
Research Paper

Experimental analysis of energy-saving and eco-friendly refrigeration 
system design with condensate water management
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c Bilecik Şeyh Edebali University, Osmaneli Vocational School, Worker Health and Safety, Turkiye
d Nurdil Refrigeration Inc., Turkiye
e Hitit University, Vocational School of Technical Sciences, Electrical and Energy, Turkiye

A R T I C L E  I N F O

Keywords:
Refrigeration system
Plug-in refrigerator
Energy efficiency
Overflow pan
Control algorithm

A B S T R A C T

In this study, a low-cost plug-in refrigeration system was developed for commercial-scale production. The design 
includes an innovative condensation pan, a humidification unit, and utilizes airflow techniques. The system 
operates with environmentally friendly R290 refrigerant and features a specially developed control system that 
ensures seamless coordination among its components. In this study, designs based on original defrost water 
removal methodologies were developed. Thus, it was aimed to enhance energy efficiency and sustainability by 
efficiently removing defrost water without overflow. For these purposes, the system was tested for four days in 
two modes (Mode-1: defrost water is removed by electrical resistance (PTC) and condenser waste heat, and 
Mode-2: PTC is not used, defrost water is transferred to the ultrasonic humidifier by water pump). For both 
modes, the cold room was kept at two different relative humidity ranges (90–95 % and 100 %). Carbon emission 
reductions of up to 337.66 kg CO2/m2 and energy savings of up to 29.52 % were obtained in the system to reduce 
the PTC running time with Mode 2. The refrigeration process has been achieved for high performance, and a 
sustainable design was presented. The highest coefficient of performance (COP) and second law values of the 
system were calculated as 3.10 and 56.24 % on Day-3. The refrigeration process was realized with high per
formance, and a sustainable system with rational long-term results was created. Furthermore, this innovative 
design is feasible and has commercially preferable payback periods.

1. Introduction

Population growth in recent years, the trend towards improvement 
in living standards, the day-by-day increase in the number of super
markets, and the demand for ready-to-eat and fresh food in the world 
have all led to the need for refrigerated food products. As a result of this 
need, energy consumption increases significantly in the areas where 
refrigerators are used heavily, especially in supermarkets. Approxi
mately 3–4 % of the total electrical energy generated worldwide is used 
in supermarkets [1]. Supermarket refrigeration systems can be respon
sible for up to 60 % of the energy consumed throughout the supermarket 
[2]. In addition, refrigeration systems are responsible for 7.8 % of the 
world’s greenhouse gas emissions [3]. Therefore, environmental con
cerns and sustainable living standards are frequently discussed. In this 

context, every improvement in energy efficiency and carbon emission 
reduction will contribute to sustainability.

In this regard, the literature has discussed studies on reducing carbon 
emissions and improving energy efficiency in refrigeration systems. 
Orlandi et al. [4] presented the energy consumption distributions in the 
refrigerator by simulation analysis in closed refrigerated display cabi
nets (RDC). They concluded that the gap between the doors should be 
reduced as much as possible to reduce thermal load and energy con
sumption. Yu and Chan [5] studied the optimization of condenser fan 
control for the coefficient of performance (COP) increase in refrigeration 
systems. Depending on the ambient and load conditions, it is determined 
that a COP increase of 11.4–237.2 % can be realized when the control 
mechanism works as desired. Tsamos et al. [6] conducted a study in 
which they compared a new generation design in which they used air- 
guiding fins on the front surface of open RDC shelves with a 
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conventional design in a simulation environment. Thanks to this inte
gration, approximately 60 % energy savings were achieved. Approxi
mately 60 % energy savings were achieved with this configuration.

Ocak et al. [7] investigated the effect of compressor selection on 
energy consumption in RDCs. For this, they used two identical refrig
eration systems with R290 refrigerant, one using a constant-speed 
compressor and the other using a variable-speed compressor. By 
changing the compressor selection, energy consumption decreased by 
25.9 %, and RDC’s energy label value increased from C to B. Patil [8]
carried out studies on condenser design to improve the coefficient of 
performance in a refrigeration system. Using a micro-fin tube condenser 
instead of a U-tube condenser in the refrigeration system increased the 
refrigeration capacity by 10 % and the COP by 17 %. With the multi-flow 
air curtain system in the refrigerator, Demirpolat [9] obtained 20 % 
higher COP, 40 % lower energy consumption, and 60 % lower energy 

efficiency index (EEI) than the single air curtain system. Karyeyen et al. 
[10] investigated the energy performance of horizontal RDCs. The airfoil 
design achieved a more effective air curtain, increasing the efficiency of 
the air curtain and reducing the infiltration of ambient warm air into the 
cabinet. In this way, the refrigeration capacity of the refrigeration sys
tem was decreased by 3.82 % with the use of an airfoil. Cirera et al. [11]
developed a load management system that optimizes stochastic load 
behavior in industrial refrigeration systems and makes data-driven 
predictions. As a result of the experimental study, the operating time 
of the compressors working in parallel with this method was reduced by 
77 %, and 17 % of electrical energy was saved. Güven et al. [12]
determined that the compressor, evaporator fan, condenser fan, electric 
resistor, and lighting units are the equipment that cause energy con
sumption in RDC, and they developed an algorithm to keep these pa
rameters under control by determining the energy consumption values 

Nomenclature

Acronyms
AEC Annual energy consumption
ASHP Air source heat pump
COP Coefficient of performance
DX-ASHP Direct expansion solar-assisted heat pump
EEI Energy efficiency index
ESRC Ejector subcooling refrigeration cycle
GWP Global warming potential
NTC Negative temperature coefficient
ODP Ozon depletion potential
PTC Positive temperature coefficient
RDC Refrigerated display cabinet
RH Relative humidity (%)
SD Secure digital
SMER Specific moisture extraction rate (kg water/kWh)
SI Sustainability index
T/RH Temperature and relative humidity
VCRS Vapor compression refrigeration system

Greek
η Efficiency (%)
ϕ Amount of CO2 (kg CO2/h)

Symbols
c Specific heat capacity (kJ/kg K)
Dp Depletion number
ECdaily Daily energy consumption (kWh)
Ėxy Exergy (kW)
Hw Water level (m)
h Enthalpy (kJ/kg)
hm Mass transfer coefficient (m/s)
i1 System total current (A)
i2 PTC resistance current (A)
i3 Compressor motor current (A)
m Mass (kg)
ṁ Mass flow rate (kg/s)
P Pressure (kPa)
Q̇cp The heat transfer absorbed in the condensate pan (kW)
Q̇con Condenser capacity (kW)
Q̇e Evaporator capacity (kW)
R Gas constant (kJ/kg K)
R Measured quantity
RH1 Condenser outlet air relative humidity (%)
RH2 Cold room air relative humidity (%)
RH3 Outside air relative humidity (%)

s Entropy (kJ/kg K)
Sh Sherwood number
T Temperature (K)
T1 Evaporator inlet temperature (K)
T2 Evaporator outlet temperature (K)
T3 Evaporator surface temperature (K)
T4 Compressor discharge (condensate pan inlet) temperature 

(K)
T5 Compressor suction temperature (K)
T6 Condenser inlet temperature (K)
T7 Condenser outlet temperature (K)
T8 PTC (overflow) pan water temperature (K)
T9 Condensate pan water temperature (K)
T10 Condenser outlet air temperature (K)
T11 Cold room air temperature (K)
T12 Outside air temperature (K)
t Time (s)
vsys System voltage (V)
w Error rates
WR Total uncertainty
Ẇcomp Compressor power (kW)
ẆPTC PTC power (kW)
x Independent variables
Z Enviroeconomic parameter ($)
z International carbon price ($)

Subscripts
0 Dead state reference point
CO2 Carbon dioxide
con Condenser
comp Compressor
comp,d Compressor discharge
comp,s Compressor suction
con,fan Condenser fan
con,i Condenser inlet
con,o Condenser outlet
cp Condensate pan
e Evaporator
e,fan Evaporator fan
e,i Evaporator inlet
e,o Evaporator outlet
ev Expansion valve
is Isentropic
mech Mechanical
r Refrigerant
tot Total
II Second
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of this equipment. Koşan et al. [13] developed an environmentally 
friendly design that increases the energy efficiency index value with a 
fan control technique in an industrial refrigeration system using R290 
refrigerant. In the new control design, both evaporator and condenser 
fans were controlled, resulting in a 25.2 % reduction in energy con
sumption. In contrast, the energy efficiency label was raised from class E 
to class D.

