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ABSTRACT: This study investigated the effectiveness of the developed solar photovoltaic (PV) module's surface-to-
rear temperature-controlled solenoid valves for PV module cooling application. The cooling fluid is regulated by
energizing normally closed (NC) solenoid valve with control parameters as modules rear and surface temperatures.
ATmega32 microcontroller was utilized as central processing unit with two (2) LM35 as input sensors and solenoid
valve as an output device. Each of 2-LM35 temperature sensors were dedicated to measure module's rear and surface
temperatures respectively. The measured temperature values were coded as controlled parameters for regulating
cooling fluid discharge by energizing a NC solenoid valve. The system was observed to discharge cooling fluid by
energizing the solenoid valve under module's surface and rear temperature difference of less than or equal to 1.5°C
(T+-T<1.5°C). The module's mean surface temperatures of 49.31°C and 54.92°C were recorded for temperature-
controlled PV cooling applications and a standard solar photovoltaic/thermal (PV/T) system. The maximum recorded
surface temperatures for temperature-controlled PV cooling and a standard PV/T systems were 54.0°C and 57.6°C
respectively. The mean absorber temperatures of 45.51°C and 40.87°C were respectively recorded for temperature-
controlled PV cooling and standard PV/T. The maximum absorber temperature recorded for temperature-controlled
PV cooling and standard PV/T were 48.30°C and 41.63°C respectively. The solar cells temperature is reduced by
5.38% through solenoid valve temperature controlled solar module cooling application.
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the active systems. However, passive PV/T systems are
associated with efficient hot water circulation Tsoho (2014).

I. INTRODUCTION
Photovoltaic (PV) panels are designed to convert solar

radiation into direct current (DC). Only 5 — 20% of the incident
energy is converted into electricity, depending on the PV cell
technology used (Wim et al., 2004). Solar cell temperature is
among one of the most critical factors that affects the
efficiency of solar cells (Dinger and Meral, 2010). Most
significant change by temperature is voltage which decreases
with increasing temperature, while output current slightly
increases by temperature (Tobnaghi et al., 2013). However, the
cumulative effect is reduction in power output.

In an attempt to regulate the elevated surface temperature
of solar module, solar photovoltaic/thermal (PV/T) systems
were developed. These systems are either in passive or active
form. These systems are capable of providing thermal energy
and improved output power. Passive solar PV/T systems use
natural convection to transport the fluid from the heat
exchanger attached to solar modules to the storage tank,
whereas, the active systems require pump to force the fluid to
circulate from the heat exchanger to the rest part of the system.
Passive systems are less expensive and easier to develop than
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A study on the performance investigation of photovoltaic
modules by back surface water cooling was conducted by
Bashir et al. (2018). In their study, two modules were modified
by making ducts at their back surface having inlet and outlet
manifolds for water flow with measurement taken with cooling
and without cooling. Obviously, their study adopted a passive
type cooling where an electromechanical pump is not
integrated or utilized for water circulation.

Ceylan et al. (2013) conducted an experimental study on
hybrid solar PV — solar thermal system aimed at improving the
conversion efficiency of PV module and subsequently
providing electricity and hot water. The cooling fluid is
preheated through heat exchanger attached to solar PV module
and subsequently channeled to solar collector for a preset
temperature value from the outlet end of solar PV module. A
normally closed solenoid valve is program to open at certain
temperature value to further transport preheated fluid to a solar
collector for adequate heating. This study employs one
temperature sensor for solenoid control. The solar PV system
and solar collector were both developed as separate entity.

doi: http://dx.doi.org/10.4314 /njtd.v17i1.3
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In another study conducted by Claros-Marfil et al. (2016),
a data acquisition and a controller were developed for solar
research. The controller is designed to govern the pump, the
solenoid valve and the heater for water-flow glazing
application in particular. An Arduino Mega ADK (Android
Development Kit) was considered in their study. However, the
application is limited to solar water heating with water a lone
temperature data for valve control. In addition, wire or
thermocouple was used as a temperature sensor in their design.

