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ARTICLE INFO ABSTRACT

Keywords: Defrosting can have a detrimental impact on the functioning of regularly used refrigeration systems. The primary
Refrigeration objective of this study is to enhance the cooling efficiency by resolving the defrost process, which impacts the
Defrosting

cooling performance due to the heat received from the system. A new solar PVT-assisted system, which includes a
cold chamber, was created and tested for this specific purpose. Furthermore, a sophisticated automation scenario
has been devised to function in five distinct modes, ensuring the successful execution of the defrost process. Two
experiments, Experiment 1 and Experiment 2, were conducted. The average coefficient of performance (COP)
and exergy values obtained were 2.29 and 2.25, and 25.74 % and 24.45 %, respectively. The maximum tem-
perature change measured in the cold room during defrosting was 2 °C. In Experiment 1, the PVT collector
produced a total energy of 2.85 kWh; Experiment 2 generated 2.79 kWh. Consequently, the defrosting procedure
was effectively executed by directing hot air into the chilly chamber using the proposed sustainable method. This
system is highly recommended because of its innovative defrosting mechanism, which guarantees optimal solar
energy utilization.

Solar energy
PVT collector

additional airflow resistance to build up. These factors reduce the heat
transfer performance of the evaporator, resulting in a reduction in
heating capacity and system efficiency. Frost significantly impacts
operating performance and leads to additional energy consumption. As a
net effect, both compressor uptime and energy consumption increase.
Periodic defrosting is therefore necessary to maintain the required
heating capacity and performance coefficient of the cycle. This ice-
melting process is often called “defrosting” in the literature. The cho-
sen defrost method (electrical resistance defrost, reverse cycle defrost,
hot gas defrost, etc.), defrost time, and defrost interval are critical in
keeping the refrigerated products within the desired temperature range
and in the refrigerator’s energy consumption. Defrosting melts snow/ice
and cleans the evaporator surface, helping the refrigerating system to
work efficiently. Failure to defrost can have several negative conse-
quences. The layer of snow/ice covering the evaporator surface reduces
heat transfer and refrigerating efficiency. This causes the refrigerating
system to consume more energy, reducing the energy efficiency of the
refrigerating system and increasing energy costs. Frost accumulated on
the evaporator coil is usually periodically removed using electrical

1. Introduction

Today, the development of technology and the increase in popula-
tion lead to a rise in global energy demand. Most of the energy needs are
met by burning fossil fuels, and this causes severe damage. Countries are
expected to switch from fossil fuels to more environmentally friendly
options to achieve net zero carbon emissions. Solar energy has gained
significant importance as it is a clean, accessible, and inexhaustible
renewable energy source. Energy conservation is critical to reducing
energy consumption and carbon emissions [1,2].

Freezing, the most common problem of evaporators, reduces the
efficiency of refrigerating systems. The contact of hot and humid
ambient air with the cold evaporator surface causes frost to form on the
evaporator surface. A layer of ice/snow covers the evaporator surface
and impairs heat transfer. As the frost thickness in the evaporator in-
creases over time, the frost reduces the heat transfer process. It resists
the airflow through the coil, reducing the evaporator’s airflow. Accu-
mulated frost increases the air-side thermal resistance and causes
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Nomenclature

A, Collector area (m?)

AC The profit from defrosting ($/year)

COP Coefficient of performance

ET The unit price of electricity ($/kWh)

Eur Energy of air (Watt)

Econ Condenser capacity (Watt)

Eyg Energy in drying chamber (Watt)

E, Electrical energy (Watt)

E‘evap Evaporator capacity (Watt)

Ejoss Loss energy (Watt)

Eeoiar Energy from solar irradiation (Watt)

E[he, Thermal energy (Watt)

Fr Heat removal efficiency factor

h Heat transfer coefficient (W/m?K)

I Solar irradiation (W/m?)

Ipy Photovoltaic current (A)

Lice Melting latent heat of ice (kJ/kg)

m Mass flow rate (kg/s)

Mice Mass of ice (kg)

p Pressure (kPa)

Pgef The defrosting power (W)

PPy The payback period for the defrosting method (year)

PV Photovoltaic

PVT Photovoltaic-thermal

Quef The energy required for defrosting (kWh)

Qg The amount of energy consumed in the hot gas (kWh)

Qinput The amount of input energy (kW)

Quelt The amount of energy required to melt the ice (kW)

Qresistance  The amount of energy consumed in the electrical resistance
(kWh)

R Universal gas constant (kJ/kg K)

T Temperature (°C)

TIC The total investment cost ($)
teompressorhg  Operating time of compressor (h)

taef The operating time for the defrosting process (h)
tresistance  Operating time of resistance (h)

U Total heat transfer coefficient (W/m?K)
Upy Photovoltaic voltage (V)

Wcomp Power of compressor (Watt)

Wyan Power of fan (Watt)

Wr Total uncertainty

Wresistance  Power of resistance (KW)

Symbols

Naefrose ~ Defrost efficiency (%)

Nen Thermal Efficiency (%)

Npy PV efficiency (%)

T Glass cover transmissivity

p Density (kg/m>)

a PV cell absorptivity

$CO, Amount of CO, emitted per hour (kg CO,/h)

wCO, Average CO, emissions during coal power generation (kg
CO,/kWh)

Subscripts

c collector

con condenser

comp compressor

el electrical

evap evaporator

hg hot gas

ther thermal

resistances. However, electrical resistance and hot gas methods could be
more efficient. These methods accelerate evaporator refreezing,
increasing energy consumption [3,4,5,6].