Thiessen et al. [14] found that energy consumption was reduced by 
21 % when 56 % of the area of the refrigerant was covered with vacuum 
insulation panels. Shaban et al. [15] conducted a study on energy and 
exergy efficiency in RDCs. Using a variable-speed compressor and an 
electronic expansion valve, energy efficiency was achieved by 32 %, and 
exergy destruction was reduced by 76 % compared to the conventional 
system. Rauss et al. [16] investigated the effect of lighting systems on 
energy consumption in RDCs. Jouhara et al. [17] developed a new 
design for open RDC shelves with straight heat pipe technology and 
investigated the impact of the design on energy consumption and food 
preservation conditions. With this innovative design, the energy con
sumption was reduced by around 12 %, homogenizing the temperature 
profile of products.

Deniz et al. [18] used the compressor discharge pipes and the stag
nant water in the condensate pan to transfer the refrigerant as super
heated vapor to the compressor outlet. Adding fins to the discharge pipes 
in the condensate pan increased the heat transfer by 3.347 times 
compared to the case without fins. In this way, the refrigerator’s energy 
consumption was reduced, and the energy class E in the current system 
was increased to D class with the new design. Evans and Foster [19]
stated that the electrical resistances need 1500 W − 2000 W of power 
per hour, depending on the size of the system, for evaporation of the 
water in the condensate pan.

Studies on the removal of defrost water were reviewed. Song et al. 
[20] investigated the effect of drainage disposal of water generated at 
the end of the defrosting process on system performance. As a result of 
the study, with the use of the drainage system, the defrost efficiency 
increased from 47.5 % to 57.6 %, while the total energy consumption 
decreased from 898.1 kJ to 727.5 kJ. Rahman and Jacobi [21] found 
that groove geometry significantly affects water retention. They 
observed a significant improvement in meltwater drainage on micro
grooved surfaces, with up to 70 % more condensate drained than on a 
flat base surface. Li et al. [22] investigated the self-drainage character
istics on an inclined superhydrophobic surface. For slope angles greater 
than 30◦, freezing water can be completely drained on super
hydrophobic surfaces. They found that the superhydrophobic surface 
has an excellent self-draining ability, which provides the possibility for 
the improvement of defrost efficiency.

Kim et al. [23] proposed a new louvered fin design to improve the 
performance of the heat exchanger drainage. Asymmetric louvered fins 
improved the drainage performance of the retention water, which 
increased the heat transfer rate. They found that the surface tension at 
the leading edge of the asymmetric fin was 11 % less than that of the 
symmetric fin, which led to the improved drainage performance of 
asymmetric fins. Bansal and Xie [24] developed a dynamic simulation 
model to predict the thermodynamic characteristics of the evaporation 
of defrosted water in a refrigerator. The model results showed that the 
evaporation of water can be increased by raising the water temperature 
and optimizing the air velocity over the water tray. Due to the natural 
airflow over the water tray up to 0.9 m/s, evaporation rates can increase 
significantly with a slight air movement. Zhou et al. [25] developed a 
design with perforated louvered fins that requires less fin material while 
improving drainage. The 18◦ and 24◦ angle designs have shown excel
lent performance, significantly improving drainage efficiency.

In addition, the effects of using ultrasonic humidifiers in refrigera
tion systems on system performance and food products were investi
gated in the literature. Delele et al. [26] investigated how adding a 
humidifier to the cold room affects the products and the system. During 
refrigeration, the humidifier was turned on for 1 min and off for 10 min, 

and compared to the system without a humidifier, the relative humidity 
increased by an average of 10.1 %, while the time required for refrig
eration decreased by 15.8 %, and the weight loss of the products 
decreased by 1.13 %. Fabbri et al. [27] concluded that using ultrasonic 
humidifiers in the vegetable and fruit supply chain reduces potential 
product losses by more than 20 % compared to a conventional supply 
chain. It has also been reported that using humidifiers can prevent 
carbon emissions of 0.1 kg CO2 equivalent per unit mass of products.

Brown et al. [28] investigated the effects of ultrasonic humidifier use 
on a refrigeration system. With the use of humidifiers in the refrigeration 
system, the refrigeration load increased from 3.4 kW to 3.8 kW, and the 
average compressor run time increased by 8 %. Tirawat et al. [29]
examined the effects of humidification during refrigeration on the 
product quality of white asparagus. It was concluded that when refrig
eration and humidification were carried out at the same time, the water 
loss of the product decreased by 14 %, and the product’s color deteri
orated after one day with only refrigeration and after three days with 
refrigeration and humidification.

Jhee and Lee [30] investigated the defrosting characteristics of a 
positive temperature coefficient (PTC) heating plate and compared them 
experimentally with those of a conventional electric heater. They found 
that when the PTC heating plate is used and the discharged water is 
completely melted, the characteristics of the water discharge rate with 
the defrosting time show a smooth oscillation pattern. The defrosting 
efficiency of the PTC heating plate was found to be about 75 %, which is 
about 25 % higher than that of the electric heater. Westhaeuser et al. 
[31] to compensate for the insufficient heating capacity from the heat 
pump in the vehicle when the heat pump is running or in defrost mode, 
they have installed a High Voltage-Positive Temperature Coefficient as 
an electric heater in the heating, ventilation, and air conditioning unit 
air path after the heater core. Steiner and Rieberer [32] installed a PTC 
heater in the air path downstream of the internal heat exchanger to 
provide the required heating performance during the defrosting process. 
By using resistance heating with PTC elements to meet the heat demand 
of electric vehicles, the cruising range is significantly reduced at low 
outside temperatures. Wang et al. [33] investigated the PTC behavior of 
low Curie point PTC materials under different component ratios. The 
adaptive temperature control capability and stability of low Curie point 
PTC material in anti-icing applications were experimentally verified.

In energy efficiency studies conducted for plug-in refrigeration sys
tems, studies to generally increase compressor efficiency come to the 
forefront. More literature is needed regarding the PTC resistance 
behavior, which is the most energy-consuming equipment after the 
compressor in plug-in refrigerators, and the removal of defrost water 
from the environment. To fill this gap in the literature, a refrigeration 
system operating with propane (R290), an environmentally friendly 
refrigerant, is designed, tested, and analyzed. Different approaches, such 
as fan positioning, fabric use, and compressor discharge line routing, are 
applied to achieve the maximum possible vapor mass flow and low en
ergy consumption by reducing the PTC’s operating requirement. In 
addition, a water pump is integrated into the refrigeration system for 
this purpose.

