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Performance study of hybrid thermoelectric solar collector with compound parabolic

concentrator

Abstract

The hybrid thermoelectric solar collectors are investigated in this study, which divide in

four main parts as follow:

First, a hybrid TE solar air collector with flat-plate reflectors has been developed and
tested. The TE solar collector was composed of transparent glass, air gap, an absorber plate,
thermoelectric modules, rectangular fin heat sink and two flat plate reflectors. The flat plate
reflectors were placed on two sides of the TE solar collector (east and west directions). The
direct and reflect incident solar radiations heat up the absorber plate so that a temperature
difference is created between the thermoelectric modules that generate a direct current. Only a
small part of the absorbed solar radiation is converted to electricity, while the rest increases the
temperature of the absorber plate. The ambient air flows through the heat sink located in the
lower channel to gain heat. The heated air then flows to the upper channel where it receives
additional heating from the absorber plate. Improvements to the thermal energy and electrical

power outputs of the system can be achieved by the use of the double pass collector system

with reflector and TE technology. It was found that the optimum position of the reflectors is 60°,
which gave significantly higher thermal energy and electrical power outputs over the TE solar

collector without reflectors.

Second, Analysis of energy and exergy has been performed for a double-pass
thermoelectric solar air collector. Energy analysis, which is based on the first law of
thermodynamics, and exergy analysis, which is based on the second law, were applied for
evaluation of the system efficiency. It was observed that the thermal efficiency increases as
the air flow rate increases. Meanwhile, the electrical power output and the conversion efficiency
depended on the temperature difference between the hot and cold side of the TE modules. At a
temperature difference of 22.80C, the unit achieved a power output of 2.13 W and the

conversion efficiency of 6.17%. The exergy efficiency varies from a minimum of 7.4% to a

maximum of 8.4%, respectively.



Third, performances and economic analyses of a hybrid thermoelectric (TE) solar water
heater have been studied. The hybrid TE solar water heater was composed of transparent
glass, air gap, an absorber plate, thermoelectric modules, water cooled heat sinks and storage
water tank.. The experiment shows that the thermal and overall efficiencies increase as the

water flow rate increases. The maximum and overall efficiencies were 74.9 and 77.3%,

respectively, at the water flow rate of 0.33 kg/s. At a temperature difference of 27.1 °c, the unit
achieved a power output of 3.6 W. Moreover, economic analysis indicates that the payback
period of the hybrid TE solar water heater operates at the water flow rate of 0.33 kg/s is shorter

and higher IRR.

Finally, a hybrid TE solar air collector with flat-plate reflectors has been developed and
tested. Results shows that the maximum power output of 1.03 W and the electrical-power
generation efficiency of 0.38% were obtained when the temperature difference was 12°C.
Meanwhile, the thermal efficiency increases as the water flow rate increases. The maximum

thermal efficiency was 43.3% corresponding to the water flow rate of 0.24 kg/s.
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Item Water flow rate (kg/s)
0.13 0.2 0.26 0.33
Payback period (years) 455 10.4 7.7 6.1
IRR (%) 0 10.52 14.51 18.52
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Abstract: Performance and economic analyses of a hybrid thermoelectric (TE) solar water heater
have been studied. The hybrid TE solar water heater was composed of transparent glass, air gap,
an absorber plate, TE modules, water-cooled heat sinks, and storage water tank. The incident
solar radiation heats up the absorber plate creating a temperature difference between the TE
modules that generate a direct current. Only a small part of the absorbed solar radiation is
converted to electricity, while the rest increases the temperature of the absorber plate. The water
flows through each heat sink located under the TE modules to gain heat. The heated water then
flows to the upper section of the absorber plate where it receives additional heating from the
absorber plate. Improvements to the thermal and overall efficiency of the system can be achieved
by the use of the double-pass collector system and TE technology. The experiment shows that
the thermal and overall efficiencies increase as the water flowrate increases. The maximum and
overall efficiencies were 74.9 per cent and 77.3 per cent, respectively, at the water flowrate of
0.33 kg/s. Meanwhile, the electrical-power output and the electrical-power generation efficiency
depended on the temperature difference between the hot and cold sides of the TE modules. At a
temperature difference of 27.1 °C, the unit achieved a power output of 3.6W and the electrical-
power generation efficiency of 0.87 per cent. Moreover, economic analysis indicates that the
payback period of the hybrid TE solar water heater operating at the water flowrate of 0.33 kg/s is
shorter and yields a higher internal rate of return.

Keywords: thermal efficiency, electrical-power generation efficiency, overall efficiency, internal

rate of return, payback period

1 INTRODUCTION

Direct electricity generation from solar radiation
through thermoelectric (TE) is more expensive than
conventional power generation. To overcome this
problem, if TE modules can be combined with a solar
thermal collector, the increased energy yield per unit
collector area is able to shorten the economical pay-
back period. Such TE hybrid products are considered
to be more promising than the separated side-by-side
installations. Research activities on TE solar collectors

*Corresponding author: Faculty of Engineering, Department
of Mechanical Engineering, Mahasarakham University, Khan-
tarawichai, Mahasarakham 44150, Thailand.

email: freeconvect@hotmail.com

and hot water systems have been ongoing for the past
decades. For example, Chen [1] derived a thermo-
dynamic analysis of solar-driven TE power generator
based on a well-insulated flat plate collector. A ther-
modynamic model including four irreversibilities is
used to investigate the optimum performance of a
solar-driven TE generator. The example discussed by
Chen is based on an extremely well-insulated flat
plate collector, which, in practice, may be difficult to
achieve. Rockendorf et al. [2] constructed the proto-
type of a solar TE water heater. The hot side of TE
module was heated by solar hot water. Meanwhile, the
heat was released at the cold side of the TE module via
a heat sink. Three vacuum tubes with heat pipes, each
with a 0.1 m? absorber area and water as the heat pipe
medium, were connected via a specially designed heat
exchanger to a fluid circuit acting as a heat sink. Test

