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Abstract-

Solar Photovoltaic power generation is fast gaining popularity in Kenya. However, the effects of high cell temperatures continue
to be a major hindrance to their efficiency especially for standalone systems. Water can be used for cooling when combined with
thermoelectric generators (TEG) in areas where it is available achieving double gains. Kisumu Nyalenda, in Kenya is one such
site where weather and irradiance data have been collected for the design of a PV+TEG power generation system. In this paper,
a 3-tier study is conducted to evaluate TEG power, voltage, current and temperature distribution and the overall performance of
the hybrid system. Numerical simulations are conducted on Matlab Simulink platform model based on a medium temperature
gradient (10 °C - 100 °C) category TEG. Bench study setups are done replicating the weather and irradiation conditions of a
Recirculation Aquaculture System (RAS) in Nyalenda Kisumu. The TEG bench results are then used to guide the design of the
autonomous PV+TEG power generation system. Obtained results confirm that by accurately modelling the TEG and matching
its internal resistance to the load, maximum power can be achieved. It is further confirmed that using series-parallel connection
of TEGs stack under PV modules operating at temperature gradients varying between 5 °C to 35 °C, a 20 kWp PV system gains
an extra 15.7% from TEG array with a further 1.05% power gain from PV module temperature reduction.

Keywords: Thermoelectric generators, Temperature gradient, PV Cooling, Autonomous Aquaculture system

1. Introduction efficiency of 24.4 % due to the limitations of the absorbed

Solar Photovoltaic (PV) power generation is growing fast
world over and is expected to occupy about 30% -50% of
electricity generation by 2050 [1]. Unfortunatelty the PV
modules heat up as they generate electricity outdoors. When
the sun’s irradiation spectrum strikes the PV module, the PV
cells are only capable of effectively converting a portion of the
incident photons into electricity as per the cell’s efficiency and
band-gap energy requirements. The remaining photons result
into heat that ends up heating up the solar cell [2]. In their
study, Razak et al showed that PV modules’ elevated
temperature reduced the output voltage and subsequently its
power production [3]. Investigations carried out by Xu et al
on ultra-broadband (300 - 2500 nm) photon management for
crystalline silicon thin film solar cells using Finite Difference
Time Domain proposed a novel thin film cell structure[4].
Currently, the most popular cells are silicon solar cells with

solar photon energy [5]. The temperature phenomenon is more
common in the tropical and sub-tropical regions and greatly
affects PV power generation efficiencies and cause
degradation like corrosion. This high cell temperature
problem can be mitigated through cooling of PV modules.
Akbar R.N. et al [6] implementated a TEG cooling in extreme
temperatures and observed that TEGs are capable of absorbing
the energy of the Alpha, Beta and Gamma particles in addition
to the complete electromagnetic spectrum to generate
electricity. The objective of this paper is to evaluate the
performance of a PV-TEG power generation system intended
for a recirculating aquaculture system located in a tropical
region which is endowed with large water reserves.

2.0 PV-TEG Cell Performance Improvement Studies
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Many studies have been carried out to mitigate PV system
power loss due to elevated cell temperatures and improve
power generation efficiency in tropical regions. Temaneh, and
Mukwekwe showed that a 37.8 kWp solar PV system
operating at an average module temperature of 35.4 °C in
Namibia lost at least 3.21% of its rated system power output
due to high cell temperatures [7]. This affects the design and
sizing of PV systems and in the process, usually resulting in
oversized PV systems to avoid shortfalls in the energy harvest
[8]. In an experimental and simulation PV cooling system
method by Benhmida M. et al [9] resulted in an improvement
of electrical efficiency by 0.046%/ °C and a 48 °C to 24 °C
temperature decrease.