Frost formation is one of the challenges faced in low weather. In the
literature, there are several studies on defrosting the evaporator. Kar-
aagac et al. [6] developed a defrosting method for photovoltaic thermal
(PVT) assisted refrigeration systems. The new evaporator design, there is
new evaporator design has a refrigerant line inside the evaporator and a
hot water line from PVT. In the experiments, the freezing that occurs in
refrigerating systems was tested, and freezing was accelerated in the
evaporator. They used 605 W of power for each defrost process and
calculated the average defrosting time to be approximately 4 min. They
found the average electrical efficiency of the PV module to be 13.6 %
and the average overall efficiency to be 38 %. The coefficient of per-
formance was calculated as 4.18, which increased by 9 % on average
during defrost. They presented an alternative defrost method to prevent
efficiency loss due to temperature rise and reduce energy consumption
by refrigerating the PV module.

Malik et al. [7] investigated the frost detection and defrost method
for refrigerators. This system consists of photoelectric sensing, capaci-
tive sensing, and resistance heating techniques. With the frost sensor,
frost formation on the evaporator surface is sensitively detected and
measured. This system, detects frost formation, measures the frost
thickness, and ensures defrost when the crucial frost thickness is
reached. Yoon et al. [8], tried three different defrost heater control
methods to optimize the cabin temperature during defrost process. All
modes increased defrost efficiency by reducing the temperature rise in
the cabin during the defrost process. The best performance was achieved

individually in the vibrating mode; the temperature change remained at
5 °C at the cabinet, and defrost efficiency increased by 15 % compared to
the reference values.

Yu et al. [9] designed and tested a solar photovoltaic direct drive
cooling system for cooling electronic devices in Tianjin. In 7 h of oper-
ation with an average solar irradiation of 776.5 W/m?, the system
produced 1.81 kWh of electricity, and 24.9 % of this was consumed in
the vapor compression cooling cycle. Klingebiel et al. [10] experimen-
tally conducted the effectiveness of reverse cycle defrosting, electric
heater defrosting, and hot brine deicing methods. The experiments were
carried out in a refrigerator designed as a cold storage. All defrosting
methods were examined in a single evaporator. As a result of the ex-
periments, the reverse cycle defrosting method had the highest effi-
ciency, with an efficiency rate of 56-61 %. The defrost efficiency of
electric heater defrost and warm salt water defrost methods was 44-45
%. Miao et al. [11] proposed the temperature-humidity-image defrost
control method to improve the defrost process. They made experimental
comparisons of air source heat pumps with the traditional and proposed
temperature-time methods and the proposed and temperature-time
methods. Compared with the conventional method, it was observed that
thanks to the proposed defrosting control strategy, delayed defrosting
and unnecessary defrosting were effectively prevented, and defrosting
energy consumption could be reduced by 10.6 % and 22.3 %,
respectively.

In this study, a new system is presented that can provide the defrost
process in the refrigerator integrated with the PVT solar collector by
giving hot air from the PVT or condenser and a new airflow structure in
the evaporator without heating the cold room during the defrost process
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(without using the electrical resistance or hot gas method and without
consuming additional energy). Thus, it is aimed to provide energy effi-
ciency since no extra energy is used in the defrost process. The cold room
design proposed in this study aims to increase the performance of the
system’s performance and minimize energy consumption during the
defrost process. This study was carried out in line with its objectives as
below:

e To minimize the temperature increase value of the refrigerated
products during the defrost process and to provide heat for defrosting
with solar energy,

e To design a sustainable refrigerator with PVT assisted and investi-
gation of its 24-hour performance,

e Investigating the effects of the new generation air flow method of the
solar-assisted, energy-storage refrigerator on the system,

e Introducing a new environmentally friendly solar-assisted refriger-
ator into the literature,
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e To analyze the solar refrigerator’s performance in refrigerating and
defrosting processes.

The study’s main objective is energy efficiency, and a new defrosting
method for self-powered refrigerators integrated with solar energy has
been scientifically constructed, designed, analyzed, and experimentally
demonstrated. This study presents and analyzes a system that can pro-
vide defrosting and cooling with its resources. This new defrost method
with PVT presents the temperature change inside the room during the
defrosting process. This study presents the results of the new method
developed from an energy and exergy perspective, and a compact PVT
that can perform cooling and defrosting operations with a single system
is designed. The main structure of this paper is depicted in Fig. 1.

mg
o
]| = D

SYSTEMINITIAL

AUTOMATIC
CONTROL SYSTEM

= = = ~({Mod 1 Cold Room Cooliig
= = = = Mod 3 Defrast )

Fig. 1. Main steps of the study.
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2. Material & methods
2.1. Design of system

This study aims to design a refrigerator with an innovative defrosting
method as an alternative to hot gas and electric heater defrosting
methods, with PVT and heat pump support. A special cold room design
was made for this purpose. The cold room was made of aluminum sheet
with 100 x 120 x 80 cm dimensions, with a total volume of 1 m3 and
insulated with 50 mm glass wool. In this cold room, the evaporator and
the cooled area were divided with a 20 mm sandwich panel to ensure
sealing. In these two sections, the connections between the cold room
and the evaporator were designed to be provided by air ducts and
dampers connected to the ducts. The evaporator, which was placed in a
separate part of the cold room from the cooled area, was designed to cool
the cold room to the desired temperature when necessary, as well as to
stop the airflow to the cold room by controlling the airflow with the
control of the dampers during the defrost process. As a continuation of
the defrosting process, hot air in the evaporator and ducts at the end of
defrosting would reduce the quality of the cooled environment and in-
crease energy consumption. It was considered to create an automation
scenario to prevent the direct transmission of this hot air into the cold
room. In this way, to avoid the deterioration of the air quality of the
cooled environment, the compressor was activated at the end of
defrosting and operated until the system entered the regime in the
airflow during the defrosting process. Consequently, defrosting was
achieved without heating the cold room with hot air from the PVT and
heat pump. In this regard, the cold room was designed to provide syn-
chronization by managing the air ducts and dampers with automatic
control according to the PVT and heat pump integration. The automa-
tion scenario was based on 5 modes. These are cold room cooling mode
(Mode 1), solar panel cooling mode (Mode 2), defrost mode (Mode 3),
post-defrost standby mode (Mode 4), and standby mode (Mode 5). The
system was designed to operate synchronously in 5 different modes to
ensure the successful operation of this PVT and heat pump-assisted
defrost structure.