JPE944
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result showed that the electrical efficiency reached a
maximum value of 1.1 per cent of the incoming solar
radiation, which is about 2.8 per cent of the transferred
heat. Khedari et al. [3] investigated the performance
of a hybrid domestic hot water system. The water
was heated by a solar collector, then it flowed to and
received heat from the hot side of TE modules, while
the cold side was used to cool a room. It was found that
the system can heatup 120 1 of water to 50 °Cwithin 2 h.
The maximum coefficient of performance was 3.12.
Lenoir et al. [4] presented a series of mathematical
models based on the optimal control theory to assess
the electric performance of a skutterudites-based solar
TE generator as a function of sun—spacecraft distance,
and optimized its design parameters (such as dimen-
sion, weight, and so on) when operating at a distance
of 0.45au from the sun, for 400W electrical output
power and for a required load voltage of 30 direct
current voltage (VDC). The simulation results indi-
cated that the skutterudites-based solar TE generator
offered attractive performance features as a primary
or an auxiliary power source for spacecraft in near-
sun missions. Maneewan et al. [5] studied a TE roof
solar collector (TE-RSC) to reduce roof heat gain and
improve indoor thermal comfort. Maneewan’s TE-RSC
combined the advantages of a roof solar collector and
TE modules to act as a power generator. The elec-
tric current produced by the TE modules was used to
run a fan for cooling the modules and improve the
indoor thermal conditions. The subsequent simula-
tion results, using a real-house configuration, showed
that a TE-RSC unit with a 0.0525 m? surface area could
generate about 1.2W under solar radiation intensity
of about 800 W/m? and at ambient temperatures vary-
ing between 30 and 35 °C. The induced air change rate
varied between 20 and 45 ACH (number of air changes
per hour), and the corresponding ceiling heat flux
reduction was about 3-5W/m?. The electrical con-
version efficiency of the proposed TE-RSC system
is 1-4 per cent. Lertsatitthanakorn et al. [6] investi-
gated experimentally the thermal and electrical per-
formances of a double-pass TE solar air collector. The

Glass cover .

Absorber plate

Copper tubes

TE modules .
Note o thermocouples positions

results showed that the thermal efficiency increases as
the air flowrate increases. Meanwhile, the electrical-
power output and the conversion efficiency depended
on the temperature difference between the hot and
cold sides of the TE modules. At a temperature differ-
ence of 22.8°C, the unit achieved a power output of
2.13W.

The aim of present investigation is to evaluate the
performance and economics of a hybrid TE solar water
heater. The performance and economics have been
evaluated for various water flowrates under outdoor
climatic conditions of Mahasarakham, Thailand.

2 EXPERIMENTAL SET-UP

The schematic view of the TE solar collector is shown
in Fig. 1. The TE solar collector was composed of a glass
cover, an air gap, a galvanized iron plate, and TE mod-
ules, with the hot side attached directly to the back
side of the galvanized iron plate acting as an absorber
and a water-cooled heat sink directly attached to the
cold side of the TE modules. The space between the TE
modules, absorber, and heat sink was insulated using
a closed-cell elastomeric thermal insulator (thermal
conductivity =0.039W/m K). The collector was 0.8 m
wide, 1.2 m long, with an aperture area of 0.96 m?. The
absorbing surface of the collector was made of gal-
vanized iron, 2.5mm thick, painted with dull black.
Forty-eight TE cooling (model TEC1-12708, China)
modules made of bismuth telluride-based alloys were
used. Each module had an area of 4 x 4 cm?. Twelve
TE modules were connected in series and arranged in
four rows, and each row connected in parallel. To cool
the modules, a two-stage double-pass water flow sys-
tem was designed. In the first stage, water from the
storage tank flows through two copper tubes to the
inlet of the TE module’s heat sinks. Each heat sink is a
squared 0.05 mx0.05 m copper plate onto which each
TE module is mounted. In the second stage, the two
copper tubes run from the outlet of the heat sinks
to the surface of the absorber plate. The two copper

Make-up water

Outlet header

Hot water supply

Inlet header

I Flow meter

Pump

Fig.1 A schematic diagram of the hybrid TE solar water heater
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tubes are soldered to the absorber plate. A water pump
was used to circulate the water from the water storage
tank to the header and on through the TE solar col-
lector. The total volume of water in the storage tank is
1501. The collector is connected to the storage tank
through the inlet tube in the lower header and the
outlet tube in the upper header. Back-up water can
also be introduced in the tank at the upper section.
A small outlet at the bottom of the tank can be used
for drainage. The collector was oriented to south and
tilted so as to adjust an angle of 16° from horizon-
tal, which was considered suitable for the geograph-
ical location of Mahasarakham, Thailand (16°14'N,
103°15'E) [7].

Water from the storage tank enters the heat sink and
captures the released heat from the cold side of the TE
modules. Next, it enters the front side of the absorber
plate, where it is further heated by the absorber plate.
The water temperature at the outlet of the collector is
high because it is using the recycled water from the
heat sink. This concept was to improve the thermal
efficiency of the flat plate collector and obtain electri-
cal power from the TE as well. Water at the outlet of the
collector enters the storage tank and continues to feed
to the heat sink until the water temperature in the tank
reaches 40 °C (high water temperature has an effect on
electrical-power generation by the TE modules); the
pump is turned off and the water is drained out of the
system. Fresh water is used to refill the tank, and then
the pump is started again.

The collector was instrumented with T-type (accu-
racy £0.5°C) thermocouples for the glass cover, the
flowing water, the water in the tank, the surface of
absorber plate, and heat sink as shown in Fig. 1. The
thermocouple, which measured the ambient temper-
ature, was kept in a shelter to protect the sensor from
direct sunlight. A pyranometer (Kipp & Zonen model
CM 11, accuracy £10W/m?) was used to measure the
incident solar radiation. The water flowrate was mea-
sured by a flow meter (Nitto model Z-4003, accuracy
+4 per cent) at the collector inlet. The output current
and voltage were measured with a multi-meter (Fluke
model 189, accuracy VDC £0.025 per cent, A (ampere)
+0.5 per cent). The experiments were performed dur-
ing March-April 2009. Experimentation started at 9
a.m. and ended at 5 p.m.

3 ANALYSIS

The thermal output Qg and electrical output P of the
TE solar collector are calculated from the measured
data as follows

where C, is the specific heat at the average water tem-
perature, m is the water mass flowrate, and T, and T,,;
are the water temperature at the outlet and inlet of the
solar collector, respectively. I,, and V;,, are the maxi-
mum current and maximum voltage of the TE modules
at a matched load.

The performance of a TE solar collector can be
described by a combination of efficiency terms. The
basic ones are the thermal efficiency ny and the
electrical-power generation efficiency n., which are
calculated based on the following definition

 Qu
T AG

where A, is the aperture area of absorber plate and G
is the incident solar intensity.

Vorobiev et al. [8], Peterson [9], and Miller et al.
[10] suggested that the electrical-power generation
efficiency is as follows

M-—1
"M + (T Ty)

where M = /1 + ZT,, in which T,, = 0.5(T}, + T.). Ty,
and T, are the hot- and cold-side temperatures of TE
module, respectively. T, is the average temperature.
Z is the figure of merit of the TE material (Z = 1.6 x
1073 K™).