The objectives of this study are as follows: 

• Designing a new plug-in refrigeration system that utilizes condenser 
waste heat and heat from the compressor discharge line to remove 
the defrost water as soon as possible without overflowing into the 
surroundings,

• Reducing the use of PTC resistance during the removal of defrost 
water from the system,

• Integration of a new automation system into the refrigeration system 
that optimizes system components according to changing ambient 
conditions and contributes to energy efficiency,

• Investigation of reducing the amount of consumed energy of the 
refrigeration system by changing the working time behavior of the 
components,
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• Contributing to sustainability by developing an environmentally 
friendly approach with low carbon emissions,

• Designing a system with a high energy performance value to remove 
end users from the risk of carbon tax,

• Create a refrigeration system with a high sustainability index (SI) 
value by achieving the most feasible environmental and thermody
namic results,

• Manufacturing a feasible and economically preferable system for end 
users.

In the process of removing condensate water from the surroundings 
in plug-in refrigerators, as stated in the existing studies in the literature, 
PTC resistance is used, which causes a lot of energy consumption in the 
system. In this study, different unique approaches unavailable in the 
literature are developed. First, the condensate water receives the waste 
heat that is extracted from the condenser. Thus, the operating time of the 
PTC is shortened by utilizing waste heat during the mass transfer process 
of removing the condensate water. As another method, an ultrasonic 
humidifier and water pump are integrated into the system to eliminate 
the need for PTC operation. Due to this design, in a much shorter time 
than the first method, the water pump transferred the condensate water 
from the overflow pan to the ultrasonic humidifier for reuse in the hu
midification process. Additionally, the humidification unit built into the 
system and the control algorithm created especially for this study opti
mize energy efficiency and food product safety owing to this study. With 
the developed innovative solutions, energy efficiency is achieved, and as 
a result, positive economic, environmental, and sustainability outputs 
are obtained and contributed to the literature. In addition, an innovative 
condensate pan is developed that reuses the condensate water. Thus, this 
study also contributed to science in terms of efficient and effective water 
use, which is of global importance. The main objectives of this study are 
shown in Fig. 1.

2. Theoretical analysis

This section first reveals the relationships between energy, exergy, 
and the environment; on the other hand, it presents the equations used 
to reduce the data. The equations that form the basis of the analyses 
carried out during the study are presented in tables, and the relation
ships between the concepts are also included. Table 1 presents the 
equations used in the thermodynamic analyses, especially the first and 
second law efficiencies of thermodynamics, the exergy destruction of the 
refrigeration system components, and the condensate pan’s heat transfer 
efficiency.

Mass transfer occurs in the overflow pan. Mass transfer analysis is 
required to find the evaporation time in this direction. Table 2 shows the 
equations used in the mass transfer analysis.

Another important analysis is to determine the energy consumption 
of the refrigeration system; the related equations are presented in 
Table 3. In addition, the same table includes equations for carbon 
emission, enviroeconomic, and sustainability index analyses. Consid
ering the environmental impact of refrigeration systems is important in 
reducing their carbon emissions. Besides this exergy, which plays a vital 
role in assessing and increasing the use of sustainable energy and 
technologies, it allows for evaluating efficiency, environmental impact, 
and sustainability. The relationships between environmental impact, 
sustainability, and exergy efficiency are expressed in the equations in 
Table 3.

The relationships between environmental impact, sustainability, and 
exergy efficiency are indirectly applied to energy systems. Costing the 
greenhouse gas emissions that cause global warming by setting a carbon 
price will enable countries and those responsible for this effect to reduce 
the amount of carbon emissions. For this reason, enviroeconomic ana
lyses of the designs put forward are carried out to reduce the related 
costs, which the whole world finds as a risk, as much as possible. The 
economic analysis is based upon the price of CO2 emissions into the 
environment, which is the most powerful mechanism to promote the 
deployment of renewable energy technologies that do not emit carbon 
into the atmosphere. Recently, one of the most important factors in 
environmental policy that offers more effective but expensive solutions 
is eco-economics. It provides creative analysis that shows the financial 
effects of environmental policy decisions that are based on the cost of 
CO2 emissions. The environmental analysis provides information 
regarding the environmental harm caused by the refrigerants, while the 
enviroeconomic analysis displays the economic cost of this harm. The 
refrigerant’s GWP rates are used to evaluate environmental and envir
oeconomic assessments [45,46,47,48].

Since it is essential to recognize that the world’s resources are 
limited, it is necessary to meet present needs while preserving the ability 
to meet the needs of future generations. Therefore, a sustainability index 
analysis is carried out to evaluate the long-term results of the design 
rationally.

The uncertainty of the measurement is determined using the uncer
tainty analysis method and is caused by errors in devices, experimental 
circumstances, environmental conditions, readings, and measurement 
sites. Therefore, uncertainty analysis is applied to see and correct the 
errors introduced by the tools and apparatus used in this experimental 
investigation. Uncertainty analysis is calculated as [53]: 

Fig. 1. The main objectives of this study.
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3. Material and method

This section consists of the subheadings of refrigeration system 
design, control algorithm structure, and experimental procedure. In this 
study, cold room conditions were created for mandarins. In this direc
tion, when mandarins are not under appropriate refrigeration condi
tions, they lose their water, acid, and aroma, while color change, 
collapse, and decay occur in their external appearance due to the 

deterioration of their contents [54]. In this respect, the optimum values 
for temperature and relative humidity, the most important mandarin 
storage requirements, were investigated from the literature. In long- 
term storage, under 90–95 % relative humidity and 2–4 ◦C tempera
ture values, weight loss, rot development, and physiological disorder 
appearance rates are minimal, taste is optimum, and internal quality 
parameters are found to be sufficient [55,56]. While these values 
constitute the optimum conditions of this study, storage conditions at 
2–4 ◦C and 100 % relative humidity were determined as the extreme 
conditions of the study.

3.1. System design

Refrigeration systems are designed according to the mechanical 
vapor compression refrigeration cycle principle. Icing occurs on the 
evaporator surface during the relevant cycle, reducing the cycle effi
ciency. To solve this situation, the defrosting process eliminates the icing 
on the evaporator surface in the refrigeration cycle, and water is 
released by melting the ice. Plug-in refrigerators lack a drainage line, 
whereas central refrigeration systems include one to remove any water 
that may accumulate. In plug-in refrigerators, the water that occurs after 
defrosting is collected in the condensate pan. In the condensate pan, 
there is an electric resistance to water evaporation. As mentioned in the 

Table 1 
Thermodynamic analysis.

Parameters Equations Eqs. No Refs. No.