Energy control in the system was made by the automation system
and the smart inverter connected to the automation system. The system
automation was programmed to store the electrical energy obtained
from the PVT by the smart inverter when solar irradiation was present in
two 160 Ah batteries and to use it for the system’s needs when necessary.
In addition, an automation system scenario was designed to meet the
system’s energy needs when solar irradiation was insufficient or absent
with the energy stored in the batteries. It is known that as the PV panels
in the system are cooled, their electrical efficiency increases. An inte-
grated double evaporator design was realized, with one evaporator for
cooling the PVT and the other evaporator for cooling the cold room. The
priority in automation was the cooling of the cold room, and when the
cold room reached the set value and the battery charge rate was 90 %
and above, the PVT cooling system was activated, and a design for both
cooling the PVT and storing the condenser waste heat in the phase
change material was targeted. In the automation scenario, the
compressor, solenoid valves, fans, and dampers were designed to be
managed by automatic control depending on the system operating pa-
rameters, mainly the cold room cooling process, the defrost process, and
the PVT cooling process depending on the battery charge rate and
whether the targeted cold room set temperature value wa reached.

In the cold room, the indoor air temperature setpoint was entered
into the automation system as + 4 °C and the compressor was turned off
when the system reached the setpoint. In addition, since the temperature
difference value of + 2 °C was entered into the automation system, the
compressor was turned on again when the cold room air temperature
value reached + 6 °C.
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2.2. Description of the Experimental setup

The proposed design of the PVT-assisted refrigeration system is
illustrated in Fig. 1. The system comprises a refrigeration cycle with a
PVT collector, a cold room, a heat storage unit, and a heated room. The
system has two evaporators: a PVT collector and a cold room. The
copper pipes mounted in contact with the back surface of the PVT col-
lector and the evaporator inside the cold room are the evaporators of the
refrigeration system. In this design, the automation system is designed to
activate both evaporators in different modes and at different times. To
cool the PVT collector homogeneously and transfer the heat absorbed
from the surface to the system, the PVT rear surface is filled with waste
aluminum to contact the areas outside the copper pipes of the evapo-
rator and the PVT rear surface. The heat load produced by this waste
aluminum is transferred to the condenser with air. The condenser is
positioned at the air outlet of the PVT. This way, the air passing through
the condenser is sent to the system, increasing the heat load. The hot air
sent to the system is stored in the heat storage unit for use. Phase change
material is used in the heat storage unit.

In this design (Fig. 2), the PVT collector was cooled by both refrig-
erant and air. Two fans at the bottom of the PVT were used to deliver
fresh air and the heat load in the PVT to the condenser. In addition,
when the defrost process started at night when there was no solar irra-
diation, the evaporator of the cold room was disabled. The PVT evap-
orator was activated to obtain the hot air required for defrosting from
the condenser. In this process, if the defrost air temperature obtained
from the PVT collector is sufficient, the compressor remains in the off
position, preventing the system from drawing excessive load, preventing
excess energy consumption, and ensuring the system’s sustainability by
storing the system’s energy. Hence, it was aimed to provide the heat
required for defrost under all conditions, even in low weather condi-
tions. The preheated air leaving the PVT was directed to three different
purposes according to need: to the heat storage unit, to the heated room,
and to the evaporator surface when the evaporator of the cold room
needed defrosting. An energy storage unit has been designed stored to
store thermal energy when solar irradiation is sufficient, and the system
can operate sustainably with the stored energy when the irradiation is
insufficient.

The evaporator in the cold room is positioned independently of the
room. The cold room temperature was controlled by placing the chan-
nels and dampers connected to the channels at appropriate points. The
defrost need of the evaporator of the cold room is programmed ac-
cording to the compressor’s operating time. When the defrost process
begins, thanks to the automatic control of dampers and fans, the air
inside the cold room is suppressed and the temperature fluctuation of
the cold room is kept at a minimum level throughout the defrost process.
In this way, a design that will prevent high energy costs by preventing
the temperature of the cold room from rising and decreasing the envi-
ronmental conditions and the quality of the products stored in the cold
room has been presented in the literature. Additionally, a PV collector
with the same characteristics was placed next to the PVT collector to
evaluate and compare the electrical performance of this design. The
airflow diagram, cooling system diagram, and electrical and automatic
control details of the system are shown in Fig. 3.