Note that ZT, is a characteristic parameter of the
TE element and essentially governs its internal conver-
sion efficiency. It is well known that the value of Z can
have strong variations in temperature. In this study, in
order to gain insight into the optimal collector oper-
ating temperatures, the value of Z is assumed to be
constant. Although this may be an oversimplification
of the actual situation, it provides tractable solu-
tions for the solar collector temperature and operating
efficiency of the TE element [9].

7. is the Carnot efficiency

LT
Ne = T,

Mth 3)

Ne = 4)

It is given that electrical energy is higher in grade than

thermal energy. Therefore, Ji et al. [11] used the overall

efficiency 7, for a hybrid solar system as
Te

Npower

No = Nth + (5)

where npower, Often assigned a value of 38 per cent, is
the electrical-power generation efficiency of a conven-
tional thermal power plant.

4 RESULTS AND DISCUSSIONS

4.1 Thermal performance analysis

The variation of incident solar intensity (G), ambient
temperature (T,m), water temperature in the storage

ch = mcp(Two — Twi) (D
P = Iy Vinp )
JPE944
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Fig.2 Variations of incident solar radiation, ambient
temperature, absorber plate temperature, and
water temperature in the storage tank (water
flowrate of 0.13 kg/s, 6 April 2009)

tank (Ty:), and the absorber plate temperature (Tps)
for water flowrate of 0.13 kg/s are shown in Fig. 2. The
variation of ambient air temperature varied from 28.4
to 37.6°C. The water temperature in the tank reaches
40 °C two times during the tested period, which gives
the hot water capacity of 3001/day. The absorber plate
temperature increases from 49.3 to 73.5°C at 12:30
p.m. corresponding to the solar intensity of 941 W/m?.

The effect of increasing the water flowrate on the
thermal efficiency is presented in Fig. 3. It can be
seen that the thermal efficiency is strongly depen-
dent on the water flowrate. It is due to the fact that
as mass flowrate increases, the withdrawal of heat
also increases, which causes the increase in thermal
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900 i [P
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= 800
>
) L —~
g : 65 S
? 700 L 60 ;
s 2
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— [
2 L =
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Fig.3 Effect of water flowrate on maximum thermal
efficiency and hot water capacity
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Fig.4 Variations of power output and electrical-power
generation efficiency with temperature differ-
ence

efficiency [12]. The maximum thermal efficiency was
74.9 per cent corresponding to the water flowrate
of 0.33kg/s. Consequently, the hot water capacity
increases as the water flowrate increases and varies
between 300 and 9001/day, as also shown in Fig. 3.

4.2 Electrical and overall performance analyses

Figure 4 presents the output power and the electrical-
power generation efficiency as a function of tem-
perature difference between the hot and cold sides
of the TE modules. It is apparent that the power
and efficiency continued to increase as the tempera-
ture difference increased. The maximum power and
electrical-power generation efficiency are 3.6 W and
0.87 per cent, respectively, at a temperature difference
of 27.1°C. The open-circuit voltage and short-circuit
current are 5.36V and 0.67 A, respectively. Figure 5
illustrates the variation of power output and solar
intensity. The hybrid TE solar water heater generation
of electricity increased rapidly. As mentioned above,
this is due to the rapid increase of temperature dif-
ference between the hot and cold sides. The effect of
water flowrate on the overall efficiency is presented in
Figure 6. It can be observed that the overall efficiency
increases as the water flowrate increases. Overall and
thermal efficiencies are similar, as shown in Figs 3
and 6. The maximum overall efficiency is 77.3 per cent
at the water flowrate of 0.33kg/s. The overall effi-
ciency is slightly higher than the thermal efficiency
because about 40-75 per cent of the energy available
from the solar TE collector is converted to thermal
energy, and less than 1 per cent to electrical energy.

Proc. IMechE Vol. 224 Part A: J. Power and Energy
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Therefore, the electrical gains are much smaller than
the thermal gains.

4.3 Economic evaluation

In this section, cost analysis of the TE solar water
heater is evaluated and payback period and internal
rate of return (IRR) are employed to assess the elec-
trical energy savings using the TE solar water heater.
Table 1 shows the cost analysis of the TE solar water
heater at various water flowrates. The costs of the
solar water heater including the water-cooled heat
sink were 24 704 Baht. The cost of TE modules depends
on ordered volume. In this study, 100 TE modules were
ordered; the price of TE modules was 132 Baht per
module. Therefore, the cost of the TE solar water heater
was 31040 Baht.

IRR and payback period are employed to determine
the cost saving by using the TE solar water heater. The

Table 1 Conditions for economic evaluation

Water flowrate (kg/s)

Item 0.13 0.2 0.26 0.33

First cost (Baht) 31040 31040 31040 31040

Life cycle (years) 15 15 15 15

Pump power (W) 37.5 55 62 70

Electrical cost 189 277 312 352
(Baht/year)

Energy saving 2003.89 4095.98 5150.74 6201.78
(Baht/year)

1 USD ~ 33.5 Baht.

IRR is defined as the discount rate that makes the cost
of the TE solar water heater equal to the saving. The
IRR is then evaluated as follows [13]

First cost = Annual energy saving x SPWF(i, n) (6)

where

_—
SPWF = M

i(L+0)n
SPWEF is called series present worth factor, n is the
useful life, and i is the discount rate, which is the IRR.

Annual energy saving
= electrical energy for heated water
+ electrical energy produced by the TE

— electrical energy consumed by the pump

The payback period is defined as the investment of
time required for a saving of an investment to equal
the cost of the TE solar water heater.

In general, three different seasons in Thailand can
be recognized as follows: the summer season is about
4 months long, from February to May; the rainy season
occurs from June to October; and the winter season
occurs from November to January [14]. Therefore, it is
assumed that the TE solar water heater is operated dur-
ing summer and winter seasons; the operating time
was 8 h a day and 210 days a year. It was assumed that
the average electrical energy produced by the TE solar
water heater is 2.5Wh. During 2009, the interest rate
of the Thai bank was approximately 6 per cent and the
average electrical cost was 3 Baht/kW h. Table 2 shows

Table 2 Economic evaluation of the TE solar water

heater
Water flowrate (kg/s)
Item 0.13 0.2 0.26 0.33
Payback period (years)  45.5 10.4 7.7 6.1
IRR (%) 0 10.52 14.51 18.52

JPE944
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an economic evaluation of the TE solar water heater
atvarious water flowrates. Itis noted that for the higher
water flowrate there is a faster payback period and
higher IRR. It could be found that the payback period
and IRR based on the water flowrate of 0.33kg/s are
6.1 years and 18.52 per cent, respectively. Therefore,
higher water flowrate, higher potential to use the TE
solar water heater is obtained.