Many methods have been developed to try and mitigate
high PV cell temperatures like; creating adequate cooling air
between the module’s back plates and the mounting surface,
cooling the PV modules using Nano fluids, use of
microchannel heat sinks, use of phase change materials
(PCM), use of cooling panels and even floating the PV
modules on water forms [10—13]. Al Shohani et al, presented
investigations of a novel optical water filter (OWF) for PV-
thermal (PVT) and concentrated PV-thermal (CPVT) module
systems using a water layer of wavelength range of (0.35um-
1 pum) and thickness of (1cm - Sem) and observed that the water
layer enhanced the PV performance and also prevented
cyclical thermal stresses on the PV cells. They further
conducted experiments aimed at reducing heat accumulation
in a PV module using OWF and observed that PV module
temperatures decreased with increasing thickness of the OWF
layer [14]. Elsewhere, Rosa M. et al also investigated use of
OWF method on photovoltaic-thermal (PV-T) systems and
observed that their implementation resulted in a small
reduction in electrical energy, but contributed significantly on
thermal energy subsequently increasing the overall system
efficiency [15].

The use of Thermoelectric Generators (TEG) to absorb the
heat from the hot PV modules and utilizing the absorbed heat
to generate electricity is developing into a more suitable
method as it enables full utilization of the solar radiation
spectrum [16]. Dallan et al demonstrated that TEG modules
can absorb the heat from the PV modules and convert it into
electricity hence can increase the electricity generation
efficiency of the PV + TEG system by up to 3.9% depending
on the temperature gradient [17]. Belkaid et al [18] suggested
and simulated a new configuration of PV-TEG hybrid
standalone generation system and observed that the two
technologies complement each other well making possible
continuos production and efficiency improvement of the
hybrid system . Liu C et al demonstrated that besides
generating electricity, TEG modules are noise free, static,
environmentally non-polluting, highly reliable and compact in
stature [19]. Li G. et al did analysis of the feasibility of PV-
TEG looking into the challenges affecting solar systems
efficiency [20]. Soltani et al investigated four cooling methods
using; natural air, SiO»/water, forced air and Fe;Os/water
cooling. They observed that SiO2/water cooling yielded the
best efficiency improvement of 3.35% followed by
Fe;Os/water with 3.13% [21]. Further, Lin J. et al, using a
model of PV-TEG hybrid system established the performance,
optimal characteristics and optimum operating regions for
maximum efficiency and power output [22]. Zhang J. et al

also showed that PV-TEG could increase PV cell output by
14% with an added TEG generation of 60% due to improved
thermal contact resistance [23]. Abu-Rahmeh T. M,
investigated nano-fluids, tap water and aluminium fins and
presented a PV cooling method using nano-fluid (0.04%wt
TiO2/water) and obtained higher electricity yield by 5.37%
compared to the uncooled PV [24]. Hashim H. et al, developed
a model for PV-TEG hybrid system geometry optimisation to
achieve increased overall power output and conversion
efficiency [25]. Kohei K. et al [26] used varying pitch and
interlocking grooves for TEG heat transfer and observed that
increasing contact area and pitch of the groove reduced
thermal resistance. Solar PV-TEG power generation is gaining
popularity as the research and manufacture of Thermoelectric
Materials (TEM) of higher figure of merit (Zt) advances
[23,27]. Hidaka A. et al [28] examined a TEG coupled with a
low voltage boost converter and observed 100% tracking
efficiency and effective harvest of thermal energy.

However, aspects like accurate modelling, impedance
matching, temperature mismatch and accurate operating
weather conditions prediction, have remained a big challenge
to effective implementation. Selection of appropriate TEG
module type, cooling method and temperature gradient is also
of significant importance to the success of these systems.

In this study, considerable efforts are made to match the
impendence of the TEG to that of the load and temperature
mismatches between the modules mitigated. In addition,
modification of local weather conditions and temperature
gradient by use of a water body is incorporated in the PV-TEG
setup. A medium temperature gradient TEG has been
modelled and simulated using both field weather and
irradiance parameters from a site in Nyalenda Kisumu and
bench setups fabricated using a commercially available TEG
to observe their actual behavior.

3.0 Experimental Procedures

In PV-TEG setups, thermal energy recovery is accomplished
using TEG modules. These modules are composed of
electrically series-connected and thermally parallel-connected
P-N junction pairs. Normally in one TEG module, there are
practically about 127 P-N junction pairs [29]. When the
electrically series-connected P-N junction pairs are subjected
to a temperature gradient (AT) between the two faces of the
modules, they generate electromotive force (EMF) and current
flows according to the Seebeck phenomenon [30].