Refrigerant mass flow rate
ṁr =

Q̇e
(he,o − he.i)

(1)
[34]

Evaporator capacity Q̇e = ṁr(he,o − he,i) (2)
[35]

Evaporator exergy destruction
Ėxy,e = ṁr

[
he,i − he,o − T0

(
se,i − se,o

) ]
−

[

− Q̇e

(

1 −
T0

TL

)]
(3)

[36]

Compressor total efficiency ηtot = ηis.ηmech =

(

1 − 0.05
Pcon

Pe

)

ηmech
(4)

[37]

Compressor power
Ẇcomp =

ṁr
(
hcomp,d − hcomp,s

)

ηtot

(5)
[38]

Compressor exergy destruction Ėxy,comp = Ẇcomp,id − ṁr
[
hcomp,d − hcomp,s − T0

(
scomp,d − scomp,s

) ] (6)
[36]

Condenser capacity Q̇con = ṁr(hcon,i − hcon,o) (7)
[35]

Condenser exergy destruction
Ėxy,con = ṁr

[
hcon,i − hcon,o − T0

(
scon,i − scon,o

) ]
− Q̇con

(

1 −
T0

TH

)
(8)

[36]

Expansion valve exergy destruction Ėxy,ev = ṁr
[
hcon,o − hevap,i − T0

(
scon,o − sevap,i

) ] (9)
[36]

Coefficient of performance
COP =

ṁr
(
he,o − he,i)

ṁr (hcon,i − he,o)

(10)
[39]

Total exergy destruction Ėxy,tot = Ėxy,e + Ėxy,comp + Ėxy,con + Ėxy,ev (11)
[36]

Second law efficiency
ηII = 1 −

Ėxtot

Ẇcomp,id

(12)
[36]

Condensate pan efficiency
ηcp =

Q̇cp

Q̇con
=

ṁrcr(T4 − T6)

ṁr
(
hcon,i − hcon,o

)
(13)

[40]

Table 2 
Mass transfer analysis.

Parameters Equations Eqs. No. Refs. No.

Sherwood number Sh = 0.037
(
Re0.8)Sc1/3 (14)

[41]
Coefficient of mass transfer hm =

Sh DAB

L
(15)

[42]

Mass transfer rate of vapor
ṁwater =

(
hm

RT

)

(Pd − Pb)
(16)

[43]

Specific moisture extraction 
rate

SMER =
mwater

ẆPTC ​ tPTC

(17)
[44]

Table 3 
Analyzes of energy consumption, carbon emission, and sustainability.

Parameters Equations Eqs. No. Refs. No.

Annual energy consumption AEC = ECdaily x 365 (18)
[49]

Daily energy consumption of the refrigeration system

ECdaily =

⎡

⎢
⎢
⎣

(

Ẇcomp tcomp

)

+

(

Ẇe,fan te,fan

)

+

(

Ẇcon,fan tcon,fan

)

+
(

ẆPTC tPTC

)

⎤

⎥
⎥
⎦

(19)
[49]

Carbon emission amount ϕCO2
= 0.479 kgCO2/kWh x ​ AEC (20)

[50]
Enviroeconomic analysis ZCO2 = ϕCO2

x zCO2 (21)
[51]

Depletion factor Dp = 1-ηII (22)
[52]

Sustainability index SI =
1
Dp

(23)
[52]
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previous section, the electric resistance effect seriously burdens the 
refrigeration system’s electricity consumption. In addition, when the 
power of the electric resistance is insufficient, the defrost water over
flows into the surrounding environment of the refrigeration systems.

Currently, the refrigeration industry expects to overcome the prob
lem of high-energy consumption by minimizing the use of electric 
resistance and preventing the defrost water from overflowing into the 
surroundings. Therefore, this study proposes an alternative design to 
overcome these problems. With this alternative design, the compressor 
discharge line is passed through the condensate pan to evaporate the 
defrost water in the condensate pan, and antibacterial water absorption 
fabrics are specially arranged in the condensate pan. The condenser fans 
are placed as close to the condensate pan to blow hot air on the water 
surfaces inside the overflow pan. Then, to avoid the risk of water 
overflowing the surroundings, an overflow pan is created with a pipe 
coming out of the condensate pan, and an electric resistance is placed in 
this pan. In addition, with the various sensors placed in the system, the 
energy efficiency process is reinforced by monitoring the system with 
the created control algorithm.

Before installation, a 3D drawing was used to design the refrigeration 
system in detail. Fig. 2 displays the design’s final perspective. The 
components corresponding to the numbers in Fig. 2 are explained under 
the figure title.

The discharge line from the compressor outlet to the condenser is 
first passed through the condensate pan. Then, the system continues to 
operate based on the vapor compression refrigeration cycle. The design 
also aims to use the maximum amount of fabric area possible to absorb 
as much water as possible in the condensate pan. In addition, the 
condenser fans are positioned as close as possible to the overflow pan so 
that the hot air reaches the water at the highest possible speed and 
temperature. Therefore, the design aims to achieve the maximum 
possible vapor mass flow to evaporate the water in the overflow pan 
quickly. By maximizing this flow, the operating requirement of the PTC 
is reduced. This results in lower energy consumption. This design is 
referred to as Mode-1 in this study. During the removal of the defrost 

water coming to the overflow pan in the refrigeration system, the PTC is 
not used at all, and this water is transferred with the help of a pump to be 
used in the ultrasonic humidifier in the system is referred to as Mode-2. 
Equipment, measuring instruments, and measuring points are given in 
Tables 4-5, while Mode-1 and Mode-2 are explained in detail in the 

Fig. 2. Modeling view of design. (1: cold room, 2: cold room door, 3: automation panel, 4: evaporator outlet/cold room inlet airline, 5: condenser, 6: ultrasonic 
humidifier, 7: compressor, 8: cold room temperature relative humidity sensor, 9: evaporator, 10: defrost water drain hose, 11: condensate pan, 12: PTC on overflow 
pan, 13: defrost water collecting pan, 14: evaporator fans, 15: dryer, 16: capillary tube).

Table 4 
The characteristics of equipment and features of the designed refrigeration 
system.

# Equipment Capacity Qty. Features

1 Compressor 736 W 1 Hermetic structure and − 10 ◦C/ 
+45 ◦C operating temperature 
range.

2 Condenser 2250 W 1 Microchannel structure.
3 Condenser fans 250 m3/h 2 With ECM technology and at 1400 

rpm.
4 Evaporator 1500 W 1 20 pieces of 3/8″ diameter copper 

tubes and aluminum fins.
5 Evaporator fans 6 W 6 Withstand low operating 

temperature and runs 2300 rpm 
speed.

6 Refrigerant 
(R290)

130 g gas 
charged

− Its ODP value is zero while its GWP 
value is very low, making it 
environmentally friendly.

7 Capillary tube − 1 Compatible with R290 refrigerant
8 Condensate pan 12600 cm3 1 Made of aluminum sheet material.
9 Overflow pan 900 cm3 1 Made of aluminum sheet material.
10 Electric 

resistance (PTC)
350 W 1 Cartridge type resistance.

11 Water pump 48 W 1 It has a 5-meter total delivery head 
with 0.60 MPa pressure.

12 Ultrasonic 
humidifier

500 ml/h 1 The water tank is made of silver ion 
antimicrobial material to keep the 
steam clean.

13 Antibacterial 
fabrics

160 x 140 
mm

16 They have high dehumidification 
capacity, fast drying, and high 
strength.

14 Cold room 1 m3 − Isolated from external conditions.
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following pages and Table 6.
The schematic Log P-h diagram of the designed refrigeration system 

is presented in Fig. 3. According to the drawing in Fig. 4; between points 
1–2, the compressor compresses the refrigerant and consumes energy, 
between points 2–2′, energy transfer takes place from the compressor 
discharge line to the condensate pan, between points 2–3, heat is dis
charged from the condenser to the environment, between points 3–4, the 
throttling process takes place through the capillary tube and between 
points 4–1, the evaporator performs the refrigeration process by 
extracting heat from the environment.