5 CONCLUSIONS

From this work, it could be concluded as follows.

1. Thereis a high potential for using the TE solar water
heater. It was found that the TE solar water heater
generates electrical power of 3.6W at a temper-
ature difference of 27.1°C. This generated power
is enough to run a small radio or a low-power
incandescent light bulb. The maximum thermal
and overall efficiencies were 74.9 per cent and
77.3 per cent, respectively, at the water flowrate of
0.33 kg/s.

2. The thermal and overall efficiencies increase with
increasing water flowrate.

3. The unit can produce the maximum hot water
capacity of 9001/day at the hot water temperature
of 40 °C and the water flowrate of 0.33 kg/s.

4. The higher water flowrate results in a faster payback
period and higher IRR. At the highest water flowrate
used in this study (0.33kg/s) the payback period
and the IRR of the TE solar water heater is 6.1 years
and 18.52 per cent, respectively.
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APPENDIX

Notations

aperture area of absorber plate (m?)
specific heat at the average water
temperature (J/kg°C)

incident solar intensity (W/m?)

discount rate (dimensionless)

P maximum current of the TE modules at a
matched load (A)

water mass flowrate (kg/s)

useful life (years)

electrical output (W)

smo o2

I
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Qun thermal output (W) Vinp maximum voltage of the TE modules at a
SPWF series present worth factor matched load (V)
(dimensionless)
T. cold-side temperature of TE module (°C) N Carnot efficiency (dimensionless)
Th hot-side temperature of TE module (°C) Ne electrical-power generation efficiency
Tm average temperature between hot and (per cent)
cold side of TE module (°C) Mo overall efficiency (per cent)
Ti water temperature at the inlet of the solar Tpower electrical-power generation efficiency of a
collector (°C) conventional thermal power plant
Two water temperature at the outlet of the solar (per cent)
collector (°C) Nth thermal efficiency (per cent)
JPE944
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In this paper the results of the influence of flat-plate reflectors made of alu-
minum foil on the performance of a double-pass thermoelectric (TE) solar air
collector are presented. The proposed TE solar collector with reflectors was
composed of transparent glass, an air gap, an absorber plate, TE modules, a
rectangular fin heat sink, and two flat-plate reflectors. The flat-plate reflectors
were placed on two sides of the TE solar collector (east and west directions).
The TE solar collector was installed on a one-axis sun-tracking system to
obtain high solar radiation. Direct and reflected incident solar radiation heats
up the absorber plate so that a temperature difference is created across the TE
modules to generate a direct current. Only a small part of the absorbed solar
radiation is converted to electricity, while the rest increases the temperature
of the absorber plate. Ambient air flows through the heat sink located in the
lower channel to gain heat. The heated air then flows to the upper channel,
where it receives additional heating from the absorber plate. Improvements to
the thermal energy and electrical power outputs of the system can be achieved
by the use of the double-pass collector system with reflectors and TE tech-
nology. It was found that the optimum position of the reflectors is 60°, which
gave significantly higher thermal energy and electrical power outputs com-
pared with the TE solar collector without reflectors.

Key words: Electrical power, thermal energy, solar radiation, optimum
position of reflectors

INTRODUCTION

Solar energy absorbed by a solar collector can be
used for several applications, including heating and
ventilation, drying, refrigeration, power generation,
etc. Compared with other forms of energy, solar
energy is renewable and environmentally friendly.!
Generally, there are two ways of converting solar
energy directly to electrical energy through the use
of energy materials: photovoltaic (PV) technology
and thermoelectric (TE) technology. The former has
been put into wide use, while the latter remains a
challenging research topic for scientists. TE generators

(Received June 15, 2011; accepted November 29, 2011)

Published online: 22 December 2011

convert thermal energy directly to electrical power
via the Seebeck effect; that is, when a temperature
difference is created across a TE device and an
external load is properly connected, a direct-current
(DC) voltage develops in the TE elements and elec-
trical current flows through the load. TE generators
offer a number of advantages over standard DC
power sources such as batteries and rotating
machines; they are relatively silent in operation,
highly reliable, environmentally friendly, and
maintenance free. TE generators share the major
characteristics of PV systems, their advantages
being the possibility of generating electricity con-
tinually while providing heat and operating at sig-
nificantly reduced cost. A number of simulations as
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well as experimental studies have been reported on
solar-driven TE power generators. Chen? derived a
thermodynamic analysis of a solar-driven TE power
generator based on a well-insulated flat-plate col-
lector. A thermodynamic model including four
irreversibilities was used to investigate the opti-
mum performance of a solar-driven TE generator.
The example discussed by Chen is based on an
extremely well-insulated flat-plate collector, which
in practice, may be difficult to achieve. Gunteré
constructed a prototype solar TE water heater. The
hot side of the TE module was heated by solar hot
water. Meanwhile, heat was released at the cold
side of the TE module to a heat sink. Three vacuum
tubes with heat pipes, each with 0.1 m? absorber
area and using water as the heat pipe medium, were
connected via a specially designed heat exchanger to
a fluid circuit acting as a heat sink. Test results
showed that the electrical efficiency reached a
maximum value of 1.1% of incoming solar radiation,
corresponding to approximately 2.8% of transferred
heat. Scherrer et al.* presented a series of mathe-
matical models based on optimal control theory to
assess the electric performance of a skutterudite-
based solar TE generator as a function of sun—
spacecraft distance, and optimized its design
parameters (such as dimensions, weight, etc.) when
operating at a distance of 0.45 a.u. from the sun, for
400 W electrical output power and required load
voltage of 30 VCD. The simulation results indicated
that the skutterudite-based solar TE generator
offered attractive performance features as a primary
or auxiliary power source for spacecraft in near-sun
missions. Maneewan et al.” studied a TE roof solar
collector (TE-RSC) to reduce roof heat gain and
improve indoor thermal comfort. Maneewan’s
TE-RSC combined the advantages of a roof solar
collector and a TE to act as a power generator. The
electric current produced by the TE modules was
used to run a fan to cool the modules and improve
the indoor thermal conditions. Subsequent simula-
tion results, using a real house conﬁ%uration,
showed that a TE-RSC unit with 0.0525 m~ surface
area could generate about 1.2 W under solar radi-
ation intensity of about 800 W/m? at ambient tem-
peratures varying between 30°C and 35°C. The
induced air change rate varied between 20 and 45
air changes per hour (ACH), and the corresponding
ceiling heat transfer rate reduction was about
3 W/m? to 5 W/m?2 The electrical conversion effi-
ciency of the proposed TE-RSC system is 1% to 4%.
Kraemer et al.® presented a high-performance flat-
panel solar TE generator by using high thermal
concentration (the area of the absorber plate divided
by the cross-sectional area of the TE elements). Its
efficiency was 7 to 8 times higher than a conven-
tional solar TE generator. From literature reviews,
solar TE generators can convert a few percent of all
incoming solar radiation into electricity.®”
More than 90% of solar radiation incident on a TE is
reflected or converted into thermal energy. To