3.1 Numerical Model Setup

For purposes of modelling the TEG module, collected PV
module temperature data at the study site are used. The data is
obtained from the field setup at Nyalenda Kisumu. With the
observed PV cell temperature of 69.2 °C, a TEG with medium
AT of 10 °C - 100 °C and maximum hot side temperature Th
of 150 °C is selected and its parameters evaluated for
simulation purposes. A mathematical model is developed and
simulated on a Matlab Simulink platform. In a PV-TEG hybrid
power generation system, the thermoelectric generator pellet
is both a thermal absorber and an electric generator combining
the two functions to achieve electricity generation. Therefore,
to be able to accurately model the TEG pellet, all the possible
thermal and electrical parameters are considered. The model
can be thought of as an electric generator encased in a thermal
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vessel consisting of the P and N pellets combination
conducting heat in one direction of flow from the hot side, Q;,
at temperature, T, to the cold side, Q. at temperature, T, as
shown in Fig. 1. The model depicts the contact thermal
resistance R of the Thermoelectric Material (TEM), the
thermal resistance, R, of the P and N elements of the TEG,
T, and Qy, as the temperature and heat respectively, at the hot
side of the pellet and T, and Q. as the temperature and heat,
respectively, at the cold side of the TEG.

Ret
Th Rct Th' oc Tc Rct Tc
o O [O—T FO—[J—o
3 —)
Qh Qc
Load-RL
|

Fig. 1. TEG model block diagram

3.1.1 The Electrical Model of TEG
In the electric model, R; and R; are the TEG internal electrical
resistance and the load resistance, respectively. The internal
electrical resistance of the TEG includes the electrical contact
resistance of the associated connecting conductors. During the
execution of simulations on the developed model, heat, @}, is
applied on one side of the module that consequently raises the
temperature to T}, with conductive heat transfer taking place
across to the module to the cold side to appear as @, and the
temperature as T, as shown in Fig. 2 T, and T, creates a
temperature gradient, AT that enables the TEG to generate
electricity based on the Seebeck phenomenon where the N
element assumes the positive polarity and the P element, the
negative polarity as shown in Fig.2.

The key internal and external parameters of the TEG pellet
used in the model are listed in Tables 1 and 2, respectively.

‘ Cold

Fig. 2. TEG physical structure

Table 1. Internal parameters of a TEG module

Serial Parameter description Symbol
1 Seebeck coefficient for the P element op
2 Seebeck coefficient for the N element -Oln
3 Electrical resistivity for the P element Ppe
4 Electrical resistivity for the N element Pre
5 Length of the P element Ly
6 Length of the N element Lx
7 Area of the P element Ap

8 Area of the N element An
9 Thermal resistance of the pellet Rin
Terminal resistance of connectors Re
11 Number of pellets N
Table 2. External parameters of a TEG module
Serial Parameter description Symbol

1 Temperature gradient AT

2 Hot side temperature Th

3 Cold side temperature Te

4 Thermal conductivity layer Cu

5 Load resistance RL

The governing equations used in the setting up of the electrical
performance model of the TEG are hence developed as
follows;

The open circuit voltage or Seebeck voltage for a single pellet
of the TEG is given as [31,32];

Vyo = aAT (1)

Where, o is the Seebeck coefficient of the thermoelectric
materials (P and N) and AT is the temperature gradient
between the hot and cold sides of the TEG. For a whole TEG
module, the Seebeck coefficient is multiplied by the number
of pellets in the module which is typically 127.