In this study, a hermetic piston compressor, frequently preferred in 
refrigeration systems, is used as the basic component of the designed 
refrigeration system. A micro-channel structure, which is favored in 
energy-efficient designs with characteristics like low air pressure loss 
and high heat transfer capacity, is employed for the condenser. An 
aluminum fin evaporator is utilized due to its high thermal conductivity, 
durable corrosion resistance, low maintenance, and lightweight struc
ture. A capillary tube that is compatible with R290 refrigerant is also 
utilized. The system’s refrigerant is one of the most important compo
nents in the eco-design process and environmental sensitivities. In this 
context, R290, which has zero ozone depletion potential (ODP) and very 
low global warming potential (GWP), was used in the designed system. 
In addition, R290 is also preferred due to its thermodynamically high 
volumetric heat transfer capacity and environmentally friendly prop
erties. R290 is a pure hydrocarbon and is considered a natural refrig
erant. R290 stands out due to its minimal environmental impact, 
boasting a GWP100yr value of 0.02 per the Intergovernmental Panel on 
Climate Change AR6 report. R290 has a low viscosity and a higher 
thermal conductivity in the vapor phase. This leads to the superior 
performance of R290 in the vapor and two-phase sections of heat ex
changers in refrigeration systems. In general, R290 systems show higher 
COP, reduced refrigerant charge, and lower discharge temperatures than 
alternatives. However, their heating and refrigeration capacities are 
lower and require larger compressors. The standard boiling point and 
critical temperature of R290 are − 42.114 ◦C and 96.74 ◦C, respectively, 
which is suitable to ensure a condensing temperature of less than 80 ◦C 
at low ambient temperatures. The refrigerant charge of air-source heat 
pumps using R290 is limited according to international standards, and 
the discharge temperature and pressure of R290 compressors are lower 
than those of hydrofluorocarbon and hydrochlorofluorocarbon com
pressors. However, R290, which is known for its flammability, raises 
safety concerns in enclosed spaces. R290 refrigerant carries a high 
flammability risk. Strict adherence to safety protocols and regulations is 
essential to reduce the potential risks associated with R290 flamma
bility. R290 is generally compatible with various metal alloys and 
sealants. However, caution should be exercised with materials such as 
ethylene propylene diene monomer rubber, silicone, and natural rub
bers. Refrigerant charging is crucial to ensure that systems comply with 
safety regulations and achieve optimum system performance. 

Determining a reasonable charge for each R290 system of different sizes 
is essential. Considering the hazard of R290, it is necessary to adopt a 
small system using a special compressor for R290, design the power 
junction box and control device to ensure complete sealing, and comply 
with the safety specification during the design, manufacturing, trans
portation, installation, and use stages [57,58,59].

Based on the emphasis on sustainability, an eco-friendly R290 
refrigerant was used in the study, which has an ODP value of zero and a 
GWP value of 3. In addition, R290 is a popular and prominent refrig
erant with strong thermodynamic properties that enable efficient 
refrigeration and high coefficient performance from the system. Apart 
from that, the refrigerant has a charge limit due to its high flammability, 
and in this study, less than 150 g of R290 was charged into the system 
(130 g). In the study, using this refrigerant with strong thermodynamic 
properties contributed to the system’s energy consumption reduction. 
With an innovative condensate pan design and water reuse, the desired 
results were achieved within all the study objectives. All the equipment 
used in the designed refrigeration system is presented in Table 4 with 
their specifications.

In the design, the evaporator, with its fans and capillary tube, is in 
the upper part of the setup. In contrast, the compressor, condenser and 
its fans, condensate pan, overflow pan in the electric resistance, ultra
sonic humidifier, and dryer are in the lower part of the set-up. In 
defrosting mode, water from a pan beneath the evaporator that is 
created when snow melts on its surface enters the condensate pan via a 
drainage line. The pipe system transfers the air at the evaporator outlet 
to the cold room, which is 200 x 84 x 60 cm in size, 1 m3 in volume, and 
isolated from outdoor conditions. Furthermore, an ultrasonic humidifier 
keeps the products at the desired relative humidity values while in the 
cold room, and the moisture is transferred to the cold room. In addition, 
the cold room is designed so that no deterioration is caused by the 
condensation of water vapor. After the finalization of the design, the 
experimental set-up is manufactured in Gazi University Energy Systems 
Engineering Laboratories, Ankara, Türkiye. Fig. 4 presents photographs 
of the production process and 3D images of the refrigeration system.

After the refrigeration system manufacturing process was completed, 
the relevant sensors were placed at the different locations shown in 
Fig. 5. Nine negative temperature coefficient (NTC) sensors, which are 
placed on copper pipes, three temperature and relative humidity (T/RH) 
sensors, and one water sensor are used in the system. In addition, cur
rent, system voltage, system pressure, air velocity, and mass flow mea
surements are made from different points of the system. Measurement 
equipment is given in Table 5.

During the experiments, temperature, relative humidity, pressure, 
current, voltage, flow rate, frequency, and air velocity values are 
measured and recorded. These measurements can be affected by errors 
caused by the reader, the structure of the fasteners, errors caused by the 
connection points, and the reliability of the measuring device. There
fore, uncertainty analysis needs to be performed to determine the 

Table 5 
Features of the measurement equipment used in the refrigeration system.

Equipment Features

Temperature sensor Type Accuracy Resistance value at 25 ◦C Operating temperature range
NTC ±0.1 ◦C 10 KΩ ± 1 % − 30 ◦C to + 105 ◦C

Thermohygrometer Temperature range Temperature accuracy Relative humidity Relative humidity accuracy
− 20 to 55 ◦C ±0.4 ◦C 0 to 100 % ±2%

Water sensor Product dimensions Reading area Working voltage Working current
65x20x8 mm 40x16 mm 5 V <20 mA

Thermal anemometer Temperature range Temperature accuracy Velocity range Velocity accuracy
− 20 to 80 ◦C ±0.1 ◦C 0 to 20 m/s ±0.03 m/s

Voltage and current sensor Voltage range Voltage accuracy Current range Current accuracy
0 to 50 V ±0.1 % 0 to 200 A ±0.4 %

Digital manifold Temperature range Temperature accuracy Operating pressure range Pressure accuracy
− 55 ℃ to + 125 ℃ ±0.5 ℃ − 0.1 to 5.0 MPa ±0.4 %

Flowmeter Measurement range Mass flow accuracy Ambient temperature range Enclosure Rating
0–1000 kg/h ±0.1 % − 20 ◦C to + 50 ◦C IP 67
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accuracy of the measurement results. The measuring instruments used 
were determined according to the characteristics, such as readability, 
accuracy, and stability, that a measuring instrument should have. The 
measurement range of the measuring device and the operating tem
perature were taken into consideration. Increasing the reliability of the 
experimental results with high-precision equipment was taken into 
consideration. By applying these criteria, it was aimed to reduce the 
uncertainties and increase the reliability of the experiments and 
accordingly, selections were made.

Uncertainty analysis was performed using Eq. (24) on the accuracy 
values of the equipment given in Table 5. Calculations are made ac
cording to errors originating from reading, connection elements, and 
points, and accuracy-related errors. The uncertainty values are calcu
lated as ± 1.78 % for COP, ±0.65 % for electrical energy consumption 
value, ±0.14 % for temperature measurement, ±0.51 % for pressure 
measurement, and ± 0.05 m/s for air velocity measurement. It is 
determined that the findings obtained were within an acceptable range 
of uncertainty values and in terms of the reliability of the measurements.

The outputs of all sensors are collected in a central data logger. The 
information contained in the control unit can be easily accessed. The 
values obtained serve to determine the permissible operating ranges of 
the components in the system and enable researchers to conduct in- 
depth analyses. Optimizing the energy efficiency process in the control 
algorithm is one of the most significant benefits of using sensors effi
ciently. Furthermore, using sensors and automation is also crucial for 
refrigerated products’ freshness and food quality.

