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Although solar energy is being popularized as a promising alternative energy source, its high
cost and low efficiency are significant setbacks to establishing it as a major energy source. C.S.
Solanki et al. have used V-trough PV modules to concentrate the sun’s light onto a small area of
photovoltaic cells. Although the expected sunlight concentration with the troughs was 2 Suns,
the module gained only 58.5% more radiation. However, with the increased light comes an
increased temperature on the cell surface. Increased photovoltaic cell surface temperature

decreases the open-circuit voltage of the cell and decreases the cell’s operating life.

The biggest obstacle to successful PV cells is their limited light-to-electricity conversion
efficiency. During operation, PV cells produce excess heat, which hinders their ability to
convert more light to other forms of energy. The excess heat raises the temperature of the
system and causes it to function at a slower rate and at a smaller capacity. More specifically, as
per Radziemska, temperature increase of 1K corresponds to a 0.4% efficiency decrease®. In
other words, if a PV cell produces enough waste heat to raise its temperature by 10K or 10°C, it
loses 4% efficiency. Typical PV cell efficiency is about 25%, though other studies have placed it
between 10-14%?; the latter corresponds to a 100-120 W/m? power output®. Experiments that
placed metal fins and metal sheets on PV cells increased efficiency to 30%*. To put this in
perspective, the first silicon cell that was created in 1954 converted light to electricity at a 6-10%

efficiency rate”.

This problem is not exclusive to solar cells. Waste heat is produced in computers and other
electronic devices, but these systems have widely accepted cooling systems to alleviate this
problem. One of the most common cooling systems in computers is the metal heat sink and fan
combination. A metal heat sink is a passive heat sink, meaning that it does not require a power

source for operation. It consists of a copper or aluminum sheet with metal fins protruding from
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the base to provide more surface area. These heat sinks operate on the principle that copper’s
and aluminum’s high thermal conductivities of 401 W-m™-K™ and 237 W-m™-K™, respectively,
can remove a very large amount of heat over a small surface area; therefore, using fins to
increase the surface area increases the amount of heat removed. They often work in partnership

with fans, which are active heat sinks and require energy input.

However, there is a sound limit for fans, and if they operate at too high of a speed, the computers
cannot be put on the market®. A standard 800 MHz Intel Pentium 4 processor, for example,
produces 65-89 watts of power and has already reached its heat and fan noise limits’. The heat
sinks currently in these processors reduce thermal resistance to 0.985 °C/W; the thermal
resistance of the heat sink alone is 0.999 °C/W—they are fairly efficient and forces not to be

reckoned with®. In short, the tradeoff is heat or noise.

The cooling system used by C.S. Solanki et al. was an aluminum sheet that served not only as a
heat sink but also as a reflective coating for the PV troughs. Without the trough and covering, a
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Taken from Ref. 1.
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surface temperature reached 62°C, a decrease of about 20°C. With the trough module and heat
sink, the cell area efficiency increased from 15% to almost 25%, proving the relationship

between temperature and PV cell efficiency™.

Another common cooling system involves the use of thermoelectric or Peltier coolers, although
these are generally found more in refrigerators than in computers. They are made of bismuth
telluride (Bi;Tes). Unlike copper heat sinks, thermoelectric coolers require an energy input and
work reversibly against the temperature gradient by moving heat from a cold area to a hot area,
making them coolers as well as heaters. However, the efficiency of these coolers is a mere 5-
10%, making them suboptimal coolers and more efficient in refrigerators, where there are no

moving parts and not a lot of internal action, than computers”.

Thermoelectric coolers have stimulated the development of electronics for use in outer space as
well as photovoltaic refrigeration systems. In experiments sponsored by NASA, thermoelectric
coolers and photovoltaic cells were used to refrigerate a Norpar-15 thermal store, but they were
not able to get the temperature low enough to freeze the thermal store. However, the
thermoelectric setup was the most practical and the simplest, as it drew DC power and contained

no moving parts™.

Thermoelectric coolers are ideal for cooling PV cells because they are small, lightweight,
reliable, and can operate both below and above room temperature. They can also be attached
directly to PV cells with a layer of thermal grease so as to minimize efficiency loss at the
junction. As Riffat and Ma showed, another application of thermoelectric coolers and solar
energy is the use of thermoelectric coolers to generate electricity. By attaching a thermionic

converter and a thermoelectric generator to a solar energy receiver, solar energy can be



Jablansky, Abigail M.

converted into electrical energy. Although conversion efficiencies as high as 40% were
obtained, the thermoelectric components must heat up to at least 1800K, a temperature

impractical for the experiment described in this paper’.

