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Abstract
A systematic experimental investigation to understand the effect of heat loss and the thermoelectric aspect ratio (cross sectional area and length) on a flat plate solar thermoelectric system performance was carried out. The investigation involved a series of experiments on systems with 4
different sizes of thermoelectric generators, and it was tested in 5 different vacuum levels during
the steady-state. The detailed experimental investigation provided a substantial amount of data,
which revealed that the system performance of both heat and electricity power were improved
when the heat lost was minimised. The system’s performance strongly depended on the aspect ratio of the thermoelectric generators. This finding might have a significant impact on the cost of the
system by saving the user’s and the manufacturer’s time in examining different TEGs with different aspect ratios in order to get the optimum size optimisation of the hybrid system, as well as reduce the manufacturing cost.
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1. Introduction
As the solar absorber captures the incidental sun light and converts it through the thermoelectric device (TEG)
into thermal and electrical energy, therefore, the energy is largely dependent on the TEG temperature difference,
as the solar thermoelectric system requires high temperatures to achieve reasonable efficiencies [1], then, maintaining a high temperature is necessary to achieve better performance. There are few different approaches that
can be used to maintain a high temperature across the solar thermoelectric system. One of those methods is to
attach the TEG to a solar collector of the concentrator type, where the incidental heat can be increased. Another
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approach is to enclose the TEG in an enclosed space, to apply a vacuum level and to enable to reduce the
amount of heat lost (either from the TEG or from the solar absorber) to the surroundings. Recently, an experimental study of a solar thermoelectric system that was based on a sun tracking concentration system was implemented, the system’s electricity and heat efficiency of 5% and 50% at a TEG temperature difference of
150˚C was achieved [2], while Karmer et al. (2011) investigated the effect of the heat lost into the performance
of a flat panel solar thermoelectric system, by enclosing flat panel solar thermoelectric system in a vacuum
chamber, and electric efficiency of 5% was achieved [3].
The aim of this study is to investigate possible ways of improving the system performance. The approaches
being employed are in addition to the same methods conducted by [2] [3], the optimum solar thermoelectric hybrid system size optimisation is also investigated, and for this reason, an experimental model is built as shown in
Figure 1 and Figure 2, while the setup detailed is described as follows.

2. Experimental Set-Up
A flat panel solar thermoelectric system including a vacuum chamber was designed. The system consists of
three major parts—a vacuum cavity, a heat sink and a water container. The solar absorber and the TEG are
placed in an aluminium vacuum chamber, which is sealed from the top by special glass and from the bottom by
a heat sink. The TEG is sandwiched between the solar absorber and the heat sink. In order to facilitate the measurement of temperatures, the back of the solar absorber and the top of the heat sink were grooved with channels
in which two thermocouples were inserted for temperature measurements of the cold and hot sides of the TEG,
respectively. To ensure good thermal contact, the solar absorber were pressed against the TEG and, in turn,
against the heat sink by four plastic screws with the gaps filled with the heat sink compound (thermal paste).
As shown in Figure 1 and Figure 2, the assembly, consisting of the solar absorber, the TEG and the heat sink,
which was inserted into the opening at the bottom of the aluminium vacuum chamber and was sealed with an
O-ring that was placed on the edge of the heat sink and that was secured with four screws. As a result, the top
parts of the assembly (including the solar absorber, the TEG and the heat sink) were kept in the vacuum enclosure, while the lower parts of the assembly (i.e. the heat sink fins) were outside the vacuum chamber, and were
submerged in a thermally insulated water container. The top seal of the vacuum chamber is a piece of special
glass measuring 170 mm × 170 mm × 5 mm. The glass seal allows light irradiation to enter the vacuum chamber
and to shine onto the solar absorber. The light energy absorbed by the solar absorber is converted into thermal
energy. It passes through the TEG and the heat sink into the water. The control of the vacuum level in the
chamber leads to control of the heat losses. The experiments were performed in five different environmental
conditions and levels. They are categorised as follows:

Figure 1. The experimental set-up.
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Figure 2. The cross section of the experimental kit.

Condition 1: The system without glass (an unglazed system), at atmospheric pressure.
Condition 2: The system with glass cover (a glazed system), but at atmospheric pressure.
Condition 3: A glazed system at a vacuum level of 2 × 10−1 mbar.
Condition 4: A glazed system at a vacuum level of 8 × 10−2 mbar.
Condition 5: A glazed system at a vacuum level of 5 × 10−2 mbar.
Four TEG devices with different sizes were also employed. The dimensions, aspect ratios and internal resistances of these devices are shown in Table 1.