The experiments are planned to defrost the refrigeration process for 

Table 6 
Experimental procedure.

Test 
days

Mode- 
1

Mode-2 Cold room set 
temperature 
conditions

Description

PTC +
Hot air

Water pump 
+ Ultrasonic 
humidifier

Cold room set 
relative 
humidity 
conditions

Day- 
1

✓ ✕ +2 ◦C / +4 ◦C% 
100

Throughout the 
experiment, the 
humidifier was set to 
100 % set point, testing 
extreme conditions to 
determine the amount of 
defrost water entering 
the condensate pan and 
its removal without 
overflowing into the 
environment. The 
condensate pan was 
filled to its full volume of 
12.6 kg of water. A total 
of 0.85 kg of water 
spilled from this pan into 
the overflow pan before 
experiment is starting.

Day- 
2

✓ ✕ +2 ◦C / +4 ◦C 
90–95 %

During the experiment, 
the control algorithm 
was run according to 
90–95 % relative 
humidity, which is the 
adequate humidification 
amount of the products, 
to save energy in the 
refrigeration system. At 
the beginning of the 
experiment, the 
condensate pan was 
filled with up to 12 kg of 
water. From this pan, 
0.35 kg of water was 
poured into the overflow 
pan before experiment is 
starting.

Day- 
3

✕ ✓ +2 ◦C / +4 ◦C 
90–95 %

Instead of the PTC 
resistance, which 
consumes a lot of energy 
in the refrigeration 
system, a water pump 
was piped to the 
overflow pan, and all the 
water was completely 
removed by the water 
pump to be used in the 
ultrasonic humidifier. 
Throughout the 
experiment, the relative 
humidity of the cold 
room was kept in the 
range of 90–95 %, which 
is sufficient for the food 
products. The 
condensate pan was 
filled to its full volume of 
12.6 kg of water. A total 
of 0.85 kg of water 
spilled from this pan into 
the overflow pan before 
the experiment is 
starting.

Day- 
4

✕ ✓ +2 ◦C / +4 ◦C 
100 %

The water pump 
connected to the 
overflow pan completely 
removed the defrost 
water for use in the 
humidifier, even when  

Table 6 (continued )

Test 
days 

Mode- 
1 

Mode-2 Cold room set 
temperature 
conditions 

Description

PTC +
Hot air 

Water pump 
+ Ultrasonic 
humidifier 

Cold room set 
relative 
humidity 
conditions

the humidifier is 
operated at 100 % set 
point. At the beginning 
of the experiment, the 
condensate pan was 
filled with up to 12 kg of 
water. From this pan, 
0.35 kg of water was 
poured into the overflow 
pan before experiment is 
starting.

Fig. 3. Log P-h diagram of the refrigeration system.
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Fig. 4. Various pictures during the production of the refrigeration system and 3D images.

Fig. 5. Sensor locations (1–2–3–4–6–7–8–9–11: temperature sensor, 5: Flow meter, 10: Voltage and current sensor, 12: water level sensor, 13: temperature relative 
humidity sensor).
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15 min after a 3-hour refrigeration process to prevent frost formation on 
the evaporator and the resulting decrease in efficiency in the system. The 
defrosting period may vary within the control algorithm according to 
the data obtained from the relevant sensors. The working structure of 
the control algorithm and the resulting system behaviors are explained 
in detail in the next section. Where drain hoses, drip trays, or evapora
tion chambers are installed, they have sufficient capacity and are 
designed to be easily accessible and clean. The predetermined climate 
conditions are ready after the products are placed in the cold room. In 
addition, the external surfaces of all equipment in the refrigeration unit 
are wiped dry with a clean cloth before starting the tests. After all these 
preparations are completed, the experiments are started, and the test 
period begins.

3.2. Control algorithm

To ensure that the refrigeration process occurs properly and that the 
system components can operate effectively and efficiently, the system is 
managed with a control algorithm designed in response to the re
quirements. Fig. 6 shows the basic circuit diagram of the refrigeration 
system’s control unit. The flow diagram, designed to provide this con
trol, is shown in Fig. 7.

The system is managed according to a three-hour refrigeration mode 
followed by a 15-minute defrost mode. While deciding the duration of 
the refrigeration cycle and defrost cycle, heat and mass transfer calcu
lations are carried out by considering the boundary conditions in the 
direction of the evaporator’s air inlet and outlet properties. In the 
analysis, it is calculated that at the end of 3 h in the refrigeration cycle, 
the evaporator surface snowed up to 6 mm, and this situation did not 
reduce the heat transfer coefficient performance of the system. As a 
result of more refrigeration time, it is determined that the amount of 
snow on the evaporator surface significantly reduces the heat transfer 
coefficient. This leads to a decrease in the system’s efficiency, and thus, 
effective refrigeration isn’t achieved. In addition, to remove the snowing 
on the evaporator surface during the refrigeration cycle, it is determined 
that a defrost time of 15 min is necessary and sufficient.

In both modes, the evaporator fans and the condenser fans operate 
continuously. In refrigeration mode, the system compressor operates 
according to the temperature data from the cold room. Accordingly, 
when the cold room temperature reaches + 4 ◦C, the compressor is 
activated, and when the temperature reaches + 2 ◦C, the compressor is 
deactivated. In defrost mode, the compressor does not operate. The ul
trasonic humidifier, which plays an important role in maintaining the 
water content of the food products, is activated when the relative hu
midity in the cold room drops below 90 % and deactivated when this 
value exceeds 95 %. In defrost mode, the ultrasonic humidifier does not 
operate. The PTC or water pump in the overflow pan is activated 
depending on whether there is water in the pan or not. One of the two 
components continues to operate until the water in the overflow pan is 
completely depleted. These set points determined in the refrigeration 

system are designed in such a way that they can be changed instanta
neously in line with changing needs.

For the control algorithm to work correctly, sensors are added to 
various refrigeration system parts. The data obtained from these sensors 
integrated into the system is collected on a data logger with two cards, 
which allows 20 different quantities to be measured. The data measured 
by the sensors are recorded on secure digital (SD) cards every minute. In 
this context, instantaneous data can be obtained from 20 different points 
in the refrigeration system. Fig. 8 shows the measured magnitudes and 
the positioning of the refrigeration system’s sensors in the data logger’s 
channels.

3.3. Experimental procedure

As mentioned before, due to the absence of a drainage system in 
plug-in refrigerators, manufacturers and end users experience various 
problems in removing the water that occurs during defrosting without 
overflowing into the environment where the refrigerator is located. 
Although this situation is currently trying to be solved using PTC 
resistance, it causes high energy consumption. In addition, relative hu
midity is a crucial parameter for ensuring product safety while refrig
erating foodstuffs. If there is not enough humidification, various 
deformations may occur in the products, and in cases where humidifi
cation is more than necessary, the system consumes unnecessary energy, 
and frosting increases. To eliminate these negativities, the system is 
tested in different modes. The experimental procedure of this study, 
which is conducted on four different days in two different modes, is 
given in Table 6.

The duration of each test was 6.5 h in total, consisting of two 
refrigeration and two defrost cycles. When determining the duration of 
the experiment, it is requested to observe two cycles of each type 
consecutively. The main purpose of this requirement is to verify, 
through observation and the data obtained, that the system’s behavior in 
each refrigeration and defrost cycle is consistent. On the first and second 
days, the defrost water was removed with the help of PTC resistance and 
hot air. On the third and fourth days of the experiments, named Mode-2, 
the defrost water was used in the ultrasonic humidifier with the help of a 
water pump. For both modes, the humidifier was operated at set points 
of 100 % and 90–95 %.