Copper heat sinks and thermoelectric coolers are not the only cooling methods found in
electronic devices. Carbon nanotubes have exhibited amazing cooling abilities, with thermal
conductivities of 6600 W-m™-K™* . However, many of their properties remain unknown,
including how to attach them to other surfaces, and they have recently been shown to act like
asbestos in causing cancer'?. Other alternative cooling methods include liquid and gas cooling.
Both of these methods are active cooling systems, meaning that they require an input of energy
for operation. In these systems, a liquid or gas flows through the area that needs cooling and

absorbs heat, depositing the heat elsewhere as the coolant material cycles through.

With the global energy crisis, people are turning increasingly to solar energy to replace fossil
fuels and natural gas. However, as stated above, PV cells are not very efficient to begin with,
and the efficiency drop due to temperature increase makes them even less so. One way to
improve efficiency is to reduce the waste heat by cooling the cells. The following study
investigates the outcome of attaching heat sinks to PV cells. A naked PV cell will be used as a
control, a standard aluminum heat sink with fan will be mounted to a second cell, and a
thermoelectric cooler will be attached to a third cell. The results of this study will indicate
whether adapting standard cooling methods of electronics to PV cells will increase PV cell

efficiency by providing an effective method of cooling.
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Research Objectives:

There are two main objectives of this research:
To determine whether the addition of a heat sink to a PV cell will increase its efficiency

To determine whether a standard copper heat sink or a thermoelectric cooler is more efficient

Experimental Setup

Three 2 cm x 4 cm crystalline silicon PV cells were prepared by soldering two lead wires on
each and attaching one thin-wire thermocouple to a corner of each cell with thermal epoxy. One
cell was taped to a Petri dish; a second cell was attached to an aluminum CPU heatsink with a
fan; and a third cell was attached to a 4 cm x 4 cm thermoelectric cooler on a copper block. The

cells were attached to the cooling systems with silicone-based heat sink compound.

The cells were individually connected in a parallel circuit to a 20-ohm resistor, a Fluke 87V

multimeter, and an Agilent 34401A multimeter. The Fluke multimeter was used as an ammeter

and was connected in series with the resistor. The Agilent multimeter was used as a voltmeter
Figure 2

and was connected in parallel. A 50 watt desk
lamp was grounded to a different outlet than were
the voltmeter and the Hewlett-Packard E3631A
power supply that powered the fan and
thermoelectric coolers to minimize the current that

was drawn from the PV cell. The lamp was

situated 5¢cm above the PV cell in each case.
The experimental setup of the lamp, multimeter, power

sources, and PV cell mounted on a thermoelectric cooler
with a copper block.
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The PV cell with the heatsink/fan setup was connected to the voltmeter in parallel, the ammeter
in series, and to the power supply (refer to Figs. 3 and 4). The lamp was turned on, and the cell
was allowed to heat up to a constant temperature. After about 20-30 minutes, the cell
temperature stabilized at about 32 degrees Celsius. 12 V of power, the maximum amount the fan
can handle, was put into the fan, and the cell temperature was recorded every 30 seconds. The
voltage out and current out were recorded alternatively every 30 seconds, and the results were
tabled and graphed. After 15 minutes, the lamp and fan were turned off. Once the cell was
cooled to room temperature, the cell was heated to about 29 degrees Celsius, and the process was

repeated for an input of 4 V of power, the minimum amount the fan can support.

Fiaure 3 Figure 4
A
NS,

A schematic representation of the The setup with the resistor on the breadboard, power
experimental setup. source, thermocouple, and multimeters.

The PV cell with the thermoelectric cooler was then connected to the voltmeter and the ammeter
setup and to the power supply. The procedure used for the fan was repeated for the
thermoelectric cooler, with inputs of 1V, 3 V, 4V, and the maximum 6 V. The data were tabled

and graphed.

