination of
even a low grade heat source and a good heat sink can result in
a good temperature difference and hence, a substantial power
output [10].

Ideally, a large power output can be generated while
dissipating only a little quantity of heat to the sink, but this is
not so in the actual case. Rather over 95% of the heat input is
dissipated to the heat sink while the rest is converted into
power. This large dissipated quantity of heat can still be useful
if harnessed also [5].

1.2 Compound parabolic concentrators (CPC)

The sun is a good source of low grade heat energy and its
energy comes free. Chen, [11], and Khattab and Shenawy [12]
have shown that meaningful power output can be obtained
from the TEG driven by the solar energy. The solar energy
can be utilized more efficiently when it is concentrated. This
can be done using solar concentrators. There are different
types of solar concentrators [13, 14] but the type to be used for
this work is the compound parabolic concentrator (CPC). The
CPC is a concentrator with each side a parabola as shown in
Fig. 2.

The analysis of the CPC can be found in [13, 14 and 15]. The
CPC is most useful as linear or trough-type concentrators
which are two-dimensional in nature, but for this work, a
three-dimensional CPC is more suitable.

This work aims to demonstrate the concept that the 3D CPC
can be suitable in harnessing the solar energy and generating
power when coupled to a TEM. It also aims at showing that
the dissipated heat is large enough to be harnessed too. This
latter part is hoped to be achieved by using water as the
cooling fluid in the heat sink. The water, which gets
preheated, could then be channeled for space heating and/or
domestic hot water use, thereby saving energy and reducing
energy costs.

The objective of this work is to estimate the feasibility,
efficiency, and cost effectiveness of combining a small CPC
and a TEM to produce electrical and thermal energy from the
sun. The approach is to develop a relatively straightforward
mathematical model and then to build a prototype and make
experimental measurements consistent with a preliminary
proof-of-concept evaluation.
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FIG. 2. CROSS SECTION OF A NONTRUNCATED COMPOUND
PARABOLIC CONCENTRATOR (CPC) [14]

Analyses of the CPC, the basic equations of the TEM together
with an energy balance of the TEM were used to develop a
mathematical model to simulate the performance of the
CPC/TEM system. The model was developed for a water
cooled system but the generator performance was validated
with an air-cooled system for which actual experimental
results were obtained.

2. THEORETICAL ANALYSIS OF THE SYSTEM

2.1 Evaluation of the CPC

The CPC is here evaluated to determine the upper limit of the
concentration and also to establish its operating temperature
limits. As the CPC was truncated, it is necessary to determine

the effective height of truncation for this application.

According to [13, 15], the geometrical concentration ratio of
the CPC CR is given as

crR-A @)
A

where A, = aperture area
A, = receiver area.

Applying the second law of thermodynamics to the

concentrator, the theoretical maximum possible concentration
ratio obtainable from it can be evaluated to be

CR.. -t @

max,3D T o 21
Sin® 20, .,

where O = Maximum acceptance angle

From the above equation, the optical limits of concentration
can also be obtained. Note CR < CRpyax.

The second law of thermodynamics also prescribed the
operating temperature limits of the concentrator [15]. If the
heat loss due to radiation is assumed the dominant loss factor,
the maximum receiver temperature T, can be found to be

1
71 @
gl’ max

where T, = effective temperature of the sun
7 = overall transmittance of the concentrator
os = solar absorptance of the collector-absorber plate
surface
& = emittance of the receiver surface
n. = fraction of energy absorbed at the receiver that is
delivered to the TEM thermoelements.

e 1S given as

7. :np_uc(Tc_Ta) (4)

where #,= optical efficiency of the concentrator
U, = overall concentrator heat loss coefficient
T, = collector plate temperature

The truncation height of a 2D CPC can be determined as given
in [13], but the method cannot be applied to 3D CPCs. For this
experiment, a convenient truncation height was chosen. It was
truncated to a height-to-aperture ratio of 1. The truncated
height was 110mm corresponding to a 70% truncation. For a
chosen O of 28° the untruncated values of CRy. and CR
obtained were 17:1 and 10:1 respectively.