In the study, humidity ranges were determined based on two con
siderations. The first consideration is the situation where maximum 
condensate water occurs. In this case, the 100 % relative humidity 
condition, called “Extreme RH” in the study, was determined to deter
mine whether there would be an overflow in the system. The second is 
the 90–95 % RH condition, called “Optimum RH” in the study, which 
offers the most ideal conditions for storing tangerines in terms of food 
quality, flavor, and appearance. During the Mode-1 experiments, the 
ultrasonic humidifier was actively used. During the Mode-2 experi
ments, the water used in the ultrasonic humidifier is directed to the 
humidifier through a water line, while in Mode-1, the water reservoir of 

Fig. 6. Circuit diagram of the refrigeration system.
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the ultrasonic humidifier is manually monitored. When the water in the 
ultrasonic humidifier is low, water is added to the water reservoir.

When determining the relative humidity level of the cold room, the 
100 % relative humidity condition was first determined, which would 
put the most challenging condition on the system and cause the most 
amount of water to enter the overflow pan. Secondly, the optimum 
relative humidity range of 90–95 % was determined for the food product 
in cold room conditions. Before the experiments in Mode-1 and Mode-2 
started, the water tank of the ultrasonic humidifier was filled. During 
Mode-1 experiments, water was added as the water in the humidifier 
decreased. During the Mode-2 experiments, the condensate water was 
reused, and water was added to the ultrasonic humidifier through the 
water line created by this loop. Also, before the experiments, 30 kg of 
mandarins, using 6 cases of 5 kg each, were placed in the cold room 
through the ‘cold room door’ shown in Fig. 4. In addition, the use of an 
ultrasonic humidifier in the cold room increased the system refrigeration 
load.

The data logger unit measured and recorded each test’s values. The 
collected values were analyzed, and the outputs obtained are given in 
the next section.

4. Results and Discussion

The study’s main objective is to rationally remove the defrost water 
that occurs in plug-in refrigerators in the shortest possible time and most 
efficiently and effectively. In this way, the refrigerator’s energy con
sumption is reduced, and carbon emissions to the environment are 
reduced, contributing to global sustainability and reducing the risk of 

end users paying a carbon tax. With all these, it was aimed to bring an 
environmentally friendly plug-in refrigerator with improved perfor
mance, preferable due to its economic performance, to the sector. In this 
part of the study, the experiments’ results were analyzed, and the out
puts and their graphs were presented and interpreted.

In the experiments, the energy consumption data of the systems were 
analyzed on a component basis. The energy consumption values of the 
system during 6.5 h of operation, two refrigeration and two defrosting 
cycles. The comparative graph of the energy consumption of the 
refrigeration system is presented in Fig. 9, and the graphs of the ratios of 
the shares of the system components in the total energy consumption 
during Mode-1 and Mode-2 are presented in Figs. 10 and 11, 
respectively.

When energy consumption graphs were examined, in Mode-2 ex
periments, removing defrost water by transferring it to the ultrasonic 
humidifier using a water pump instead of using PTC created a significant 
energy saving in the refrigeration system. In this sense, analyzing the 
data of Day-1 and Day-4, a 29.52 % reduction in total energy con
sumption has been achieved when the ultrasonic humidifier operated at 
full capacity. On Day-2 and Day-3, when the relative humidity was kept 
in the range of 90–95 %, the reduction of energy consumption was 
14.35 %.

When the PTC’s electrical energy consumption was examined, this 
component’s energy consumption on Day-1 was almost three times 
higher than on Day-2. This is because the humidifier was operating at 
full capacity on Day-1, which resulted in more water coming in at 
defrost time and filling the overflow container with more water. The 
relative humidity conditions of the cold room also affected the amount 

Fig. 7. Control algorithm of the refrigeration system.
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of energy consumed by the compressor. In this context, the compressor 
consumed about 10 % less energy on Day-2 and Day-3 when the cold 
room was kept at optimum humidity conditions compared to Day-1 and 
Day-4.

The annual reduction effect of this reduction on the refrigeration 
system area is 704.92 kWh/m2 and 246.00 kWh/m2, respectively. As the 
amount of energy consumed by the PTC decreased, the share of the 
compressor in the total consumption increased. In addition to this saving 
in energy consumption, another point that should be emphasized is the 
reuse of defrost water in a reusable form. Therefore, this study is to 
develop a design that recognizes the importance of water and contrib
utes to sustainability. in this sense, these days when the effects of the 
“Global Water Problem”, another negative outcome of global warming, 
are felt more intensely day by day.

During the removal of condensate water in Mode-2, the energy 
consumed by the ultrasonic humidifier and pump duo used instead of 
PTC under optimum humidity conditions and extreme humidity condi
tions is 14.65 % and 21.42 % of the energy consumed by PTC under the 
same conditions, respectively. The energy consumption values 

depending on the relative humidity conditions for the relevant compo
nents directly used in the removal of condensate water are presented in 
Fig. 12. When Fig. 12 was examined, the energy consumption value 
required for the removal of defrost water increased with the rise in 
relative humidity value of the cold room and it is seen that doing this 
process with PTC increases the energy consumption significantly.

The developed algorithm manages design values such as relative 
humidity, temperature, and duration. In this system, which has two 
modes, refrigeration and defrosting, the algorithm counts the required 
time, switches from refrigeration mode to defrosting mode and pumps 
the water to the humidifier. As can be seen in Fig. 12, with the use of the 
algorithm, energy consumption was low in the case of using an ultra
sonic humidifier.

In the system, the humidifier was successfully operated according to 
the extreme and optimum relative humidity conditions within the con
trol algorithm, and the cold room temperature was kept within the 
desired range. During the experiments, the average temperature and 
relative humidity values of the cold room were measured as 3.28 ◦C / 
99.16 %, 3.01 ◦C / 92.41 %, 2.48 ◦C / 92.87 %, and 2.50 ◦C / 99.37 %, 

Fig. 8. The measured magnitudes and the positioning of the sensors in the data logger’s channels.
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respectively, daily. These measured values are shown in Fig. 13. When 
Fig. 13 was examined, it was seen that the cold room operated following 
the control algorithm, extreme relative humidity conditions increased 
the refrigeration load and which caused the cold room temperature to 
rise, and refrigeration was more successful on Day-2 and Day-3. Since 
refrigeration was provided better in Mode-2 experiments, cold room 
temperatures were lower than in Mode-1 experiments. In Mode-1 ex
periments, the average temperature of the cold room was 3.28 ◦C on Day 
1 when the cold room was kept at 100 % relative humidity and 3.01 ◦C 
on Day 2 when the cold room was kept at optimum relative humidity. In 
Mode-2 experiments, the average temperature of the cold room was 

2.46 ◦C on Day 3 when the cold room was kept at optimum relative 
humidity and 2.49 ◦C on Day 4 when the cold room was kept at 100 % 
relative humidity. Due to the higher relative humidity, the cold room 
temperatures increased slightly on Day 1 and Day 4 compared to the 
other days in the same mode. In addition, the amount of energy savings 
achieved by switching from Mode-1 to Mode-2 in the system was 732.28 
Wh and 255.55 Wh for the extreme and optimum relative humidity 
conditions of the cold room, respectively.