The PV cell used as a control was connected to the voltmeter and the ammeter setup. The cell

started at a temperature of 23 degrees Celsius. The lamp, which was 5 cm above the cell surface,

7
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was turned on for 26 minutes. The cell surface temperature was recorded every 30 seconds, and
the current and voltage out were recorded alternatively every 30 seconds. The data were tabled

and graphed.

Results and Discussion

Fan setup

When the fan was turned on to 12V, the cell surface temperature dropped from 32.3 degrees
Celsius to 23.4 degrees Celsius over the course of 15 minutes. The power out of the cell rose
from 0.012500 W to 0.012992 W, while the power input remained a constant 2.34 W. When the
fan was turned on to 4V, the cell surface temperature dropped from 28.9 degrees Celsius to 23.7
degrees Celsius in 15

minutes. While the power Figure 5
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power was put in was 4.8% of the power in. Additionally, for both power settings, the system
stabilized around 23.6 degrees Celsius, which is close to room temperature. As Fig. 5 shows, the

power out of the cell stabilized as the temperature did.

Fiaure 6

/ q

The PV cell mountd on e atsink/fan with t
Fluke multimeter.

It is interesting to note that regardless of the power into the fan, the system stabilized at a similar
temperature in each trial. The fan will not operate at inputs of less than 4 V, so that was chosen
as the minimum voltage input. 12 V is the maximum voltage input for the fan, and its rated
speed is 4000 RPM at the maximum input. Since the stabilizing temperature for the maximum
and minimum power inputs, 0.272 W and 2.34 W, respectively, are comparable, the fan speed
and airflow rate must not be prominent factors in the efficiency of the cooling system. As per
the equation for kinetic energy using the Reynolds number 0.8, a six-fold increase in power in to

the cooling system increases the airflow rate by a factor of 1.61:
KE = % mv®

Power is proportional to mass and velocity:
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KE =% V3
N6=1.82
1.82% =161

Since a six-fold power input increases the fan speed by a factor of only 1.61, it is more efficient
to run the fan at 4 V rather than at a higher power setting. Additionally, the fact that the fan
speed stays very similar regardless of the power input means that the fan is always drawing in air
at room temperature at approximately the same rate. Therefore, the stabilizing end temperature
was always about room temperature. Moreover, it is more efficient to run the fan at the
minimum power input rather than at the maximum power input because the same final
temperature will be achieved. Since temperature and power are directly related, the lower power

setting for the fan allows the system to output the most power for the amount of power put in.

Figure 7 Figure 8
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Thermoelectric Setup

At the minimum power input of 1 V, the temperature dropped from 26.2 degrees Celsius to 21.5
degrees Celsius after 2 minutes before rising to 22.3 degrees Celsius after another 13 minutes.
As shown in Figure 9, the maximum power out of the system, 0.012451 W, occurred as the
temperature was approaching 21.1 degrees Celsius. The maximum power out is 3.23% of the
power in, 0.385 W. The power out at the minimum temperature, 0.012436 W, was used for the
efficiency analysis because the lowest temperature produces the most power output. Slight
discrepancies between power out trends and temperature trends are most likely due to the fact
that the power out is the product of a directly measured quantity and an interpolated quantity;
every other measurement of voltage out and current out every 30 seconds was interpolated,
meaning that the power out value loses accuracy, while the temperature is directly measured.
The power out value used in the efficiency analysis is also 3.23% of the power in, which

illustrates the microscopic power outputs as compared to the power input.

Figure 9 Figure 10
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Data from the 1V thermoelectric input.
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When 3 V of power was put into the system, the temperature dropped from 26.7 degrees Celsius
to 12.8 degrees Celsius in the first two of the fifteen minutes before rising to 16.2 degrees. As
the temperature dropped to 13.9 degrees Celsius, the power out reached a maximum of 0.013278
W. As described above, the power out did not occur at the minimum temperature again;
however, the value at the minimum temperature was taken because of its greater accuracy. The

power out at 55.0 degrees, 0.013263 W, is 0.379% of the power in, 3.504 W.

Figure 11 Figure 12
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Data from the 3 V thermoelectric input. cooler on a copper block.