In a similar study conducted by Kumar et al. (2017), two
separate systems comprising solar PV and solar distiller were
developed and integrated with the aim of cooling the solar
module and subsequently provides distilled water. The system
incorporated controller for regulating the operations of
solenoid valves, DC pump and switch. The solenoid valves
were connected in-between the saline water storage tank and
solar module, and solar module and distillate collector. DC
pump is connected to channel the water from distillate
collector back to solar module for continuous water circulation
in the system. However, the preheated water which is
responsible for PV module cooling was controlled by a
regulated time interval.

Calebe et al. (2017) carried out a study on increasing
photovoltaic panel power through water cooling technique
with water circulation been controlled by water valve. In this
study, the water valve is uncontrolled electronically. The data
were collected with PC via serial link RS-232 and the
experiment was conducted in a controlled environment, unlike
in the current study where the panel is subjected to real life
microclimatic condition of Sokoto. Furthermore, unlike in the
current study where cooling is through the use of heat
exchanger attached to the back-side of solar module, Calebe et
al. (2017) adopted surface cooling, in which case the water is
applied on the front surface of the panel at different flow rate.

Rawat (2014) narrowed down their study on the design,
development and experimental investigation of solar
photovoltaic/thermal (PV/T) water collector system using
37W polycrystalline silicon solar panel as a collector. An 18W
AC pump was used to provide 0.002kg/sec constant mass flow
rate of water circulation within the system and the readings
were taken every one hour. In other words, the pump is
continuously power over the period of active sunshine and
irrespective of the intensity of solar radiation. This may not
effectively provide cooling and it may add up to the cost of
powering the active pump, as the pump was not conditioned to
ON or OFF with respect to the intensity of solar radiation or
the rate of absorption of heat from PV module. Their findings
have shown that the daily electrical efficiency was about
7.57%, the daily thermal efficiency was about 50.1%, and the
total efficiency of the system exceeded 73%.

Kaya (2013) carried out a study on thermal and electrical
performance evaluation of PV/T collectors in UAE with a
variable power (40W, 70W, 115W) pump for continuous water
circulation and observed that by combining thermal and
electrical aspects of solar panels, an increase in electrical
output is experienced due to the reason that the water
circulation through the collector decreases the overall

temperature of solar cells, which lead to a performance
increase in terms of electricity production. This is to imply that
the pumps were not controlled to provide a variable flow rate,
rather three different pumps of different variable power (i.e.
with different flow rate) were utilized in order to study the
effect of varied flow rate on the PV module performance. In
our study, the flow of water was provided through gravity and
water discharge is regulated by interment ON/OFF of the
solenoid valve. This valve control is conditioned with respect
to water temperature and the module surface temperature.

A comparative analysis studies conducted by Khan et al.
(2017) adopted four different cooling methods and a bi-
reflector for the investigation of the effect of cooling on the
performance of photovoltaic solar system. The proposed
cooling techniques include passive air cooled, closed loop
water loop, air cooled and water sprinkling systems
respectively. The bi-reflectors were positioned opposite each
for increasing the amount of light intensity on the PV module.
For passive air cooled system, heat sinks are installed on the
rear side of the solar module for improve on the natural or
convective cooling. Closed loop water loop system integrated
a (for cool water circulation) at the rear side of the module with
a flow meter connected to regulate the flow rate and pump for
the circulation of hot water. Neither the pump nor the flow
meter was controlled. For the air cooling method, a brushless
DC fan was utilized, whereas water sprinkling system sprinkle
water on the surface of PV module for cooling to take effect.
However, it was not clear whether the sprinkling was
intermittent or continuous (i.e. controlled or uncontrolled).

In a similar study, Kabeel et al. (2019) subjected PV
module with reflectors to Egyptian conditions using three
different cooling techniques. These techniques include air
forced cooling technology, water cooling technology and
combined forced-air and water cooling technology, with all in
the presence of reflectors. The description of the system is
similar to the study conducted by Khan et al. (2017) with the
exception that a combined forced-air and water cooling
technique utilizes simultaneous supply of forces-air and water
by 10W DC blower and a 5W DC pump with their respective
flow rate as 61m%h and 12L/min. This also was uncontrolled
by temperature parameters.