In this study, a new system is presented that can provide the defrost
process in the refrigerator integrated with the PVT solar collector by
giving hot air from the PVT or condenser and a new airflow structure in
the evaporator without heating the cold room during the defrost process
(without using the electrical resistance or hot gas method and without
consuming additional energy). Thus, it is aimed to provide energy effi-
ciency since no extra energy is used in the defrost process. The new
defrosting method was experimentally proven by testing for two days.
Although solar energy is intermittent, the system presented worked with
solar power for 24 h. The system has two modes: cooling and defrosting
Fig. 3(a). Cooling and defrosting modes are characterized in this eco-
design based on minimizing the energy consumed and cooling the PVT
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1.Cold Room, 2.PVT, 3.PV, 4.Inverter, 5.Accumulator, 6. Heated Room, 7.Heat Storage Unit,
8.Damper, 9.Fan, 10. Microchannel Condenser

Fig. 2. A novel PVT collector refrigeration system.

and the room with a double evaporator Fig. 3(b). In cooling mode, the
PVT is cooled when the battery is full, and the room is cooled with the
electrical energy generated when the battery is empty Fig. 3(c). The
heated room is heated with hot air. In defrost mode, the PVT and
condenser operate to produce warm air. This solar-heated air is used for
defrosting. Since the evaporator is outside the room, the room temper-
ature remains low. With this system’s new bifluid PVT structure, the air
is heated, and the PV is cooled by the evaporator when needed. To in-
crease the relative humidity level in the cold room, 12 bunches of
approximately 3 kg of mint plants were washed and placed in the cold
room for refrigeration application.

Fig. 4 shows a detailed view of the cold room. As seen in the figure,
the cooled area is designed to be carried out in a section independent of
the evaporator in the cooling system design. The 1 m® area is divided
into two parts with insulated plates and impermeable materials. Cooling
occurs in the lower chamber while the evaporator is placed in the upper
chamber. The cooling system is designed for —10 °C evaporation and +
50 °C condensation temperature. Accordingly, while the temperature of
the cold room was kept between + 4 °C and + 6 °C, the temperature on
the evaporator surface varied between —4°C and —12 °C. Before starting
both experiments, 12 mint bunches weighing approximately 3 kg were
washed and placed in the cold room to prevent icing on the evaporator
surface. This situation increased the icing on the evaporator surface and
allowed the examination of the defrosting performance of the system.

Before the experiments started, the batteries in the system were first
brought to 100 % charge level for both experiments. System equipment
details are given in Table 1. In addition, the relative humidity level in

the cold room was increased by placing a certain amount of vegetables in
the cold room. Both experiments were conducted under the conditions
prevalent in Ankara during November. The experiments started at
7:00p.m. and continued until 7:00p.m. of the next day after 24 h.

2.3. Automation scenario for experimental setup

The automation panel of the system was installed, and the automa-
tion scenario was designed to work in 5 modes. After pressing the F1 key
for 2 s to turn on the system, the system counts down for 10 s to start up.
At the end of the period, the system turns on and runs one of the modes
depending on the system’s state. A schematic representation of the
automation scenario in this context is given in Fig. 5. Depending on the
operating parameters of the system automation, transitions between
modes were created as follows as a result of the analysis:

Cold room cooling mode (Mode 1): If there is no defrost and the room
temperature is higher than the room set value (Room(°C) > 6 °C), mode
1 will be activated.

Solar panel cooling mode (Mode 2): If there is no defrost, this mode
will be activated if the cold room temperature is lower than the set value
(4 °C<Room(°C) < 6 °C) and the battery charge level is above 90 %.

Defrost mode (Mode 3): This mode will be activated unconditionally
if the compressor operating time (60 min) exceeds the defrost time set
value, that is, if the total time the compressor is in operation exceeds 60
min. 60 min was determined according to the principle of melting the ice
that may form in the evaporator at the end of the compressor operating
period.
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Fig. 4. The detailed view of the cold room.

Post-defrost standby mode (Mode 4): After the system terminates the
defrost state, there is a 90-second waiting state, in this case, it prepares
the system by positioning the appropriate dampers, and then the post-
defrost mode comes into play, and the system must fulfill this state
unconditionally after every defrost.

Stand-by mode (Mode 5): If there is no defrost, the cold room tem-
perature is within the set value range or lower (4 °C<Room(°C) < 6 °C),
and the battery charge level is lower than 90 %, the system is ready in
this mode waits.

The inside ambient air temperature set value in the cold room was
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Table 1
Features of system equipments.
Equipment Features
Name
PV and PVT Max. power 330 W
Max. power voltage 33.80 V
Max. power current 9.78A
Tolerance + 3 % 1669 mm*1002 mm*35 mm
Battery 12 V/160Ah/10HR Gel Accumulator

Fan 1 Voltage 220-240 V
Power 22 W*2 = 44 W
Operating frequency 50/60 Hz
RPM 2850/3150 RPM
Fan 2 Voltage 220-240 V
Power 10 W*2 =20 W
Operating frequency 50/60 Hz
RPM 1000/1400 RPM
Voltage 220-240 V
Power 16 W
Operating frequency 50 Hz
Flow 280 m*/h
50 mm sandwich panels insulated with glass wool 500*500*500
mm
¥, HP, R134a refrigerant, 330 W, displacement 14.28 cm®
3/8” 11 m Internally Grooved Copper Tube is fixed in contact
with the PV back surface. 1000 W
1000 W, Heat transfer surface area 2.27 m?
Microchannel Condenser, 1.79 HP, 1.335 kW,
220 V, 20VA, —20 °C°C—150 °C
Voltage 100-240 V
Operating frequency 50/60 Hz
Power 1.6 W

Fan 3, Fan 4

Haeted Room

Compressor
PVT Evaporator

Evaporator
Condenser
Solenoid Valve
Dumper motor

entered into the automation system as + 4 °C, and when the system
reached the set value, the compressor was off. In addition, the + 2 °C
temperature differential value was entered into the automation system,
so the compressor was activated again when the cold room air temper-
ature value reached + 6 °C.