increase the electrical and thermal output of TE
solar collectors, reflectors are used to concentrate
solar radiation onto the surface of the collector; for
example, Kostic et al.” studied a hybrid photovol-
taic/thermal (PV/T) collector with reflectors to
increase the electrical and thermal output of the
PV/T collector. For the optimal position of the
reflectors, the PV/T with reflectors generated about
8% more electrical power and 25% more thermal
energy than the PV/T without reflectors. In the
present paper, the influence of the position of the
reflectors on the thermal energy and electrical
power of a TE solar collector is investigated.

SYSTEM DESCRIPTION
AND EXPERIMENTAL PROCEDURES

To investigate and compare the performance of
the TE solar collector, two identical TE solar col-
lectors were built. One was mounted on a base with
fixed position, whereas the other was integrated
with flat-plate reflectors (east and west directions)
and mounted on a one-axis tracking base. A sche-
matic view of the TE solar collector with reflectors is
shown in Fig. 1. The TE solar collector was com-
posed of a glass cover, an air gap, a galvanized iron
plate, and the TE modules. The hot side of the TE
modules was attached directly to the back side of
the galvanized iron plate, which acted as an absor-
ber. A rectangular fin heat sink was directly
attached to the cold side of the TE modules. The
space between the TE modules, absorber, and heat
sink was insulated using a closed-cell elastomeric
thermal insulator (thermal conductivity 0.039 W/
mK). The collector was 1 m wide and 1.5 m long,
with aperture area of 1.5 m2 It had a 0.11 m flow
duct height (air gap), leading to a flow area of
0.11 m® The absorbing surface in the collector was
made of 2.5-mm-thick galvanized iron, painted dull
black. Twenty-four TE cooling modules (model
TEC1-12708; Thermonamic Electronics, China)
made of bismuth telluride-based alloys were used.
Each module had area of 4 cm x 4 cm. The TE
modules were connected in series and arranged in
four rows of six TE modules each. The rectangular
fin heat sink on the cold side was made of alumi-
num. The fins were 4.5 mm thick and 120 mm long
in the horizontal direction, with height of 40 mm
from the base and fin spacing of 7 mm. The heat
sink had thermal resistance of 0.112°C/W (conduc-
tion and convection resistance). The method of cal-
culating the thermal resistance of the heat sink can
be found in Cengel.® Hence, the heat sink can be
designed on the basis of the heat sink technology
available in the local market. A centrifugal blower
was used to circulate air through the rectangular fin
heat sink and the collector. In this study, the air
mass flow rate was fixed at 0.08 kg/s, consuming
electrical power of 88.5 W. The collector was ori-
ented to the south and tilted to an angle of 16° from
the horizontal, which was considered suitable for
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Fig. 2. TE solar collector (a) without and (b) with reflectors.

the geographical location of Mahasarakham,
Thailand (16°14'N, 103°15’E).° A pictorial view of
(a) the TE solar collector without reflectors and (b)
the TE solar collector with reflectors used in this
study is shown in Fig. 2. For the TE solar collector
with reflectors and mounted on the one-axis track-
ing base, two aluminum foil reflectors with dimen-
sions of 1.5 m x 1 m were mounted on the TE solar
collector with changeable position (0) in relation to
the TE solar collector. Sun tracking was done
manually. Kiatgamochai and Chamni'® suggested
that the reflector angle should be more than 45°. To
determine the optimum reflector angle, the reflector
angle was varied from 55° to 70°.

Ambient air enters the lower channel and cap-
tures heat released from the heat sink located at the

cold side of the TE modules. Next it enters the upper
channel, where it is further heated by the absorber
plate. The air temperature at the outlet of the col-
lector is high because it uses air recycled from the
lower channel. However, the temperature of the TE
solar collector should be highest for increasing both
the thermal energy and electrical power output.
Therefore, the reflectors were used to concentrate
solar radiation onto the TE solar collector.

The collector was instrumented with T-type ther-
mocouples (accuracy +0.5°C) for the glass cover, the
flowing air, the absorber plate surface, and the heat
sink as shown in Fig. 1. The thermocouple that
measured the ambient temperature was kept in a
shelter to protect the sensor from direct sunlight. Two
pryanometers (Kipp & Zonen model CM 11, accuracy
+10 W/m?) were used to measure the solar radiation
incident on the fixed and tracking systems. The air
flow rate was calculated from the air velocity, mea-
sured by a hot-wire anemometer (Testo model 445,
accuracy +0.03 m/s) at the collector outlet and the
known duct area. The output current and voltage
were measured with a multimeter (Fluke model 189,
accuracy VDC £0.025%, A £0.5%). Experimentation
started at 9 a.m. and ended at 4 p.m.

CALCULATION METHODS

The thermal energy (@) generated by the TE
solar collector was calculated as

Qi = me(Taco - Tamb)a (1)

where C, is the specific heat at the average air
temperature, m is the air mass flow rate, and T,
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and T, are the air temperatures at the collector
outlet and in ambient, respectively.

The electrical output of the TE solar collector (P)
was calculated from the measured data as

P=Inp Vinp. (2)

where I, is the maximum current of the TE mod-
ules at matched load and V,,, is the maximum
voltage of the TE modules at matched load.

The thermal efficiency of the TE solar collector
was calculated from the relation

_ G
Mt 7AaG)

where A, is the absorber plate aperture area and G
is the incident solar radiation.
Vorobiev et al.,'' Peterson,'? and Miller et al.'?
suggested that the conversion efficiency is
M-1
e = e . T
M + T,

(3)

(4)

where M = 1+ ZTy,, in which T\, = 0.5(Ty, + T%);
Ty and T are the hot- and cold-side temperatures of
the TE module, respectively; T, is the average
temperature; Z is the figure of merit of the TE
material (Z = 1.6 x 1072 1/K).*?

Note that ZT, is a characteristic parameter of the
TE element and essentially governs its internal
conversion efficiency. It is well known that the value
of Z can vary strongly with temperature. In this
study, to gain insight into the optimal collector
operating temperatures, the value of Z was assumed
to be constant. Although this may be an oversim-
plification of the actual situation, it provides trac-
table solutions for the solar collector temperature
and operating efficiency of the TE element.'?