The power generated by the TEG or the output power P, can
be expressed as I2R;. So, the power output from the TEG for
one TEG pellet is given as [19,31];

P, = alAT —rI? )

Taking the derivative of P, with respect to current yields

dp,
— = alAT — 2r] 3)

For peak current condition, the derivative is equated to zero
(aAT —2rl = 0),
Hence peak current, I, becomes;

aAT

I, = (4)

2y

But 7/ and P, can, respectively, be expressed as;

_ K _aAT
I= R~ r+R, )
AT \2
PR = (50) R ©)

The electrical current flowing in the circuit and across the load
Rvris equal to;

_aAr
- ri+Rp,

()
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And can also be given as;
I, = Vo —il)/R, (®)

Therefore, load voltage, Vi is expressed as;
Vi =Voc —I1; ©)

3.1.2 Thermal Model of the TEG

The thermal model of the TEG pellet is developed based on
Fig. 3 and with the understanding that the heat from the heat
generator encounters some thermal resistance and the current
generated by the TEG also encounters some electrical
resistance as it flows through the Thermoelectric Material
(TEM), thus creating the Joule heat I?r in the elements
[19,31].

From Fig. 3, the temperature gradient, AT is equal to T, — T,
and the Seebeck coefficient, a shall be equal to a, —a,
which is the sum of the Seebeck coefficients of the P and N
because they are thermally parallel.

The heat applied at the hot side of the TEG is @}, and the
heat dissipated on the cold side is Q.. Therefore, the heat
absorbed by the TEG is given as [33,34];

Qn—Qc = CQa (10)

Considering a module of n pellets, the thermal power at the
hot side can be expressed as [33,34];

Tp-Tc

Qh:(R

)+ Tynal =3 IR, (11)

et

Where R,; is the thermal resistance of the P and N elements, /
the electric current flowing in the TEG and, na is the
combined Seebeck coefficients of the P and N elements of the
TEG.
Similarly, the thermal power reaching the cold side of the TEG
is expressed as [33,34];

Tp—Tc

Qc = (%) + anIT, + 2RI (12)

et
From Equations (11) and (12), the difference in the value (Q4)
between the hot and the cold side of the TEG is converted to
electricity according to the Seebeck phenomenon.
Electrical power, P, of the TEG is hence equal to the thermal

power, Q, and the efficiency of the TEG can be expressed in
both electrical and thermal terms as;

n= output power _ Po (13)

input power Qp

Hot side
Qh

Th

Ret

Ret

Rct

Tc

c
Q Cold side

Fig. 3: TEG PN Pellet

3.1.3 Model Development and Simulation

The TEG numerical model is developed using the internal
parameters of the TEG pellet obtained from the TEG
manufacturers. The parameters values were used in the Matlab
Simulink block-sets and built to make the TEG pellet by
interconnecting the block-sets using numerical function
operators. Display points are used to closely monitor the
individual operation outputs and finally the results are
obtained from a five-channel oscilloscope that outputs the
values in graphical format. For clear visibility of the graticule
traces, gains have been used where necessary. The scope
output traces consist of the voltage, current, power, efficiency
and the TEG hot side temperature, 74. The control parameters
are the hot side and cold side temperatures of the TEG, Th and
Tc, respectively. Fig. 4 shows the simulation flowchart for the
TEG and Fig. 5 shows the actual numerical operators used in
the model.
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Input pellet internal parameters, set Th,Tc & Ry

Calculate AT,

a,Rteg
Check
parameter p,L,A
& N
Rteg = Ry
No
Yes
Calculate
Voc =0AT
Check Ret
Calculate

Iteg =Voc/(Rteg+Ry)
Vi=Voc-ItegRy

Calculate
Qh=(Th-Tc)/Ret +Tyal-1/21°Rteg
Pteg = Vi *Iteg

Qh > Pteg

Yes

Calculate
TEG n =Pteg/Qh

Output
Voc,Iteg,Pteg,nteg Th

Stop

Fig. 4. The TEG simulation state flowchart
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Fig. 5. Schematic TEG model in Matlab Simulink

3.1.4 Model Development Assumptions

During the development of the TEG model, some assumptions
were made. The temperature at the back plate of the PV
module is taken to be the same as the temperature of the hot
side of the TEG implying a near perfect thermal conducting
layer between the two surfaces. The internal resistance of the
TEG remains constant during the power generation and the
temperature of all the pellets is uniform. It is also assumed that
the temperature starts from a low value and rises steadily to
the maximum field value. The thermal resistances, R,; of the
pellets are taken to be insignificant compared to R, in the
electrical model of the TEG. Fig. 5 shows a schematic block
set of the TEG model used in the Matlab Simulink simulation
platform.