As shown in Fig. 5, the study is built on two basic system constructs:
Cooling mode and defrost mode. While the system operates in cooling
mode, the fresh air entering the PVT system absorbs the thermal energy
obtained in the PVT. It draws some heat from the microchannel
condenser integrated at the outlet of the PVT system, and the resulting
hot air is transmitted to the hot room. Thus, an uninterrupted hot air
flow required for the system is provided. When the compressor com-
pletes its operating time, the system switches to mode 3 defrost mode.
The defrost is achieved by transferring the heat from PVT and heat pump
to the hot air. To suppress the temperature rise of the cold room while
defrosting with hot air, the evaporator is positioned in a section inde-
pendent of the cooled environment created in the cold room. In this way,
the hot air obtained from the system was discharged directly to the
outside by passing over the surface of the evaporator, independently of
the cold room, through the channels and the control of the dampers
connected to the channels. In addition, if the charge rate of the batteries
is above 90 % when the defrost process begins and there is a need for
additional heat for PVT cooling or defrost air temperature, the system
operates in PVT cooling mode. Following all defrost processes, thanks to
the end-defrost mode, the dampers were kept fixed in the defrost posi-
tion for 90 s to evacuate the hot air accumulated in the channels and on
the evaporator surface, and the cold room evaporator entered the
regime. Then, the dampers were placed appropriately to cool the cold
room. Thus, the feasibility of a solar energy-assisted defrosting process
that will keep temperature losses in the cold room at a minimum level
has been experimentally proven.

The system heats the heated room in Mode 1 cooling mode. In Mode
3 defrost mode, it thaws the ice on the evaporator with the heat it re-
ceives from PVT and heat pump. During the defrosting process, since the
evaporator was positioned in a section independent of the cooled envi-
ronment in the cold room, the defrosting process was carried out by
closing the airflow of the cold room through dampers and opening the

Thermal Science and Engineering Progress 54 (2024) 102849

dampers in the defrost line and passing hot air over the evaporator.
During this process, the evaporator surface temperature and the time it
takes for the dampers to reach the appropriate position during transi-
tions between modes were also considered. The system, which exited the
defrost mode and went into cooling mode, switched to Mode 4 end-of-
defrost mode for the evaporator to reach the appropriate surface tem-
perature for cooling and to evacuate the hot air in the defrost line, and
after providing suitable conditions for cooling, it switched to Mode 1
cold room cooling mode. Thus, the conditioned air in the cold room is
suppressed, and the temperature rise in the environment is kept to a
minimum. This situation prevented the system’s energy consumption
and contributed to its sustainability.

2.4. Theoretical analysis

In this study, heat transfer fluids in PVT were bifluid as refrigerant
and air. The energy from solar irradiation in PVT is provided as elec-
tricity, heat, and loss energy, and the energy balance in PVT is given
below [12]:

Esalar = .el + Ether + Eloss (@)

Where Eiqr, Eo, and Eg,r values are obtained as given in the equations
below.

Esolar = 1.1 (2
Eq = Ipy.Upy 3
EMer = Eevap + Eair (4)

In Eq. (2), 7 is the glass cover transmissivity, a is the PV cell absorptivity,
and I is the incident irradiation rate. Also, Upy and Ipy refer to the
voltage and current of the PV panel. The microchannel condenser is
integrated into the output of the PVT. In this way, the energy equation in

the condenser (E,n) is the sum of the thermal energy (Erer) obtained
from the PVT evaporator and the power of the compressor (mep).

Econ = Ether + Wcomp (5)

Egyr, the energy obtained by cooling the PVT collector with air can be
expressed [13]. In this equation, Fr, A, Ur, Ty and T, mean heat removal
efficiency factor, collector area, total heat transfer coefficient, average
air temperature and ambient temperature, respectively.

Egr = FrAc[L(r.0) — Up.(Ty — To) | (6)

Eevap, the energy absorbed by the refrigerant in the evaporator can be
thermodynamically described as [14]:
Eevap = e (Revap.o —Revgp;) (7) The energy equation in the condenser

(E.on) can be explained as:
Econ = mr~ (hconj - hcon.o) = mair~cp.air~(Tcon.o - Ta) (8)

Here, m, is the flow rate of the refrigerant and h is the enthalpy. The
mass flow rate (m,;;) of the second fluid air used to cool the PVT col-
lector can be calculated as [15]:

mair = pair-Vair -Aair (9)
par = P/R.(T,+273.15) 10)

Cp.air = 1009.26 — 0.0040403T, -+ 0.00061759T,* — 0.0000004097 T,
1D

In Eq. (10) and Eq. (11), p; is the air density, and c, 4 is the specific
heat of air. Here, P, R and T, refer to pressure, gas constant, and ambient
temperature. Thermodynamically, the equation of the energy
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Defrost start set value
compressor run time 1 hour