Ty, - T,
17c - Th ’

where 7. is the Carnot efficiency.

It is a given that electrical energy is higher in
grade than thermal energy. Therefore, Ji et al.'*
used the overall efficiency 7, for a hybrid solar sys-
tem as

o =Mt t+ '/Ie/npowerv (5)

where #power, Often assigned a value of 38%, is the
electrical power generation efficiency of a conven-
tional thermal power plant.

RESULTS AND DISCUSSION

Testing of the performance of the TE solar col-
lector with and without reflectors was performed
during December 2009 and January 2010. Data
reported here were selected for days with relatively

similar ambient conditions that permitted us to
make a subjective comparison.

Effect of Reflector Angle on Solar Radiation
Intensity, Thermal Energy, and Electrical
Power Output

In this study, the reflector angle was adjusted
manually to four positions (0), namely 55°, 60°, 65°,
and 70° from the horizontal plane. Results for the
total solar radiation intensity on the TE solar col-
lector surface measured during the sun peak
depending on the position of the reflectors are
shown in Fig. 3. Based on the measurement results,
the optimum position of the reflectors was 60°, giv-
ing solar intensity of 1850 W/m2. However, all
positions of the reflectors in this study gave solar
intensity higher than that of the collector without
reflectors. The relative increase in solar radiation
intensity generated by the TE solar collector with
the reflectors in optimal position in relation to the
TE solar collector without reflectors for this day was
approximately 1.7, as shown in Fig. 4.

The thermal energy and electrical power output of
the TE solar collector with and without reflectors
are presented in Table 1. Both thermal energy and
electrical power output reached their highest values
for the optimum reflector angle of 60°. The maxi-
mum power was 3.68 W for temperature difference
of 41°C. The open-circuit voltage and short-circuit
current were 13.53 V and 272 mA, respectively. The
maximum power at reflector angle of 60° was higher
than that without reflectors by 150%. The power
was proportional to the product of the square of the
temperature difference and the square of the See-
beck coefficient, and here as the temperature dif-
ference increased, this term primarily determined
the power output. The maximum thermal energy
was 2081.2 W, which was higher than operating
without reflectors by about 72.6%.

1800 -

1700 -

1600

1500

1400 -

Solar radiation (W/m?)

1300 4

1200

55 60 65 70
Reflector angle, (°)

Fig. 3. Change in solar radiation depending on the position of the
reflectors.
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Table 2. Thermal efficiency, conversion efficiency,
and overall efficiency of the TE solar collector with
and without reflectors
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Fig. 4. Change in solar radiation during the day: without reflectors,
and with reflectors in optimal position.

Table 1. Thermal energy, electrical power, and
temperature difference between the hot and cold
sides of the TE modules of the TE solar collector
with and without reflectors

0 (°) Q; (W) P (W) T, - T. ®)

55 1622.3 2.3 40.3

60 2081.2 3.6 50.6

65 1776.6 3.1 44.8

70 1295.4 1.7 26.5

Without 1205.5 1.2 23.2
reflectors

Effect of Reflector Angle on Thermal
Conversion and Overall Efficiency

The test results for different efficiencies of the TE
solar collector without reflectors and with reflectors
in optimal position are presented in Table 2. The
thermal and overall efficiencies of the TE solar col-
lector with reflectors were lower than without the
reflectors, but the thermal energy and electrical
power outputs generated by the former were sig-
nificantly higher, as discussed above. Meanwhile,
the conversion efficiency of the TE solar collector
with reflectors was higher than without reflectors.

CONCLUSIONS

In this paper, a TE solar collector with and
without reflectors is considered. The optimal posi-
tion of the reflectors was determined experimentally

0 () New (%) e (%) o (%)

55 70.2 1.2 73.5

60 75.1 1.5 79.2

65 72.4 1.4 76.2

70 68.5 0.8 70.6

Without 80.1 0.7 81.8
reflectors

to maximize the concentration of solar intensity.
Experimental measurements indicated the optimal
angle of the reflectors to be 60° from horizontal. The
thermal and overall efficiencies of the TE solar col-
lector with reflectors were lower than without the
reflectors, but the thermal and electrical power
generated by the former were significantly higher.
These results show the positive effect of the reflec-
tors for increasing both the thermal and electrical
power output from the TE solar collector.
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Energy and exergy analysis of a double-pass thermoelectric solar air
collector
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Abstract

Analysis of energy and exergy has been performed for a double-pass thermoelectric (TE) solar air collector. The
TE solar collector was composed of transparent glass, air gap, an absorber plate, thermoelectric modules and a rectangular fin
heat sink. The incident solar radiation heats up the absorber plate so that a temperature difference is created between the
thermoelectric modules that generate a direct current. Only a small part of the absorbed solar radiation is converted to
electricity, while the rest increases the temperature of the absorber plate. The ambient air flows through the heat sink located
in the lower channel to gain heat. The heated air then flows to the upper channel where it receives additional heating from the
absorber plate. Energy analysis, which is based on the first law of thermodynamics, and exergy analysis, which is based on
the second law, were applied for evaluation of the system efficiency. It was observed that the thermal efficiency increases as
the air flow rate increases. Meanwhile, the electrical power output and the conversion efficiency depended on the temperature
difference between the hot and cold side of the TE modules. At a temperature difference of 22.8°C, the unit achieved a power
output of 2.13 W and the conversion efficiency of 6.17%. The exergy efficiency varies from a minimum of 7.4% to a

maximum of 8.4%, respectively.
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1. Introduction