Castanheira et al. (2017) demonstrated a project for a
cooling system for existing PV power plants in Portugal where
water cooling kit system was designed and characterized
specifically for the already existing and operational 20kW PV
plants. In their study, a water sprinkler is designated per string
of PV panels and these sprinklers were intermittently operated
through a controlled valve that is connected in-between a pump
and the sprinklers. The average ON and OFF thermal constants
were 0.6 and 11 minutes respectively. This is a clear indication
the controlled valves were temperature uncontrolled.

Dorobantu et al. (2013) carried out an experimental
assessment of PV panels front water cooling strategy and
concluded that free flow water cooling of PV panels could
improves the efficiency and reliability of photovoltaic energy
conversion — the open voltage of the panels was increasing
when its temperature decrease and due to the lower operating
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temperature, its life cycle could be increased. The current study
adopted controlled back-side cooling.

The associated challenges with an active and passive PV/T
system are continuous power consumption and inefficient hot
water circulation. The surface-to-rear temperature-controlled
NC solenoid valve is developed to accurately determine when
to discharge the cooling fluid within the heat exchanger in
order to avoid further heating up of solar cells.

Il. MATERIALS AND METHODS

This system combined hardware and software for proper
system's functioning. The hardware unit is subdivided into two
major subunits, namely: temperature sensing unit and valves
regulating unit. Software is a program developed for accurate
hardware's control and communication. The controlled
program was developed and compiled using Atmel Studio 6.2.
Liquid crystal display, LCD and keypad (control buttons) are
also integrated system's hardware units which serve as a user's
interface and a means of debugging.

A.  LM35 Temperature Sensing Unit

Solar modules surface temperature variation is unlikely to be
greater than 150°C in any part of the world. LM35 precision
centigrade temperature sensors is rated for full -55°C to 150°C
range. LM35 is therefore selected for this application.
Furthermore, the LM35 device does not require any external
calibration to provide accuracies of +1/4°C and +3/4°C at room
temperature and over a full -55°C to 150°C temperature range.
It is also less costly by trimming calibration at the wafer level
(Texas Instrument, 2017).

The hot water discharge NC solenoid valve is controlled by
simultaneously monitoring and comparing module surface and
rear (heat exchanger) temperatures. Therefore, two (2) LM35,
each dedicated to monitor modules surface and rear
temperatures, are required. The output voltage for LM35 is
converted to temperature in degree Celsius (°C) using the Eq.
(1) as proposed by Kumar et al. (2010)..

X 0
Temp(°C) = (M) (1)

The output signals, Vouwwwm for LM35 sensors are
configured as input signals for port A of ATmega32
microcontroller, as thus shown in Fig. 1. The LM35 basic
centigrade temperature sensor circuit design is considered for
this application. However, due to uncertainties from
fluctuations in solar radiation, air motion/wind speed, and
other climatic parameters, a capacitor filter is introduced. As
given in Eq. (1), the output voltage (i.e. scaling factor,
+10mV/°C) is scaled in the controlled program by a factor of
100.

B.  Solenoid Valve Control Unit

Two 220V alternating current solenoid valves are dedicated
for hot water discharge and surface cleaning respectively. The
hot water discharge valve is controlled based on solar module
surface and rear temperature variations. The conceptual design
for valve control and the implemented circuit diagram for
solenoid valves control is shown in Fig. 2 and Fig. 3
respectively.
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Fig.2: Conceptual for solenoid valve control.
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Fig.3:Solenoid valve control implementation hardware unit.