3. Results
3.1. Determination of Thermal Power
Since the thermal and electrical power that are produced by the system depended directly on the temperature
difference (∆T) across the TEG, the temperature differences (Th − Tc) of the TEGs were recorded from the moment when the light source was switched on until the period when the system reached the steady state. The
measurement was repeated for each TEG under each of the 5 different vacuum conditions, and results are shown
in Figure 3, which displays the temperature difference (∆T) of four different sizes of solar thermoelectric system (TEG aspect ratios) as a function of operating the vacuum levels.
Figure 3 proves that increasing the vacuum levels enhances the TEG ∆T, resulted by minimising of the heat
loss, the smaller the TEG used in the system, the more significant the enhancement is. An increase of 25% was
obtained in the system with the smallest TEG when the operating environment changed from Condition 2
(non-vacuum) to Condition 3 (low vacuum). The maximum increase in ∆T is 45%, which corresponds to the
change of the operating environment from Condition 1 to Condition 5. The results show the clear dependence of
the temperature difference on the operating environment. Increasing the vacuum level improves the ∆T. This effect is more significant in a system with a smaller aspect ratio. This can be understood through the influence of
the vacuum on the convective heat loss. With the knowledge of the ∆T that was obtained from the experiment
for each system, the thermal power (QTEG) at the steady state can be calculated using the Fourier law of heat
conduction (Equation (1)), this was due to the fact that more than 70% of the heat transferred through the TEG
device was caused by the conduction effect (Suter et al. 2011).

QTEG =

( k , A)TEG (Th − Tc )
L
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Figure 3. The temperature differences (∆T) across the 4 different TEGs’ aspect ratios at the steady state as a function of the
operating environments.
Table 1. The dimensions, aspect ratios, internal resistances and cost of the TEG devices that are employed in this experiment.
Sample ID
S1

A (m2)

Aspect ratio [A × 2N]/L (m)
0.031

1 × 10
2 × 10

L (m)

−6
−6

2 × 10

−3

1.7 × 10

−3

R (Ω)

N

Cost [£]

1.7

62

15

3.5

127

32

S2

0.292

S3

0.530

7.6 × 10−6

3.6 × 10−3

1.6

127

65

S4

0.690

1.7 × 10−5

2.4 × 10−3

0.2

48

50

where k is the thermal conductivity of the TEG materials with a value of 1.5 W∙m−1∙K−1.
The thermal powers that are transferred into the hot water through the TEG devices under the 5 operating
conditions were calculated, and they are displayed as a function of the aspect ratio of the TEGs in Figure 4, and
as a function of the vacuum level in Figure 5 (using the same set of data). The dependence of the thermal power
on the aspect ratio is evident. It can be seen that the thermal power at operation Condition 1 is ~2.5 W for the
smallest TEG Sample (S1), with an aspect ratio of 0.031 meter, while it is ~17 W for the largest TEG Sample,
with an aspect ratio of 0.68 metres, and the thermal power also increases with the increasing vacuum level.
However, the increase caused by increasing the vacuum level is limited if compared with the amount of increase
that can be achieved by changing the aspect ratio.

3.2. Determination of the Electrical Power Output
The open circuit voltages from the output terminals of the TEGs were recorded as a function of time, from the
moment when the light source was switched on until the period when the system reached the steady state. With
knowledge of the internal resistances of the TEGs, the electrical powers generated by the TEGs were calculated
using the following equation, which was cited in the literature [4].

P=

V2
4 RTEG

(2)

And the results were displayed as a function of time, as shown in Figure 6 and Figure 7.
It can be seen that the operating environment has a significant impact on the electrical power output of the
system. When operating in a normal atmosphere (Condition 1), all 4 of the TEGs of different sizes appear to
generate more or less similar power levels (0.07 W - 0.1 W). However, when the TEGs were operated in a high
vacuum (Condition 5), the difference in electrical power output among the different TEGs became much more
significant (0.1 W - 0.2 W). This is because the improvement in the TEG with the smallest aspect ratio was sub-
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Figure 4. Thermal power transferred into hot water through the TEG devices at the steady state as
a function of the TEG aspect ratio.

Figure 5. Thermal power transferred into the hot water through the TEG devices at the steady state
as a function of vacuum levels.

Figure 6. The electrical power outputs as a function of the aspect ratio of the TEGs for different
environmental conditions.
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Figure 7. The electrical power as a function of the vacuum levels operating for 5 different TEGs.

stantial—an increase by 64% from operation in Conditions 1 to 5, while the improvement is much less in the
TEGs that have large aspect ratios. The optimal aspect ratio to obtain the maximum electrical power output is
also affected by the environment conditions that are operating. This result clearly demonstrates that selecting a
TEG with an appropriate aspect ratio is crucial in order to obtain the best available power output for a given environmental operating condition. It brings significant benefits both to improving the maximum electrical power
output (0.1 W to 0.2 W) and to reducing the manufacturing costs, by saving material when using the small aspect ratio (0.031 metres) instead of the larger one (0.536) (the TEG material costs can be reduced to almost a 17
times of the original cost). The significant increase in the electrical power output of the TEG with the smallest
aspect ratio is due to the fact that the temperature difference across the TEG increased significantly when the
heat loss from the system was reduced through the use of a vacuum.