At the maximum voltage input the thermoelectric cooler could support, 6 V, the temperature
dropped from 27.6 degrees Celsius to 4.5 degrees within the first two minutes. The maximum
power out was 0.013846 W, which occurred at 6.4 degrees Celsius. Again, the power out at the
lowest temperature was used, which was 0.013759 W. This is 0.0959% of the 14.346 W that

was put into the system.
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Figure 13
Temperature and power out vs. time
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The system ran at a voltage input of 4 V to verify the trend. The lowest temperature, 9.3 degrees
Celsius, was achieved at 2.5 minutes. The power out at this point was 0.013973 W, or 0.214% of

the 6.508 W put into the system.

In terms of getting the most power out per watt in, the lowest thermoelectric setting is the most

efficient.

Control Setup

After 26 minutes, the PV cell temperature rose from
22.7 degrees Celsius to 52.5 degrees. The power
out decreased from 0.010991 W to 0.009014 W
during this time. The data were graphed, and the

slope was —0.000053, indicating that an increase of

0.56 Celsius degrees corresponds to a decrease in

The PV cell used as a control in a petri dish.
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0.000053 W of power out of the PV cell, or a decrease of about 0.001 W per 10°C increase.
Combining this result with the research done by Radziemska et al., a decrease of 0.001 W from
the PV cell corresponds to a 4% decrease in efficiency®. This statistic illustrates how just a small

decrease in the power out of a PV cell can severely reduce its efficiency.

Though the control graph provided a definitive trend with a useful slope, it was only applicable
to temperatures above 22.7 degrees Celsius. To confirm the trend, the thermoelectric data were
plotted in Figure 15. Thermoelectric data were used because they apply to temperatures as low
as 4.5 degrees Celsius. The slopes of both sets of data match, proving that temperature and

power out have a linear relationship.

Figure 15
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Efficiency Analysis

Since a linear relationship between temperature and power out was proven, temperature can be

used as a measure of efficiency. For any given power in, the system that produces the lower

14
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experiment, temperature vs. power in data are graphed in Figure 16:
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Figure 16
Temperature vs. power in
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The thermoelectric setups produced
lower temperatures than the fan setups
did using the same amount of power, so
they produced more power than the fan
setups did. Using these relationships,
power out can be compared to power in,

as shown in Figure 17:
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Chart 1
System Voltage in|Current in Power Voltage % Power out Temr%erature Tir_ne
V) (A) [in(W)]| out (V) (m__A) W) (0] min

Fan 4.00 0.068| 0.272(0.53430| 24.440( 0.013058 42.7 14.5
Fan 12.00 0.195| 2.340( 0.53313| 24.370[ 0.012992 42.1 145
TE 1.00 0.385| 0.385| 0.52153| 23.845| 0.012436 37.9 2.0
TE 3.00 1.168| 3.504| 0.53872 24.620| 0.013263 23.0 2.0
TE 4.00 1.627| 6.508]| 0.55295 25.270| 0.013973 16.8 2.5
TE 6.00 2.391(14.346| 0.54860( 25.080[ 0.013759 8.1 1.5

Maximum power out of PV cells and corresponding temperatures, times, and cooling systems used in
the efficiency analysis.

Although the thermoelectric systems produce more power than the fan systems do, neither
produces a significant amount of power. At 2.00 W of power in, for example, the fan system
produces 0.011699 W, but the thermoelectric system produces 0.012579 W, only 1.08 times that

of the fan system—not a significant difference.

Although the power out of each system was only a small fraction of the power in, both the fan
and thermoelectric systems improved the power out of the systems. The fan stabilized the PV
cell temperature, preventing it from climbing as it had done in the control setup. The
thermoelectric system improved the PV cell efficiency even more, cooling the system to below

room temperature and allowing for the greatest power output of any of the systems tested.
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Limitations of the Study and Further Research

Although the study produced relevant results, the small scope of the study limits its significance.
Future research includes working with larger PV cells, including full-size PV arrays. Similarly,
testing a wider range of power input levels would make the data more accurate and more
practical. Additionally, the ambient light was a factor in determining the PV cell output.
Though the lamp was placed 5 cm above the PV cell to enable it to work at reasonable
temperatures while reducing the amount of ambient light, further research involves minimizing

the ambient light and simulating outdoor conditions as much as possible.

A significant limitation lies in the methodology. Although the recorded individual voltages,
currents, and temperatures are accurate to within the noise of the machines used, half of the data
are interpolated by averaging. Future research might include computerized data collecting so
that current, voltage, and temperature can be instantaneously and simultaneously recorded

without losing accuracy.
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