Truncation affects the performance of the CPC though not
greatly, therefore, the actual concentration ratios obtained
from the experimental CPC are less than the calculated values.

2.2 Evaluation of the TEM

Rowe and Min in [3] evaluated the generating performance of
the TEM in terms of its power output, conversion efficiency
and reliability. They further investigated the potential for
improving its performance based on the power-per-area, cost-
per-watt and manufacture quality factor. They evaluated
several commercially available modules. They presented that
when consideration is taken of the effects of thermal and
electrical resistances, the power output per unit area
(p=P/NusAw), and the conversion efficiency of the module are
given by,

a’ N, AAT? (6)

2p (I1+n)1+2rl/1)
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where ¢ = conversion efficiency
I, = thickness of the insulating layers in the TEM
n and r = contact parameters of a given module

n=pdpandr=J/A

where  p. = electrical contact resistivity
A = thermal contact resistivity

From Egs. (6) and (7) the conversion efficiency can be
estimated together with the corresponding maximum power
output. The manufacture quality factor F can be obtained by
rewriting Eq. (6) as,

p= F.NmATz(:’;IA{“j )

where

~ 1 9)

)2

It can be seen that the contact resistances seriously affect the
generating performance of the TEM.

The commercially available module by Melcor [16] used for
this experiment has similar properties to the ones used in [3].

2.3 The system model

The arrangement of the setup for this experiment is shown in
Fig. 3. It may also be expressed as a one-dimensional
equivalent thermal network as in Fig. 4.

When a constant heat flux is applied to one side of the
thermoelectric generator and the other side is kept at a lower
temperature, an electrical power output is obtained.
Traditionally, thermoelectric systems are analyzed using the
thermal resistance model, so in this case, an equation for this
output power can be derived by carrying out an energy
balance of the system’s thermal resistance network - Fig. 4(b).
This equation depends on the thermoelement geometry and
material parameters as well as on temperature difference
across the TEG.

The energy balance at the nodes from Fig. 4(b) may be written
as:

At node 1:

0; =S Ay — 4, (10)

Sin = 7cec IsCR (11)

e L I PN 37 (12)

Solar radiation I
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FIG. 3. THE ARRANGEMENT OF THE CPC/TEM
THERMOELECTRIC GENERATOR.
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FIG. 4. (A) THE SCHEMATIC DIAGRAM OF THE TEG. (B) THE
ONE-DIMENSIONAL EQUIVALENT THERMAL NETWORK.

At node 3(hot junction):

T-T, (13)
R +R

copper ceramic

0; =

At node 4(cold junction):

P= q; —4q, (14)
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T,-T, (15)

ceramic + Rhs +R

QA:R

convection

When heat conduction effect and internal irreversibility, such
as Joule’s heating effect due to the electrical current and
Peltier heating/cooling effect are taken into consideration, the
basic set of heat balance equations at the hot and cold
junctions can then be given as:

q, = T, +K(T, -T,)-0.512R (16)

q. =T, +K(T, -T,)-0.5I°R (7)
where K and R are respectively the thermal conductance and
the internal electrical resistance of the thermoelectric device,
and « is the Seebeck coefficient of the thermoelectric device,
which according to [17] is temperature dependent. a then
becomes the difference between the Seebeck coefficients of
the p- and n- thermoelements at the given temperature

a=a,-a,

The electrical power according to [17] is given as

2
P IZRL :|:Nth(ap _anXTh _Tc)i| RL (]_8)
R _+R

For maximum power generation the load resistance R, should
equal the internal electrical resistance R of the TE device [18,
19].