The switching transistors' base resistor values, RB1 and
RB2 were computed using Eq. (2),

RB1 = RB2 = /BBVBE

Ip

@



MAWOLI et al: DEVELOPMENT AND PERFORMANCE EVALUATION OF SOLAR PHOTOVOLTAIC MODULES

where Vgg is the transistor's base voltage, Ve is the voltage
drop across base - emitter (usually given to be 0.7 V) and Ig is
the base current. The Ig can be determined from eqgn (3).
|
g = ;C 3)

B and lc are transistor DC gain and collector current
respectively. The DC gain for D882 transistor is 60 and the Ic
is the ratio of V4 and relay’s coil resistance, Rrelay presented in
eqn (4),

lo = Voo (4)
Rrelay

The parameters Vg and Rrelay are known; i.e. 12 V and 100
Q. Hence, RB1 and RB2 were both determined as 2.2 kQ.

The control flow chart for regulating fluid discharge
solenoid valve OPEN/CLOSE is shown in Fig. 4.
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Fig.4: Fluid discharge control flowchart.

C. Experimental setup/Data collection
The schematic diagram for the setup and the data

collection setup are shown in Fig.5 and Fig.6 respectively. The
solar module surface and rear temperature data with their
corresponding time were automatically logged by the system.
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Fig.5: Schematic diagram for the experimental setup.
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The system automatically logged the module surface and
absorber temperature every 30 s. The data were collected at the
demonstration site situated along 13°3'5"N and 5°13'53"E
latitude and longitude respectively between the hours of 06:00
to 16:00 with an inter-data interval of 5 minutes. The logged
data were saved on a removable SD card (memory card).
However, the data collected between the hours of 10:20 and
16:00 were analyzed, as the solar backup that supply power to
the controller and solenoid valve had to be charged to provide
adequate power.

[1l. RESULTS AND DISCUSSION

The results are graphically presented using data obtained
from solar PV/T system and solar PV/T with valves controller
(i.e. smart-base solar PV/T). Fig.7 and Fig.8 are graphical
results showing the degree of effectiveness of cooling on solar
PVIT and smart-based PV/T systems respectively.

65

60

wn
<n

w
[=1

45

Module Surface Temperature,
Tms(deg.C)

40 T T T T
1000 1100 1200 1300 1400 1500 1600 1700

Duration of the day (sec)

Fig.7: SPV module surface temperature — time relationship.

The maximum temperature of 57.6°C and 54.0°C were
recorded for solar PV/T and smart-based solar PV/T systems.
Furthermore, average module surface temperatures recorded
for solar PV/T and smart-base PV/T systems were 54.92°C and
49.31°C respectively. This is an indication that solar module
surface temperature whose cooling fluid was controlled by
module surface and fluid temperatures present a lower
temperature compared to PV/T system.

Fig.9 and Fig.10 shows the variation in solar module
absorber temperature with respect to time for solar PV/T and
smart-base PV/T system. The results obtained are relatively
similar in term of the trends, that is, the absorber temperatures
initially appeared to increase as the day advances and later
maintain a stable temperature with respect to varied time.
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Fig.9: SPV/T module absorber’s temperature — time curve fitting.

However, the change in absorber temperature with respect
to time is much lower for SPV/T system as compared to
temperature controlled SPV/T. From the results presented in
Fig.9 and Fig.10, it obvious that absorber temperature for
SPV/T attained a stable state much earlier than temperature-
controlled SPV/T. This implies that the heat transfer between
the absorber or heat exchanger and module solar cells (or
surface) is less than that of temperature-controlled SPV/T. The
maximum and mean absorber temperatures of 41.63°C and
40.87°C were recorded for solar PV/T (i.e. from Figure 9),
while 48.30°C and 45.51°C were recorded for smart-based
PV/T (i.e. from Figure 10) systems respectively.
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Fig.10: Smart-based SPV/T module absorber’s temperature — time curve
fitting.

These values have shown that greater amount of heat was
absorbed by the smart-base system’s absorber as compared
with solar PV/T absorber. In addition, SPV/T appeared to
attained thermal equilibrium between 13:00 and 15:45. In other
words, the temperature of the water and the modules solar cells
or surface are equal; the implication is that the heat developed
on the module surface would no longer be absorbed by the
water. At this point, the cooling process ceases. Contrarily to
SPV/T system, temperature-controlled SPV/T system attains
equilibrium state at 14:30 and the rate of heat transfer is much
higher compared to SPV/T system. This could have resulted in
smart-base solar module recording a lower temperature.