3.3. Determining the Optimal TEG Aspect Ratio for Maximum Electrical Power
As the results obtained in Figure 4 and Figure 6 indicate, the aspect ratio required to obtain the maximum thermal
power output is different from that required for the electrical power output. Changing the vacuum level can have
significant impact on determining the optimal TEG size optimization (aspect ratio) as clearly shown in Figure 5
and Figure 7. In general, the system with a large TEG size optimization works more efficiently when the heating
application is required. On the other hand, the system with a small TEG size optimization and a high vacuum level
is more efficient if the electric applications are needed more. Based on the results obtained from this investigation,
the system with a small aspect ratio at a higher vacuum level provides the highest electrical power and therefore a
detailed investigation of this system was carried out. Previous study [5] that enabled to estimate the optimal TEG
size was employed; this was in order to achieve the optimum electrical power output from the system.
As the method mainly dependent on determines the temperature different cross the TEG (∆T) at the steady state
condition. ∆T has been estimated by using the parameters of the smallest TEG size, where the TEG area [(A) ×
(2N)] value was [(1 × 10−3 m2) × (2 × 31)] and the input heat power value was (23 W). As the ∆T was obtained,
then the maximum electrical power can be calculated based on the following equation [4].
P=

( Nα )

2

A∆T 2

 2rLc 
2 ρ ( n + L ) 1 +

L 


2

(3)

where, α is the Seebeck coefficient of the TEG materials (with a typical value of ~200 µV/K), ρ is the electrical
resistivity (with a typical value of 1×10−5 Ω.m), Lc is the thickness of the ceramic contact’s layers in TEG (with a
typical value of 0.5 - 1 mm), r is the ratio of the thermal contact resistance to that of the bulk (with a typical value
of 0.2), n is the ratio of electrical contact resistance to that of the bulk (with a typical value of 0.1 mm), and N is the
number of thermocouples in the TEG [4]. By examining the values of various lengths, the corresponding tem-
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perature difference was established and, consequently, the electrical power was estimated. The results are shown
in Figure 8, below. To determine the optimal TEG size optimization (the ratio of area to length-A/L) for achieving
the maximum electrical power output, the theoretical model previously [5] developed was employed.
Figure 8 shows the estimated electrical power of the system based on the parameters of the smallest TEG size
when operating at higher level of vacuum (level 5 and assuming the heat loss = 0), at TEG size optimization
(aspect ratio). Results of comparing the value of the electric power obtained using the calculation method [5] to
the value obtained showed good agreement, the calculation results was 10% higher than the measured results.
The optimal aspect ratio for the 2 N of the TEG which can achieve the maximum electrical power can be determined from Figure 8. Figure 9 demonstrates the optimum design of single element (leg) of 2 N when the system under condition 5 (vacuum of 5 × 10−2 mbar) gives the single element dimension of 1 mm × 1 mm × 2 mm
as the optimum design.

4. Conclusion
In this study, the experimental results investigated the optimum thermoelectric generator aspect ratio, which could
be added to solar thermal system based on flat panel in order to achieve the optimum heat and electrical power
production from hybrid solar thermoelectric system based on a flat panel under different vacuum levels, as well as
the influence of the heat lost on the system’s performance. The results showed that the system performance of both

Figure 8. The estimated electrical power as a function of the TEG aspect ratio.

Figure 9. The ideal aspect ratio of the TEG thermoelement from which the maximum electrical
power output can be obtained, indicated both by the experimental and calculated results.

59

K. Ramadan

heat and electric power were improved when heat lost was minimised. Comparing the results obtained from
system under a vacuum level of 5 × 10−2 mbar (were the heat lost almost eliminated) with those results of the
system without vacuum, the electric performance of the system with the smallest TEG aspect ratio was increased
by approximately 65% and the thermal power by approximately 37%. Furthermore, the experimental results
confirmed the important roles that the TEG aspect ratio played in the thermal and electrical power outputs under
vacuum operating conditions. The results showed that performance of the smaller aspect ratio operating at high
level of vacuum was the highest in terms of electrical power among the other aspect ratios, which meant that high
electrical performance could be obtained at a lower manufacturing cost, as the material of the thermoelectric device was reduced by almost 20 times when employing the module with the smallest aspect ratio instead of that
with the largest. Compared the experimental results with estimated results, using a method previously published [4]
to determine the ideal aspect ratio of the TEG showed good agreement.
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