Evaporator surface temperature
defrost time set 15°C

Cold room temperature Defrost waiting for the end
o 90 sec + 60 sec
set4°C |
SYSTEM START
—]
Defrost time 4min Battery fullness level 2 90%
Mod 1: If there is no defrost, Cold Room (°C) > Cold Room Set (°C) = Cold Room (°C)>6°C
Mod 2: If there is no defrost condition, Cold Room (°C) < Cold Room Set (°C), if Battery>90%
Mod 3: Unconditional compressor run time (min.)>defrost time (min.)
Mod 4: Defrost unconditionally post waiting status (min.)
Mod 5: If there is no defrost status, Cold Room (°C) < Cold Room Set (°C) = 4°C<Cold Room (°C)<6°C, If the battery is <90%
Mod 1 Mod 2 Mod 3 Mod 4 Mod 5
Cold Room Cooling | Solar Panel Cooling Defrost Defrost After Standby
Compressor On On On Off Off Off
Damper 1 On On Off Off On On
Damper 2 Off Off On On On Off
Damper 3 On Off Off Off Off Off
Damper 4 On Off Off Off Off Off
Damper § Off Off On On On Off
Damper 6 On On On On Off On
Solenoid Valve 1 Off On On Off Off Off
Solenoid Valve 2 On Off Off Off Off Off
Fan 1 On On On On Off On
Fan 2 Off Off On On Off Off
Fan 3 On Off Off Off Off Off
Fan 4 Off Off On On On Off
Battery>90

L

Cold Room <6°C J
If Heating is needed
for Defrosting

Fig. 5. System automation diagram.

consumption of the compressor (Wmmp) in the refrigeration system is
expressed as follows:

- hevap,o)

Wcornp = mr-(hcan,i (12)

The COP indicator, which determines the performance coefficient of the

refrigeration system, is obtained as follows:
QCDH

COPyy = — (13)

comp

The thermal and electrical efficiencies of the PVT collector can be ob-
tained as [16]:
Ny = Ether

= TA,

14

Eel
Mpy = LTC (15)
Defrost efficiency is found in the following equation:
Qmelt
Na = 5 (16)
efrost Z ot

The following equations describe the defrost efficiency obtained from
electrical resistance and hot gas tests, respectively [17].

mice~Lice
= ek a7
ndefrost Qresismnce
Mice L
Ndefrost = a@ 18

Quere indicates the amount of energy required to melt the ice. In contrast,
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Qresistance and Qyg indicate the energy consumed in the defrost method
with electrical resistance and hot gas, respectively [18].

Qmett = Mice-Lice (19)
Qresstance = Wresistance-tes (20)
th = Wconzpressur~tconlpressor,hg 21

Since there is no energy consumption in the new defrost method, >
Qi,lpm its expression is equal to 0. This method will reduce energy con-
sumption and carbon emissions by Wiresistance tresistance cOmpared to the
electrical resistance defrost method, and by I/Vw,,,]p,esmr‘tw,,lp,emnh/g
compared to the hot gas defrost method.

Uncertainty analysis (Wg) can be calculated using the following
equation, considering fixed, random, and manufacturing errors in
experimental studies. Where R is the quantity to be measured, the in-
dependent variables affecting the R quantity are expressed as xj, X2, X3,
...Xp, and the error rates of each independent variable are expressed as
Wi, Wa, W3, ...Wy [19]:

LSRG SRS WA
ox; oxp ox, "

Eq. (23) gives the amount of CO, emitted per hour (kg CO2/h). ®COy;
the average amount of CO, produced in coal, ¥CO,; emissions show
(2.08 kg CO2/kWh) for the thermal power generation [20]:

(22)

@CO, = yCO2XEqqity (23)
In the study, an economic analysis calculation was made according to
the 25-year economic life of the system and the energy unit price of
0.091 $/kWh. The extra cost of the developed new method compared to
conventional defrosting systems was calculated as 146.4$. The equa-

1200 ———————————————————
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tions were used to calculate the amount that would be consumed if
conventional systems were used to meet the annual amount of energy
required for the defrost event.

Ques = Paer X taes (24)
AC = Qu x ET (25)
TIC
PPy = —— 2
4w = 4 (26)

In equations (24), (25) and (26), Qs is the energy required for
defrosting (kWh), Py is the defrosting power (W), ty is the operating
time for the defrosting process, AC is the profit from defrosting ($/year),
ET is the unit price of electricity ($/kWh), TIC is the total investment
cost ($),PPgy is the payback period for the defrosting method (year).

3. Results and discussion

The designed system was tested in November in Ankara in low
weather conditions for two 24-hour continuous experiments. Both ex-
periments were started when the two 160 Ah batteries feeding energy to
the system reached 100 % charge level. The experiments began at 7:00p.
m. and ended at 7:00p.m. the next day. Two experiments (Exp 1 and Exp
2) were out conducted on the cooling system’s performance operating
according to the automation scenario in 5 different modes in 24-hour
hours. Weather conditions graphs of the experiments are given in
Fig. 6. During the experiments, an increase was observed in air tem-
perature and solar irradiation values starting from 8:00 a.m. and
accordingly 8:00 a.m. accordingly, a decrease was observed in relative
humidity levels.

This study observed the temperature change in the cold room while
defrosting the cooling system. The temperature change in the cold room
during defrosting is given in Fig. 6. As seen in Fig. 7, the temperature
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Fig. 6. Solar irradiation, outdoor temperature, and relative humidity values.
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increase in the cold room in Exp 1 was a minimum of 0.3 °C, a maximum
of 2 °C, and an average of 1.1 °C, and in Exp 2, a minimum of 0.2 °C, a
maximum of 1.7 °C and average of 1 °C. With the proposed cold room 1200
design, an energy-efficient system design was achieved in which energy