3.2 TEG Bench Setup Fabrication
The TEG experimental bench test apparatus are fabricated and
set up to carry out measurements of voltage, current and power

output from the physical TEG module. The workbench
laboratory setups are fabricated for a single, two and four TEG
modules. The heat dissipated by the PV is modelled using an
electric heater plate and water cooling achieved using an
Alucore honey comb cooling panel initially filled with cold
water at 20 °C. Temperatures are measured using K-type
thermocouples.

Fig. 6 shows a schematic representation of the electrical
connection of a single TEG and position of the thermocouples,
while Figs. 7a, 7b and 7c show the single, two and four TEG
setups, respectively. Their respective electrical connections
are schematically presented in Fig. 8. For each of the setups,
the load resistance was matched to the TEG internal resistance
as shown. The load current drawn from the TEG modules was
measured as a voltage across a 1ohm resistor. The data from
these setups is continuously logged using a KEYENCE NR-
500 logger at time intervals of 5/10 seconds and the data
collected in CSV format using a laptop computer.
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In all the setups, the TEG internal resistance is matched to a
pure resistive load and the only variable parameter was
T, whose values are extracted from the RAS site data at
Nyalenda, Kisumu and varied from 22 °C to 69.2 °C. A
graphite sheet with a thermal conductivity of 15.0 W/m.K is
used to mitigate effects of temperature mismatch between the
modules [19].

3.3 Field Trials Setup, System Design and Sizing

Based on the numerical and experimental findings, field trial
setups are fabricated at the site to observe the practical
behaviour of PV-TEG under ambient air and water-cooled
conditions. The aquaculture system equipment ratings are
used in the design and sizing of the PV-TEG hybrid system
that is intended to supply power to the autonomus RAS.

3.3.1 Field Trials Setups

In the field trial setups, two 13 Wp PV modules are used. The
first water cooled module with 10 TEG modules mounted on
the back plate, while the second one was bare and used for
open circuit voltage and temperature measurement. They were
both subjected to the actual field weather conditions. The days
were bright and irradiance is measured using a CMP-3
pyranometer and logged usinga COMBILOG-1022 irradiance
logger. PV and TEG temperatures are measured using K-type
thermocouples and PV and TEG voltages logged using a
KEYENCE NR-500 system. The same TEGs used in the
laboratory setup are used in the field setup. Fig. 9 shows both
the air-cooled and water-cooled setups while Fig. 10
schematically presents their respective electrical connection
diagrams.

SEEEEEEER

Fig. 9. Roof mounted air-cooled PV and water-cooled PV-
TEG field setup
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PV Module T
PV-TEG
Th

»

‘ V2=V-TEG
Te Ten TEG Modules array ~ Voc T
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Fig. 10. Field setup electrical schematics (a) Air cooled PV
(b) Water cooled PV-TEG

3.3.2 Field PV-TEG Power System Design

The PV-TEG system is intended to supply power to an
autonomous Recirculating Aquaculture System in Nyalenda
Kisumu. Using the weather data collected at the site over a
one-year period, and from the Kenya solar potential database
[35], the design is made to suit the daily load demand allowing
three Days of Autonomy (DOA). The main power is supplied
by the PV system with storage and the TEG complements the
PV power. The load for the RAS consists of a Membrane Bio
Reactor (MBR) and the ponds system as further presented in
Table 3.