According to [17], the thermal conductance K of a TE module
is dependent on the thermoelement length L, cross-sectional
area Ay of a single element and the effective thermal
conductivity of the thermoelement material A and is
expressible as

K = ZNML'E‘“ (19)

The internal electrical resistance R of the module is related to
Nin: number of thermoelement pairs, Ay, cross-sectional area
of a single element and p: average electrical resistivity of
thermoelement material as

R= 2N, 2= (20)
Ay

Combining Egs. (10) to (20) for a maximum power output
situation and where T, = Tz and T, = T,4, the model equations
for the power output and heat flow are obtained as

P NmAm[(ap_anXTs_TA)]Z (21)
8L

NIhA[h(ap _an)z(Ta _T4)T3 _ N A [(ap _anXTCi _T4)]2

e 4plL 16pL
+2N,, % A, (T, -T,) (22)
0, N, (o, =, BT, =T, )T, L NuA, llery -, YT, - T.)F
4pL 16 oL
+2N,, % A, (T, -T,) (23)

The output current is given as

Anla, -, ST, - T,) (24)
4pL

The output voltage can then be obtained from the simple
relation of

P=IV (25)
The thermal efficiency # of the system is given as

n=P/q, (26)
The system overall efficiency 7, is given as

1, = P/l @7)
2.4 The Experimental setup

The compound parabolic concentrator, which was manually
designed and fabricated, was attached to a thin copper heat
spreader which in turn was lapped unto a Melcor
thermoelectric module HT 4-12-40 with 127 pairs of
thermoelements and a maximum specified temperature of
200°C (473K) [16]. These formed the hot side of the TEG.
The other surface of the TEM was coupled to a heat sink to
form the cold side of the TEG. A Nidec TA350DC 12V DC
cooling fan was then attached to the heat sink. The fan had a
flow rate of 56CFM. If the setup were to use water for
cooling, then the heat sink would instead be placed in a water
jacket through which cold water would be passed. The setup is
as shown in Fig. 5.

T-type thermocouples were attached to both the upper and
lower surfaces of the TEG to measure the surface
temperatures. For measuring the properties of the air, a Kestrel
3000 digital meter capable of measuring air velocity,
temperature and humidity was used. Digital multimeters
(Fluke 3 1/2 digit) were also used to read the current, voltage
and temperature output. A CM3 pyranometer (S/N 026212)
with a sensitivity of 22.31x 10° V/Wm? was used for
measuring the insolation. The whole setup (Fig. 5) was then
mounted on a manual solar tracker as shown in Fig. 6. The
instrumentation for the experiment is as shown in Fig. 7.
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FIG.5. THE EXPERIMENTAL CPC/TEM THERMOELECTRIC
GENERATOR SETUP.

Detailed measurements of parameters like the thermal
interface resistances between the TEM and the heat sink were
neglected. Such parameters obviously come into play in a full
concept evaluation. The parameters measured were just
enough to establish the feasibility of the concept.

At the beginning of the experiment, separate tests were carried
out to test the performance of the CPC under various
conditions. One condition was when the CPC was covered
with a transparent UV stabilized plastic material and another
was without cover. The CPC was placed over the pyranometer
such that the pyranometer was at the focal point of the CPC.
The setup was then faced towards the sun and the pyranometer
reading was taken.

The CPC was then coupled to the TEM and several sets of
voltage, current and temperature readings were taken for
different periods of the day with the sun as the heat source.
These readings were only taken when the pyranometer reading
indicated a maximum insolation. The average reading of each
set was obtained. The cooling fan air velocity V,, the hot and
cold surface temperatures T, and T, and the ambient
temperature were also measured at any period of reading.

The TEM was later subjected to a different heat source to
compare the output with that of the sun as the heat source and
again to know the behavior of the TEM at elevated
temperatures.

The heat source used this time was the electric iron with a
maximum surface temperature of 200°C (473K) (though this
was never reached during the experimentation). The iron was
placed on the TEM to cover the whole surface and the cooling
fan was turned on. The voltage, current and temperature

readings were then taken at different electric iron surface
temperatures.

&

FIG. 6. THE EXPERIMENTAL SETUP MOUNTED ON A MANUAL SOLAR
TRACKER AND PLACED IN THE SUN.

FIG.7. THE INSTRUMENTATION FOR THE EXPERIMENT

2.5 Uncertainty analysis

The uncertainty in the experimental data was analyzed using
the method presented by Kline and McClintock [20] on the
basis of the uncertainties in the primary measurements.