Total On/Off Times Of The Compressor

1000

and heat loss were kept at minimum levels. - s00
The times when the system cooling system’s compressor started and E

stopped during the test period are shown in Fig. 8. As a result of the H o 1018
study, as seen in Fig. 8, Exp 1 worked for 584 min in 24 h and became T .
stationary for 856 min. The same situation was observed for Exp 2, 200
which worked for 431 min and remained stationary for 1018 min. It was 0 Exp1 Exp2
concluded that when the amount of solar irradiation is high, the start-up I

time of the compressor is shortened, and the time it stays in operation
increases. In Exp 2, due to more cloudiness during the daytime, the
hours when the system compressor is on and off are lower than in Exp 1. Fig. 8. 24-hour compressor operating status.
This caused less energy consumption in Exp 2 and the system remained
in regime longer. When starting the experiments, the cold room’s initial
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temperature value is 18.1 °C in Exp 1 and 10.3 °C in Exp 2. For this
reason, Exp 1 remained active for 48 min, and Exp 2 remained active for
22 min at first operation until the temperature of the cold room reached
the set value of 4 °C. In both experiments, the compressor continued
operating after the cold room temperature entered the regime, as seen in
Fig. 8.

The total amount of energy consumed by the system in the 24 h
during the automation stages was calculated as 6.25 kWh in Exp 1 and
5.22 kWh in Exp 2. Fig. 9 shows the energy percentages consumed by
each scenario in the 5-stage automation scenario in both experiments. In
Exp 1, the compressor’s operating time was longer in Mode 1 cooling
mode. However, in both experiments, Mode 2 PVT cooling mode was
activated, but since the irradiation was higher in Exp 1 and the condi-
tions were met, more energy was consumed compared to Exp 2. In
addition, while the Mode 3 defrost process occurred nine times in Exp 1,
this process occurred seven times in Exp 2. Another automation of the
design, in Exp 2 in Mode 5 Standby mode, reached the desired set value
of the cold room more quickly and remained in the + 2 °C value band for
a longer time. The total energy produced in both experiments was found
to be 2.85 kWh in Exp 1 and 2.79 kWh in Exp 2.

This study developed a new PVT-assisted hot air defrosting technique
as an alternative to high-consuming energy-consuming methods such as
hot gas and electrical resistance. In line with the basic design parameter
of our system, assisted by self-sufficient solar energy, a new defrost
technique has been developed using waste heat obtained from PVT and a
condenser. The heat energy required for defrosting was met by utilizing
the waste heat system from the condenser and PVT systems. As a result
of both theoretical approaches and experimental results, defrost
occurred 9 times in Exp 1 and 7 times in Exp 2 in two 24-hour experi-
ments. In these experiments, 0.945 kWh/24 h and 0.875 kWh/24 h
thermal energy (obtained from the solar PVT collector and condenser)
was consumed for the defrost process, respectively. As a result of the
calculations, if the defrosting process had been carried out under the
same ambient conditions as the defrost method with electrical resistance
(given in Equation 19-21), our system would have consumed 15.12 %
more energy in Exp 1 and 16.76 % more energy in Exp 2.

The CO4 emissions avoided were calculated with Eq. (23). From an
efficiency and environmental point of view when the method investi-
gated in this study was used instead of the traditional electric resistance
or hot gas technique, the average annual energy consumption was
calculated as 332.15 kWh by multiplying the averages of the energy
consumed in the defrosting process for both experiments by 365 days. In
addition, extra thermal energy would have been consumed in conven-
tional systems and thus 690.87 kg of CO, equivalent emissions per year
were prevented. With this proposed method, extra energy consumption
in the defrosting process was avoided and energy consumption was
reduced by 15.87 % in this research.

Temperature values due to irradiation on the PVT and PV surface
during Mode 2 cooling system performance experiments are given in
Fig. 10. In Exp 1 and Exp 2, temperature measurements were taken from
5 different points on the surface of PVT and PV. Temperatures were
recorded as a result of the test taken in 10-minute periods. Depending on
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Fig. 10. PVT and PV average surface temperatures.

the average temperature changes, the maximum temperature values for
Exp 1 and Exp 2, 45.65 °C and 43.25 °C were measured in PVT and
51.55 °C and 50.06 °C in PV, respectively. As a result of these results, it
was seen that the surface temperature values of the designed PVT system
were colder than PV panel.

The refrigeration system’s performance is partly determined by its
coefficient of performance. The average cooling COP values of the
proposed system were calculated as 2.29 for Exp 1 and 2.25 for Exp 2.
One of the other values is exergy efficiency. Time-dependent exergy
values of the system are given in Fig. 11. In Exp 1, while the exergy
values varied between 10.2 % — 39.4 %, the average was 25.74 %. In
Exp 2, the average was 24.45 % while altering between 9.3 % — 38.7 %.
In addition, the average thermal and electrical efficiency values of PVT
were determined as 59.47 % and 19.43 % in Exp 1 and 53.65 % and
19.34 % in Exp 2. The uncertainty values were calculated as + 1.51 %
for COP, +1.96 % for the thermal efficiency of PVT, +1.65 % for the
electrical efficiency of PVT, and + 0.14 °C for temperature measure-
ments. As can be seen, calculated uncertainty values are within
acceptable levels.

The system’s main purpose proposed and tested is to obtain a more
efficient cooling performance by solving the defrost system, which af-
fects the cooling performance with the heat received from the system. In
cases where the heat obtained was not used during defrost, it was used
both for storage and to meet the heat need. Thanks to the PVT design, it
was observed that the refrigeration cycle works successfully because the
refrigerant entering the evaporator in the system absorbed more heat
and provided a stable heat source. Since electrical energy is stored in
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Fig. 9. Energy rates consumed by the system according to modes.
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batteries, the system can meet the necessary heat needs when solar
irradiation is insufficient. In addition, the energy consumption required
for the defrost process will be prevented at the maximum level. A
comparison of the results obtained with similar studies in the literature
is presented in Table 2.