Table 3. The RAS electrical load

S/N  Load Description Qty Power (W) Duty Energy
(Hr) (Wh)
1 MBR Pump 1 900 1 900
2 Filtrate pump 1 130 4.8 624
3 Blowers tank 1 1 215 2.5 537.5
4  Blowers tank 2 1 215 2.5 537.5
5 Sludge pump 1 40 1.5 60
6 Circulation pump 1 40 2 80
7 Sterilization 1 47 1 47
8  Ox guard control 8 20 24 3840
9  Bio filter pump 1 900 4 3600
10  Circulation pump 1 670 2 1340
11 UV-C generator 1 40 24 960
12 Filter pumps 1 1900 2.5 4750
13 H. tank pump 1 670 4 2680
14 RAS 1 blower 4 215 2 1720
15 RAS 2 blower 3 215 2 1290
16  Oxygen probes 1 20 24 480
17 Bio gas pump 1 450 3 1350
18  Computers 1 200 10 2000
19 Ox guard units 11 100 24 26400
20 Battery chargers 7 40 24 6720
21 24 V power unit 1 100 24 2400
Total Load (Wh) 63216
kWh 63.22
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3.3.3 PV-TEG System Sizing Methodology

To get a complete and clear picture of the significance of the
PV-TEG power generation system, the actual hybrid system is
designed and sized factoring the demand and local conditions
of the study site. The PV system is sized based on the average
solar insolation for Nyalenda whose calculated 21-year daily
average was 4.6 kWh [35]. The design parameters considered
included; PV module type (polycrystalline) and size (275 W),
battery storage type (L-ion) and size (48 V/50 Ah), system
voltage (48 VDC), inverter type (pure sinewave), charge
controllers (MPPT) and load profile and prioritization as
presented in Table 3. The efficiencies of all the devices used
are also taken into consideration.

The PV system output power is calculated as;

daily load
11 XNpXnc XnNpy X PSH

PV = (14)

Where, 1;, ¢, g and np, are efficiencies of the inverter,
charge controller, batteries and the PV modules, respectively,
and PSH is Peak-sun hours for the site. The physical
dimensions of the selected TEG and the surface area of the
back plate of each PV module are used in the system design
and sizing. The interfacing device between the TEG system
and the battery bank, or the charge controller’s resistance
(impedance) is matched to the internal resistance of the TEG
system.

The TEG power system is designed and sized considering
mainly the field TEG hot side temperature, 7/ and the internal
resistance of the entire TEG system. TEG modules are stuck
on a honey comb cooling panel as shown in Fig. 11. Table 4
further presents the basic technical specifications for the
selected TEG module in the design and sizing process.

Fig. 11. TEGs stuck to the cooling panel

Table 4. TEG basic specifications
SP1848 -27145SA

At -°C Voc - Volts I-mA
20 °C 0.97 225
40 °C 1.8 368
60 °C 2.4 469
80 °C 3.6 558
100 °C 4.8 669

Using the manufacturer’s dimensions for the PV and TEG, the
area of each PV back plate is 1.395 m? and that of each TEG
module is 1.6 x 103 m% So, with a dead and edge space
allowance of 30%, the back plate of each 275 Wp module
would comfortably accommodate 600 TEGs.

4.0 Results and Discussion

4.1 Model Validation and Simulation Results

Simulation results from the developed model agree with the
TEG theory and are validated with previous work done by
Karami N. et al [33]. Fig. 12 presents a comparative analysis
of the two studies. For the four parameters analysed, the trend
is quite similar in both studies. The study by Karami N. et al
however shows much lower values compared to the present
study results because of the type of TEG used as they were not
identical. The two TEG pellets differed in their internal
parameters; Seebeck coefficients, electrical resistivities,
length and thermal resistance that mostly affect the magnitude
of their electrical outputs. The peak temperature used in the
model was equivalent to the highest temperature achieved on
site during field data collection so it was very different from
the one used by Karami and his counterparts. Also, the
accurate matching of the internal resistance and the load are
factors that must have contributed to make the magnitudes
vary because they affect the efficiency of the TEG. However,
the sharp picks observed in the power and efficiency graphs,
Figs. 12c and 12d, respectively, are due to the time period for
the simulations. The behaviour of the TEGs however follow
the same trend though the magnitude of the electrical outputs
were different confirming the difference in samples used.
From Figs. 12a and 12b, the voltage and current display higher
values that rise gradually with time and temperature gradient
to a high value of 0.75 V and the current peak of 0.14 mA. On
the other hand, the TEG power rises to a peak of 20 mW and
the efficiency rises to 11%. The observed values mostly
depended on accurate matching of the simulation load
resistance to the TEG internal resistance and the temperature
gradient.
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4.2 Bench Setup Results