Hybrid systems for solar (renewable) energy utilization have attracted considerable attention from scientists
and engineers during the last decade because of their higher efficiency and stability of performance in comparison to
individual solar device. Among the different hybrid systems, the photovoltaic-thermal (PVT) systems have been
widely used [1]. The heat accumulated in the solar cells is recovered in the form of low temperature thermal energy,
resulting in improvements in the electrical conversion efficiency of PV modules. Over the last few years, different
PVT systems, based on air and water as heat carrying fluid, have been studied, developed and reported in literature.
As an example, Kalogirou [2] studied experimentally an unglazed hybrid PVT system under the force mode of
operation for climatic conditions of Cyprus. He observed an increase in the mean annual efficiency of a PV solar
system from 2.8% to 7.7% with a thermal efficiency of 49%. Hagazy [3] and Sopian et al. [4] investigated a glazed
PVT air system for a single and double pass air heater for space heating and drying purposes. They have also
developed a thermal model of each system. Thermal energy for the glazed PVT system is increased with lower
electrical efficiency due to high operating temperature. However, there is another technology for combined electrical
and thermal energies namely: thermoelectric (TE) technology. The term TE refers to solar thermal collectors that use
TE devices as an integral part of the absorber plate. The system generates both thermal and electrical energy
simultaneously. Basically, TEpower generation is a solid state means of converting heat flow directly into
electrical power via the Seebeck effect [5]. The use of a TE converter for electrical power generation has
conventionally followed the basic arrangement shown in Figure. 1. A TE module consists of several N & P
pellets connected electrically in series and thermally in parallel sandwiched between two ceramic plates (hot
and cold substrates in Figure. 1). The bottom plate is bounded to a heat sink and the load is supplied with the
proper polarity. The heat, which emanates from the source, flows through the top surface of the TE module.
Electrical power is derived from the movement of electrical carriers brought on by heat flow through the TE
pellets. Holes or positive carriers move to the heat sink side of the P-type pellet resulting in a net negative
change at the heat sink side of the N-type pellet. High temperature energy sources have historically been
utilized because of the inherent higher efficiency at high temperature differences. However, there are many
low level energy sources plentiful in nature that are candidates for TE conversion such as solar energy, steam
and various forms of waste heat [6]. TE modules normally designed for cooling are the best choice for these
applications because they are manufactured from materials of highest efficiency at these normal
temperatures. As such, they represent the highest efficiency devices possible for use as thermoelectric power
generators for low intensity energy sources. Generally, the cost of the thermoelectric cooling modules is lower
than the cost of power modules which increases the commercial competitiveness of this method of generating
power [7].
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Figure 1 Thermoelectric module in power generation mode

A number of simulations as well as experimental studies have been reported on solar-driven TE power generators.
Chen [8] derived a thermodynamic analysis of a solar-driven TE power generator based on a well-insulated flat plate
collector. A thermodynamic model including four irreversibilities is used to investigate the optimum performance of
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a solar-driven TE generator. The example discussed by Chen is based on an extremely well-insulated flat plate
collector, which, in practice, may be difficult to achieve. Gunter et al. [9] constructed a prototype of a solar
thermoelectric water heater. The hot side of TE module was heated by solar hot water. Meanwhile, the heat was
released at the cold side of TE module via a heat sink. Three vacuum-tubes with heat pipes, each with a 0.1 m”
absorber area and with water as the heat pipe medium, were connected via a specially designed heat exchanger to a
fluid circuit acting as a heat sink. Test result showed that the electrical efficiency reached a maximum value of 1.1%
of the incoming solar radiation, which is around 2.8% of the transferred heat. To assess the performance of a double-
pass thermoelectric solar air collector, the value of electricity versus the heat from the collector is important. The
performance of a double-pass thermoelectric solar air collector can be evaluated in terms of energy efficiency and
exergy efficiency. Thermodynamic analysis is an effective means to obtain precise and valuable information about
energy efficiency and losses due to irreversibilities in real situations. The current tendency in the design of real
processes is the minimization of entropy production, looking forwards to designing systems that are economical and
thermodynamically optimal. The tools commonly used in solar engineering are still based on only the first law of
thermodynamics. The first law is only concerned with the conversion of energy and gives no information on how,
where and how much the system performance is energy degraded. In other words, energy-based criteria do not
account for the quality of energy, expressed as exergy. Exergy-based criteria are appropriate as they account better
for use of energy resources and give much better guidance for system improvement [10]. Exergy of a
thermodynamic system is the maximum theoretical useful work obtainable as the system is brought into complete
thermodynamic equilibrium with the environment. There is little work carried out for exergy analysis of the hybrid
systems. For example, Josi and Tiwari [11] briefly carried out energy and exergy analysis of a PVT air collector and
reported that an instantaneous energy and exergy efficiency of the PVT air heater varies between 55-65 and 12-15%,
respectively. This paper presents analysis of energy and exergy efficiencies of a double- pass TE solar air
collector. An experimental set-up described in the next section, is constructed and tested under the tropical
climate of Mahasarakham, Thailand. The efficiencies of the double- pass TE solar air collector are
determined from the experimental measurements.

2. Description of the TE solar collector and experimental methodology

The schematic view of the TE solar collector is shown in Figure 2. The TE solar collector was composed of a glass
cover, air gap, galvanized iron plate and TE modules (compounds based on bismuth-telluride) with their hot side
attached directly to the back side of the galvanized iron plate which acted as an absorber, and a rectangular fin heat
sink directly attached to the cold side of the TE modules. The space between the TE modules, absorber and heat sink
was insulated using a closed cell elastomeric thermal insulator (thermal conductivity = 0.039 W/mK). The collector
was 1 m wide, 1.5 m long, with an aperture area of 1.5 m”. It also had a 0.11 m flow duct height (air gap), leading to
a flow area of 0.11 m?. The absorbing surface in the collector was made of galvanized iron, 2.5 mm thick, painted
with dull black. Twenty four TE cooling (model TEC1—12708, China) modules made of bismuth telluride based
alloys were used. Each module had an area of 4 x 4 cm”. The TE modules were connected in series and arranged in 4
rows with 6 TE modules in each row. The rectangular fin heat sink on the cold side was made of aluminum. The fins
were 4.5 mm thick; 120 mm long in the horizontal direction and had a height of 40 mm from the base with a fin
space of 7 mm. A centrifugal blower was used to circulate the air through the rectangular fin heat sink and the
collector. The collector was oriented to south and tilted so as to adjust an angle of 16° from horizontal, which was
considered suitable for the geographical location of Mahasarakham, Thailand (16°14'N, 103°15'E) [12]. Ambient air
enters the lower channel and captures released heat from the heat sink located at the cold side of TE modules. Next it
enters the upper channel where it is further heated by the absorber plate. The air temperature at the outlet of the
collector is at a high temperature because it is using the recycled air from the lower channel. This concept was to
improve the thermal efficiency of the flat plate collector and obtain electrical power from the TE as well.
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Figure 2. A schematic diagram of the TE solar air collector
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The collector was instrumented with T-type (accuracy +0.5°C) thermocouples for the glass cover, the flowing air,
the surface of absorber plate and heat sink as shown in Figure 2. The thermocouple, which measured the ambient
temperature, was kept in a shelter to protect the sensor from direct sunlight. A pryanometer (Kipp & Zonen model
CM 11 accuracy +10 W/m?) was used to measure the incident solar radiation. The air flow rate was calculated from
the air velocity, measured by a hot wire anemometer (Testo model 445, accuracy £0.03 m/s) at the collector outlet,
and the known duct area. The output current and voltage were measured with a multi-meter (Fluke model 189,
accuracy VDC £0.025%, A £0.5%). The experiments were performed during June 2007. Experimentation started at
9 a.m. and ended at 5 p.m.