According to all research findings, worldwide. Cooling systems and
other design models worldwide have many applications. Defrosting is
one of the main factors that increase energy consumption in devices
serving for cooling purposes. The defrosting process in cooling systems
uses classical methods (such as hot gas and electric resistance). When
using these methods, electricity consumption increases due to classical
methods, temperature increases, and temperature increases in the cold
room. Our method, which we have designed, manufactured, and tested,
has developed a system that compacts the cooling system with solar
energy, generates its energy, and can defrost without consuming extra
energy. In the developed method, the evaporator is placed inside the
cold room in an external room minimizes the room temperature in-
crease. The rise in room temperature is minimized by suppressing the
conditioned air in the cold room during defrosting, thanks to the
dampers. Accordingly, a sustainable system design has been developed
to defrost without consuming energy.

In the study, an economic analysis calculation was made according to
the system’s 25-year economic life and 0.091 $/kWh energy unit price.
The extra cost of the new method developed compared to conventional
defrosting systems was calculated as 146.4$. Since the total amount of

Thermal Science and Engineering Progress 54 (2024) 102849

energy to be spent for the annual defrosting process was 332.15 kWh/
year in conventional methods, the payback period of the system was
calculated as 4.84 years. The payback period is shown in Fig. 12.

The complexity of the air flow system management in the proposed
new method compared to the classical systems and the sealing of the
application at the points where there is air flow may appear as potential
obstacles. In addition, the energy used and stored when there is solar
irradiation will be in question, and the dependence on the grid or the use
of other energy sources when the stored energy runs out when there is no
solar radiation can also be expressed as a potential obstacle.

It was investigated that the defrosting process in the cooler inte-
grated in the PVT system can be achieved with hot air from the PVT or
condenser and a new air flow structure in the evaporator without
heating the cold room during the defrosting process. In this sense, the
challenge in the experiments was to ensure very good sealing of the
dampers and air ducts in this new approach. The goal of achieving a
minimum temperature increase in the cold room during defrosting was
prevented by ensuring good sealing in the study. In addition, ensuring
the stability of the mechanical system and the automation system to
operate successfully in the five different operating modes can also be
considered a challenge.Depending on the effects of the findings obtained
in the study on the solar-powered cooler providing the extra energy
required for defrosting with its own resources, the performance of the
system can be improved by developing more rational control systems
(supported by artificial intelligence). Efficiency increases in the
compressor and fan, which are energy consuming equipment, as well as
in the energy generating PVT panel, and the development of rational
control applications with advanced technologies will increase efficiency
and reduce carbon emissions.

4. Conclusion

This study aimed to bring a new solution to the refrigeration’s defrost
problem and benefit from maximum solar energy. Therefore, a new PVT-
assisted system operating in five different modes was developed. The
performance of this proposed system was examined with two 24-hour
experiments.

In Exp 1, the compressor operated for 584 min and remained inactive
for 856 min, while it operated for 431 min and remained inactive for
1018 min in Exp 2. Moreover, the Mode 3 defrost occurred nine times in
Exp 1 and seven times in Exp 2. As a result, 16.48 % less energy was
consumed in Exp 2. In the proposed system, the electrical energy was
produced from solar energy 2.85 kWh in Experiment 1 and 2.79 kWh in
Exp 2.

The average temperature change in the cold room defrosting was
observed as 1.1 °Cin Exp 1 and 1 °C in Exp 2. In addition, the maximum
temperature change of 2 °C was recorded in Exp 1. These temperature
increases are reasonable values regarding the cooling technique during
the defrost process.

The proposed PVT-assisted refrigeration system’s average COP and

Table 2
Comparison of results with other similar studies.
Ref. Defrost method Type of COP orincrease  Exergy Temperature Explanation
study for COP efficiency increase
[21] Vapor injection defrosting Experimental - - None Defrosting time was reduced by 40.48 %, 28.30
% and 23.73 % at — 10 °C, —5°C, and 2 °C.
[22] Reverse-cycle hot gas defrosting Experimental - - None Defrosting time was reduced by 38 %.
[23] Heat in the liquid line (Sub- Experimental 2.23 47.90 % None Defrosting efficiency was 100 %.
cooling)
[24] Air defrost method Experimental 2.86 - 3.07 °C (product) -
[25] Uninterrupted heating by partial Experimental 7 % - None Defrosting time was reduced by 40 %.
reverse cycle defrosting
This PVT assisted and exhausted air Experimental 2.29 (Exp 1) 25.74 % (Exp  Min.0.3°C-Max.2°C  Defrosting is off-grid, using the residual heat
study 2.25 (Exp 2) 1) (Exp 1), generated by the system.

24.45 % (Exp
2)

Min. 0.2 °C — Max.
1.7 °C (Exp 2)
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Fig. 12. The payback period of the proposed system.

exergy values were calculated as 2.29 and, 2.25, and 25.74 % and 24.45
%, respectively, in Exp 1 and Exp 2. Compared to the traditional
defrosting method, such as electric heaters, this recommended defrost-
ing method does not require high energy consumption or a a long
defrosting time.

The effects of the new-generation air flow defrost method with a
solar-assisted system were investigated. A compact cooler that can
defrost without consuming extra energy by managing the solar energy
source and air flow structure has been developed. It has been observed
that this proposed system can operate efficiently even when there is no
solar irradiation. As a result, a new sustainable, energy-efficient design
that will eliminate the problems in the defrost processes of refrigeration
systems has been introduced to the literature.
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