If the result R is given as a function of independent variables
X1, X2, X3, «ver. , Xn, then
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R = R(X., Xy, Xgyeens X;) (28)

The uncertainty in the result wg is given as

2 2 2
" Mmj {%] (m” (29)
24 0X, oX,

where wi, W, Ws, ..., W, are the uncertainties in the
independent variables. The calculated uncertainties for the
different parameters are shown as percentages in Table 1.

N[ =

TABLE 1: CALCULATED UNCERTAINTIES FOR DIFFERENT

PARAMETERS
Parameter Uncertainty (%)
Voltage 12.30
Temperature 12.03
Heat energy 12.16
Efficiency 11.80
Power 19.00
Current 11.47

3. RESULTS AND DISCUSSION

In the setup where the CPC was covered denoted setup A, the
measured pyranometer reading was 6055 W/m? against the
945 W/m? obtained from the pyranometer alone without being
attached to the CPC. This 945 W/m? is within the range of the
average normal insolation obtained in UMass Lowell,
Massachusetts where the experiment was conducted. The
setup where the CPC was not covered (denoted setup B) even
gave a higher value of 7167 W/m?® Other setups were tried
but the setups A and B gave higher pyranometer readings.
Ordinarily, it is expected that because of losses due to
convection, the setup B will result in a lower temperature
readings than that of A. When the CPC was covered, the cover
reflected irradiation back into the atmosphere. Hence the
higher value in setup B. The experiment was carried out
mostly in the B setup. This gave a concentration ratio of 7.6:1
as compared to the designed concentration ratio of 10:1. This
was because the CPC was truncated and manually fabricated.
The surface had some defects and was uneven. These resulted
in some losses due to reflection of energy back into the
ambient. Nevertheless, the CPC was able to give some
reasonable results.

A typical set of results can be seen from the plot of the results
(Figs. 8 and 9). Plots of the values obtained from the
experiment indicate an agreement with the guiding equations.
A plot of the power output P versus the temperature difference
AT is quadratic which agrees with the equation relating both of
them.

It is necessary to point out that P was not measured directly
but rather, was calculated from Eqg. (25), but values of the
current | and the voltages V generated were measured directly

from the setup. The heat dissipated g, was not measured but
was also calculated. The irradiation heat input gs; was
calculated from the temperatures measured on the hot and cold
junctions of the TEM. At the same time, the pyranometer
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FIG. 8. PLOTS OF (A) POWER OUTPUT VERSUS TEMPERATURE
DIFFERENCE. (B) POWER OUTPUT VERSUS IRRADIATION HEAT
INPUT. (C) HEAT INPUT, HEAT DISSIPATED VERSUS TEMPERATURE
DIFFERENCE.
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reading was taken to obtain the corresponding solar
irradiation. With the pyranometer reading being in V/Wm?,
the voltage obtained was simply read off and then related to
the pyranometer sensitivity and the unconcentrated irradiation
heat was obtained. This is necessary for the estimation of the
system’s overall efficiency. The values used were actually
average figures because the readings kept fluctuating.

From Figs. 8(a) and (b), it will be observed that as the heat
input gz into the TEM, and the temperature difference AT, are
increased, the power generated by the TEM increased
exponentially. The heat dissipated g, also increased but
fortunately, linearly as shown in Fig. 8(c). It could also be
seen that g4 reacts directly proportional to AT as shown by the
linearity of their plot. This means that with an increased AT
more power could be obtained without losing much heat
exponentially to the ambient or the reservoir. It was observed
from the plot of 8(c) that about 97% of heat input into the
system is lost to the reservoir, but could be harnessed from the
heat sink.

As stated earlier, a plot of g4 versus g is linear indicating that
as gs is increased, g4 also increased, but with g3 being
increased alone without an increased cooling, the heat
dissipated g, in this case is more than that dissipated with a
high A4T. A high gz without cooling results in a high g4 and a
lower AT and therefore a lower power output. So, a higher gz
should be matched with a high AT to actually lower the q,
value. At whatever gz, there is a consistent ratio of P to g, and
since the g4 is consistent and significant, it could then be
harnessed for use knowing it will always occur.