3. Analysis
3.1 Energy analysis

The thermal output Qy, and electrical output P of the TE solar collector are calculated from the measured data as
follows:

Qi = rth (Taco - T.':1mb) (1)
P =Imp - Vmp )

where C, is the specific heat at the average air temperature, m is the air mass flow rate, Ty, and Tam, are the air
temperature at the outlet of collector and ambient temperature, respectively. Iy, and Vy,, are the maximum current
and voltage of the TE modules at a matched load.

The performance of a TE solar collector can be described by a combination of efficiency terms. The basic ones are
the thermal efficiency 1, and the conversion efficiency n are calculated based on the following definition:

Ny = Sﬂé x100 3)
a
P
= x100 4
Ne ArpG “)

where A, is the aperture area of absorber plate, Arg is the area of TE modules and G is the incident solar radiation.
The total efficiency n, is commonly used to assess the overall performance

no:(ch+P_Pb)X100 (5)

a
where Py, is blower power

3.2 Exergy analysis

The thermal exergy of the system (Exy,) can be calculated from the following expression given by [13]

T
ExXth :(1— amb Jch (6)
Tabs

where T, is the absorber plate temperature.
As the electrical output of the TE solar collector is a form of exergy [14], the total exergy of the TE solar collector
(Exor) 1s obtained by summing Equations (2) and (6)

Extot = Exth +P (7

To evaluate the exergy efficiency of the TE solar collector, therefore, we need the exergy of the total solar radiation.
The TE solar collector is affected by direct and indirect component of solar radiation, the magnitude of which
depends on Carnot limitations and atmospheric effects. The exergy of solar radiation (Exy,) can be evaluated
approximately from [15],
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Exgo] = [1 ——TTamb ]GAa 8)
sun

Here, it represents the exergy of heat delivered from the interior of the sun to the surface of the TE solar collector.
As aresult, the exergy efficiency (y) could be represented as

=—22x100 9)
4. Results and discussion

The effect of increasing the air mass flow rate on the absorber plate (T,s), cover plate (T.,,) and air temperature of
the outlet of the collector (T,,) is presented in Figure 3.
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Figure 3. Effect of air flow rate on the temperature of absorber plate and cover plate and air temperature of the outlet
of the collector (Incident solar radiation of 950.7 W/m?)

It is apparent, as expected, that as the air mass flow rate increases the air temperature at the outlet of the collector
decreases. Further, for high air mass flow rates, the collector operating temperature would be lower, resulting in
lower heat losses and subsequently, higher thermal efficiency as shown in Table 1..

Table 1. Effect of air flow rate on thermal exergy (Exy,), total exergy (Exyy), thermal
efficiency (ng) and exergy efficiency (y)

Air flow rate Exq (W) EXiot (W) N (%) v (%)
(kg/s)
0.054 86.3 88.4 67.0 7.4
0.088 92.5 94.5 78.5 8.1
0.123 94.0 96.2 80.3 8.4

It can be seen that the thermal efficiency of the air collector is strongly dependent on the air flow rate. The thermal
efficiency increased quickly up to 78.5% in 0.088 kg/s and after that it tended to increase gradually. The
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maximum thermal efficiency was 80.3% corresponding to the air flow rate of 0.123 kg/s and incident solar radiation
of 950.7 W/m?. Table 1 also shows the behavior of the thermal exergy, total exergy and exergy efficiency as a
function of the air flow rate, it is presented to a range of operational condition where the thermal exergy, total
exergy and exergy efficiency take a global maximum value. The exergy efficiency varies from a maximum of
8.4% to a minimum of 7.4% at air flow rate of 0.123 kg/s and 0.054 kg/s, respectively. The exergy efficiency was
significantly lower than the energy efficiency. It means that the amount of energy that could be converted to useful
work is very low in relation to energy converted from solar to thermal [16].

Figure 4 presents the output power and conversion efficiency, as a function of temperature difference between hot
and cold sides of the TE modules.
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Figure 4. Variation of power output and conversion efficiency with temperature difference
It is apparent that the power and efficiency continued to increase as the temperature difference increased. The

maximum power and conversion efficiency are 2.13 W and 6.17%, respectively at a temperature difference of
22.8°C. The open-circuit voltage and the short-circuit current are 10.05 V and 212.56 mA, respectively.

Effect of air flow rate on conversion and overall efficiencies has been shown in Figure 5.
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Figure 5. Effect of air flow rate on overall and conversion efficiencies and blower power.

The conversion efficiency slightly decreases with increases of air flow rate, because the temperature of the
absorber plate decreased as the air flow rate increased (Figure 3). Generally, the overall efficiency increases
with an increase in air flow rate; it attains a maximum value and then decreases with a further increase in air flow
rate. This is attributed to the sharp increase in blower power with increasing air flow rate.

5. Conclusions

Energy and exergy analyses for a double-pass thermoelectric solar air collector were performed during testing
period. From the experimental study and calculations the following conclusion can be drawn.
(1) There is a significant difference between the results of energy and exergy. The energy efficiency is
higher than that of exergy efficiency. The obtained experimental data and calculations clearly show
that exergy efficiency of the TE solar collector is very low.

(2) By increasing the air flow rate, the thermal and exergy efficiencies increase. The maximum thermal
and exergy efficiencies were 80.3% and 8.4%, respectively.

(3) The electrical power output and the conversion efficiency depended on the temperature difference
between the hot and cold side of the TE modules. At a temperature difference of 22.8°C, the unit
achieved a power output of 2.13 W and the conversion efficiency of 6.17%.

Finally, the possibility of using a reflector to improve both thermal and electrical power output of the double-
pass thermoelectric solar air collector is an interesting topic for further development.
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Nomenclature

A, Aperture area of absorber plate (m?)

Arg Area of TE modules (m?)

C, Specific heat at the average air temperature (J/kgK)

Ex Exergy (W)

G Incident solar radiation (W/m?)

I, Maximum current of the TE modules at a matched load. (mA)
m is the air mass flow rate (kg/s)

P Electrical power output (W)

Q Thermal output (W)

T temperature (°C or K)

TE Thermoelectric

Vi, Maximum voltage of the TE modules at a matched load (V)

Greek letters
v exergy efficiency (%)
1 efficiency (%)

Subscripts

abs absorber plate

aco air at the outlet of collector
amb ambient

sol solar

sun sun

th thermal

tot total
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