Fig.11 and Fig.12 are graphical representations of heat

transfer processes between the absorbers and solar modules for
solar PV/T and smart-based PV/T systems. Comparing Fig.11
and Fig.12, it can be observed that there is a clear demarcation
between solar module and absorber temperatures in Fig.11
whereas in Fig.12, an overlap could be observed. This implies
that smart-based system was able to absorb certain quantum of
heat energy from the surface of the solar module whereas its
counterpart (solar PV/T) might have only absorbed a very
small quantity of heat energy, hence accounting for the large
gap between the absorber and module temperatures.

On average, the PV module surface temperature lies
between 50 and 60°C for SPV/T system, whereas for
temperature-controlled SPV/T, it lies between 40 and 55°C.
The solenoid valve opens at equilibrium points (between the
absorber and PV cells) and thereafter closes in-between two
equilibrium. The water temperature is lower compared to
module surface temperature in-between these points, which
result in enhanced heat transfer. In addition, in-between the
equilibrium points, the solenoid valve is disconnected from the
power source while the cooling of solar cells taken place. This
is responsible for conserved energy in running the valve.
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The module surface temperature curve fittings for Figures
11 and 12 is presented in Figure 13. The R-square values for
the regression models for SPV/T and temperature-controlled
SPV/T systems are closed and this implies that the two curve
fittings can be compared. The trends for the curves are similar;
however, the curve fitting for SPV/T system is projected higher
than the temperature-controlled SPV/T curve fitting.
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With SPV/T system curve fitting projected higher than
SPVIT, it obvious from Figure 13 that the module surface
temperature for SPV/T system is higher throughout the data
collection time. This implies more elevated temperature for
SPVIT system as compared with temperature-controlled
SPVIT system. The percentage by difference of elevated
temperature between two system can be ascertain through
determination of area under the curves of Figure 13. That is,
for temperature-controlled SPV/T,

T =—(7.4x107°)t* + (6.561x10 ")t + 38.392
.. (5)

U
smart — _
At = [{-(7.4x10°)t +(6.561x10")t+38.392dt  (6)
L
In order to simplify the evaluation, the lower and upper
limits were assumed to as 0 and 5, instead of 1 and 67.
Evaluating equation (6) resulted in

ATt = 199.85unit?

Also, the area under solar PV/T curve fitting is

U
At =j{—(7.6><10'3)t2 +(5.339x107")t +48.405)dt  (7)

L
A 7 = 248.40unit®

Hence, smart-based PV/T system was operated at a lower
temperature compared to solar PV/T. That is, 10.84% lower in
term of surface temperature than solar PV/T.

IV. CONCLUSION

The solar photovoltaic  module's  surface-to-rear
temperature-controlled solenoid valve was developed and its
performance evaluated. The system was observe to regulates
cooling fluid by energizing the solenoid valve under module's
surface and rear temperature difference of less than or equal to
1.5°C (T+T<1.5°C). The module surface temperature and
absorber temperatures were automatically logged under 30
seconds with corresponding date and time. However, inter-data
interval of 5 minutes was chosen. Average module surface
temperatures of 49.31°C and 54.92°C were recorded for the
smart-based PV/T and solar PV/T systems respectively.

This is an indication that there was 5.38% reduction on
smart-based PV/T modules surface temperature as compared
with solar PV/T system surface temperature. In term of the
overall surface temperature of the systems, the module surface
temperature for temperature-controlled SPV/T system was
determined to be 10.8% much lower than that of SPV/T
system. The heat transfer process between the absorbers and
module surface is found to be more effective for temperature-
controlled SPV/T system than SPV/T system. Through
intermittent ON/OFF or OPEN/CLOSE of the solenoid valve,
the energy required for driving the solenoid valve, as well as
of powering controllers has been conserved.
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