From the graph of the thermal efficiency # versus heat input gs
(Fig. 9a) and thermal efficiency # versus temperature
difference AT (Fig. 9b); it could be observed that the thermal
efficiency increases with increasing heat input and increasing
temperature difference. The overall efficiency is defined (Fig.
9c) as electrical energy out relative to solar irradiation in (with
the fan energy not included). This is lower than the thermal
efficiency as expected but it increases with increasing solar
irradiation. The limit of increase was not determined in the
experiment but it is obvious that the performance of the
TEM/CPC improves with higher heat throughput.

Looking at Fig. 9 (except Fig. 9¢), one can note the section of
the graphs which were contributed by the CPC are the lower
left sections. It is now left to be shown that the CPC can be
made to raise the heat quantity passed through the TEM to
match or come close to that of the electric iron used for the
test. The major setback in the performance of the CPC was the
unevenness of the surface. The concentrator was found to be
slightly off focus due to errors during fabrication. Losses due
to convection also contributed to the low performance of the
CPC. Insulation around the CPC with cover could help reduce
the heat loss on the hot side of the TEM.

If the concentration is increased such that the AT’s are
increased to match that achieved by the electric iron, the
results exhibited by the upper section of the graph would be
obtained. With the CPC configuration made such that this

concentration could be achieved, then it is possible to achieve
this expectation.
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FIG. 9. PLOTS OF (A) THERMAL EFFICIENCY VERSUS HEAT
INPUT. (B) THERMAL EFFICIENCY VERSUS TEMPERATURE
DIFFERENCE. (C) OVERALL EFFICIENCY VERSUS SOLAR
IRRADIATION.
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The configuration of the CPC is such that the heat sink can
accommodate two TEMSs. The fan itself can accommodate
four TEMs. This means four times power output from the
same fan power input. However, the ratio of the concentrator’s
depth to the reflector aperture can become excessive and
impracticable at some point. That determines the upper limit
of the low grade concentration achievable from that CPC.

The fabricated concentrator concentrated the solar energy on a
particular area of about 20% of the surface area of the TEM.
The temperature distribution on the surface of the TEM is
estimated to be as shown in Fig. 10. A copper plate, or heat
spreader, was added to distribute the heat on the TEM. A
black coating was also added to the heat spreader to increase
absorptance. That resulted in about 20% improvement on the
temperature distribution on the TEM.

T(K)

A

350

317

p Width of TEM

FIG. 10. TEMPERATURE DISTRIBUTION ON THE SURFACE OF THE
TEM.

4. EXPERIMENTAL VALIDATION

A comparison between the predicted results from the model
equations and the experimental results shows an agreement
between them. This indicates that the model is sufficiently
good to simulate the system performance.
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FIG. 11. COMPARISON OF DATA: PREDICTED VALUES AND
EXPERIMENTAL VALUES FOR (A) POWER OUTPUT VERSUS
TEMPERATURE DIFFERENCE. (B) THERMAL EFFICIENCY VERSUS
TEMPERATURE DIFFERENCE

Two of the comparison plots of the data obtained from the
module tests are shown in Fig. 11. The experimental data here
compared well within the expected uncertainty range with the
predictions of the analytical model as the other plots did. The
configuration used for generating the values for Fig. 11 is that
with the copper plate as the heat spreader on the TEM and no
cover for the CPC.

5. CONCLUSIONS

The concept of combining a compound parabolic concentrator
with a thermoelectric module to produce electricity and
thermal energy from the sun was explored with a
mathematical model, a simple prototype, and some
preliminary experimental measurements. The measurements
were consistent with the model predictions and established
proof-of-concept. Efficiencies of electrical power generation
reached 3% experimentally, with costs estimated at about
$35/Wp. There is considerable potential to capture thermal
energy for water or air heating otherwise dissipated to the
atmosphere and then obviously to increase efficiency and
lower cost per unit of useful energy produced. The major
driving factor in the performance of the TEM/CPC system is
the temperature difference across the TEM sides. Therefore,
the major aim in running such a TEG would be to have a good
temperature difference AT and a good cooling system. An
idea for future analysis would be to use a TEM to help cool a
photovoltaic cell in a CPC system.
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