The bench setups in the laboratory succeeded the
numerical simulations and results show that as T}, increases to
the pre-set value of 69.2 °C and AT also increased, the TEG
voltage increased to 0.6 V, 1.29 V and 2.41 V for one, two and
four TEGs setups, respectively, as presented in Figs. 13a and
13b. The current had a negligible variance as expected due to
series connection where the TEG maximum currents were
113.3 mA, 114.6 mA and 119 mA for the one, two and four
TEGs, respectively, as presented in Figs. 13c and 13d. For
one, two and four TEGs, the power increased to 73.98 mW,

134 mW and 287.39 mW as presented in Figs. 13e and 13f,
respectively.

These results show that by carefully matching the TEG
array internal resistance to the load or interface device
resistance and connecting individual TEG modules in series,
the output voltage can be scaled up increasing the power
obtainable from the TEG modules. This is analogous to solar
PV cells. Consequently, connecting such strings in parallel
increases the current output. This therefore set the basis for the
field trial setups.
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4.3 Field Trials and Final System Design Implications

The field PV-TEG trials were set up at the site in Nyalenda
Kisumu where PV and TEG hot side temperature T}, of 62 °C
and a maximum temperature gradient AT of 19.2 °C was
achieved. During this test, PV and TEG average open circuit
voltages 0f20.35 V and 1.47 V, respectively, were obtained at

an average irradiance of 920.01 W/m?. Fig. 14 presents the
variations of both the voltage and the temperature gradient
with time. Both PV and TEG voltages were rather stable with
PV voltages reducing slightly as temperature rose while that
of the TEG increased slightly due to the increase in AT. The
hot side temperature as well as the temperature gradient also
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increased steadily with time reaching saturation after 30
seconds. Further, from the field trials, the obtained average
temperature reduction between the air-cooled PV and water-
cooled PV-TEG was 4.51 °C and the average electrical
efficiency was 4.42% as presented in Fig. 15, and the peak
temperature reduction and electrical efficiency are 8.45 °C and
13.75% respectively.
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Fig. 14. PV-TEG field measurements
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Fig. 15. PV electrical efficiency and temperature reduction

From the study investigations and using the daily energy
requirements for the RAS as calculated in Table 3 to be 63.22
kWh and the site annual average irradiation of 4.6 kWh/m?, a
19.13 kWp PV system is obtained which is equivalent to 20
kWp. The PV system will consist of 72 modules of 275 Wp
each. One PV module will accommodate 600 TEG modules
that will be capable of generating a peak power output of 43.7
W, so the total peak power from the TEG system is expected
to be 3,146 W. The entire TEG system will be connected in a

series-parallel formation to achieve a norminal voltage of the
48 V to charge the same battery bank as the PV. The TEG
system directly contributes an additional 15.7% to the 20 kWp
of the PV system power output. In addition, the PV system
would generate 1.05% more power as compared to the original
setup without cooling.

5.0 Conclusions
In this paper it has been shown both numerically and
experimentally following a simulation approach that;

» When TEG modules’ internal resistance is matched
to the load impedance, maximum power output and
efficiency of up to 9% can be obtained.

» When the PV system operating temperature is
reduced by the TEG and cooling panels, about 1% of
the PV power is gained.

» When TEG modules are stuck under PV modules
especially in a tropical environment with PV
temperatures ranging from 50 °C to 69.2 °C, up to
15% of the PV power can be generated by the TEG
system array resulting in substantial additional
amounts of power to the PV system.

» The performance efficiency of the PV system
increases by 4.42% due to the cooling effect of the
TEG with water on the cold side.

These results demonstrate that when TEGs are connected

in a series and parallel formation and their internal

resistance matched to the load, they can be relied on in
generating considerable electrical power. Hence the

PV+TEG power generation is highly attractive and

promising with better efficiencies. The developed system

can also be replicated in other sites with similar
environmental conditions.
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