As can be seen from the test analysis, PTC resistance had a very 
significant consumption rate in plug-in refrigeration systems. This 
component, which was used in both experiments in Mode-1, drew less 

Fig. 9. Total amount of electrical energy consumed in the experiments.

Fig. 10. Component-based energy consumption rates on Mode-1, a) Day-1, b) Day-2.

Fig. 11. Component-based energy consumption rates on Mode-2, a) Day-3, b) Day-4.
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current from the grid as the amount of water in the overflow pan 
decreased. On Day-1, the amount of energy consumed by the PTC is 
maximum since the experiment was carried out in the most extreme 
conditions at maximum humidity. When the cold room was controlled 
with humidity values suitable for the products’ storage conditions, the 
PTC’s total electrical energy consumption decreased as the amount of 
water coming in during defrosting decreased. In Mode-1 experiments, 
the graph showing the current change of the PTC resistance as a function 
of water mass was shown in Fig. 14. When Fig. 14 is examined, it is seen 
that the momentary power of the PTC on Day-1 started with 312.8 W for 
the maximum water mass and reset at the end of 101 min.

The change for water in the condensate pan and overflow pan on 
Day-1; during the refrigeration cycle, the overflow pan was depleted 
entirely of water, reducing the condensate pan by 0.55 kg. During 
defrosting, 1.37 kg of water flowed from the system into the condensate 
pan. From there, about 0.83 kg of water was spilled back into the 
overflow pan. On Day-2, the momentary power of the PTC started at 
234.6 W for 0.35 kg of water and resets at the end of 42 min. The change 
in the amount of water in the condensate pan and overflow pan on Day- 
2; during the refrigeration cycle, the water in the overflow pan was 
completely depleted, and 0.50 kg of water was reduced in the conden
sate pan. During defrosting, 0.86 kg of water flowed from the system 
into the condensate pan. From there, about 0.32 kg of water was spilled 
back into the overflow pan. Therefore, the triangle area in the graph is 
larger on Day-1, which indicates that the PTC resistance consumes more 
energy.

In the experiments in Mode-1, to remove the water from the overflow 
pan faster, the condenser fans were placed as close as possible to the pan 
to ensure that the air hits the water on the pan surface at maximum 
temperature and velocity and the condenser waste heat was utilized. The 
theoretical calculations of the time required for the evaporation of water 
and the experiment’s data for the time of complete evaporation are 
presented in Table 7. When Table 7 was examined, it was observed that 
the ambient temperature and relative humidity were the same on Day-1 
and Day-2, but due to the small amount of water in the overflow panel 

on Day-2, there was a slight difference in the water temperature, which 
caused 6 % increase in the mass transfer rate of vapor value. In addition, 
the higher mass transfer rate of vapor value on Day-2 led to a higher 
SMER value of 0.27 kg/kWh on Day-2 compared to Day-1. The theo
retical and experimental values were compatible with each other. The 
reason for the 5 % increase in time in the experiments is that the air 
coming out of the condenser fan loses some of its effect on the floor of 
the pan.

The design aimed to raise the temperature of the water flowing into 
the overflow pan by allowing the compressor discharge line to pass 
through the condensate pan and aiding in the evaporation process. In 
this context, the effect of the change in the condensate pan temperature 
on the pan efficiency is shown in Fig. 15. When Fig. 15 was examined, as 
the compressor active time increased, the temperature rise in the 
discharge line positively affected the pan efficiency. On Day-1 and Day- 
4, since the ultrasonic humidifier in the system operated at 100 % ca
pacity, the compressor run time increased with the increase in the 
refrigeration load of the system. On Day-2 and Day-3, the ultrasonic 
humidifier was kept in the range of 90–95 %, so the compressor run 
times were less. In this sense, during the three-hour refrigeration cycle, 

Fig. 12. The energy consumption values depend on the relative humidity 
conditions for the removal of defrost water.

Fig. 13. Cold room temperature and relative humidity values. Fig. 14. Water mass-dependent PTC power variation during Mode-1 
experiments.

Table 7 
Required time for the evaporation of water.

Mass Transfer Process Mode-1
Day-1 Day-2

Air velocity contacts the water on the overflow pan (m/ 
s)

1.50

Coefficient of mass transfer (m/s) 1.004x10-2

Mass transfer rate of vapor (kg/sm2) 1.400x10- 

4
1.489x10- 

4

Water mass (kg) 0.81 0.35
Water evaporation time (minute) 96.33 39.17
Realized time in the experiment (minute) 101 42
SMER of evaporated water on overflow pan (kg/kWh) 1.11 1.38
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the compressor was active on average 28 % of the total cycle time on 
Day-1 and Day-4, 26 % on Day-3 and 25 % on Day-2. As a result, the 
lowest condensate pan efficiency was observed on Day-3 at 3.90 % and 
the highest on Day-1 at 4.50 %.

The average measured evaporation and condensation temperatures 
during the experiments were − 7.65 ◦C / +41.65 ◦C, − 8.66 ◦C / 
+40.09 ◦C, − 8.86 ◦C / +39.02 ◦C, and − 7.64 ◦C / +40.63 ◦C, respec
tively, daily. Experimental average COP and COP Carnot values of the 
refrigeration system were found to be 2.98 / 5.38, 3.02 / 5.42, 3.10 / 
5.52, and 3.08 / 5.50, respectively, daily. The second law efficiency of 
the system was found to be 55.35 %, 55.73 %, 56.24 %, and 56.03 % 
respectively, daily. On the first two days, the COP was slightly lower 
than on the other days because the compressor’s isentropic efficiency 
was lower as the compression ratio of the compressor was higher and the 
amount of energy consumed in the compressor was higher. The graph of 
the obtained values is shown in Fig. 16. When Fig. 16 was examined, the 
second law efficiency was calculated as a result of the exergy destruction 
values for each test, and the COP values were found to be compatible 
with each other in the refrigeration system. For all tests, the highest 
exergy destruction occurred in the compressor and ranged between 
50–52 % of the total destruction, while the lowest exergy destruction 
occurred in the capillary tube and was calculated to be 1 % of the total 
destruction.

Another focus of this study was an environmentally friendly design 
approach. As it is known, carbon tax applications have been initiated 
around the world to prevent the global warming problem. Especially in 
the production of refrigeration systems, the requirements are developed 
in a way to shows sensitivity in this direction. Accordingly, eco-friendly 
R290 refrigerant was preferred in the system design. In addition, the 
reduction in the system’s energy consumption contributed to a more 
environmental process by affecting the amount of carbon emissions. The 
carbon emission values for the refrigeration system were calculated as 
1,601.26 kg CO2/year, 1,149.83 kg CO2/year, 984.86 kg CO2/year, and 
1.128.54 kg CO2/year, respectively, daily. The environmental-economic 
results based on carbon emissions were calculated as $23.22/year, 

$16.67/year, $14.28/year, and $16.36/year, respectively, daily. The 
annual carbon emissions and related environmental-economic outputs 
of the refrigeration system on a test basis are shown in Fig. 17. When 
Fig. 17 was examined, in the Day-1 and Day-4 tests, when the ultrasonic 
humidifier operates at full capacity, and in the Day-2 and Day-3 tests, 
when the ultrasonic humidifier operates in the 90–95 % range, the 
annual reduction effect of carbon emission on the area of the refriger
ation system is 337.66 kg CO2/m2 and 117.84 kg CO2/m2, respectively. 
With the design of this study, the amount of carbon emission has also 
decreased due to the decrease in the amount of energy consumption. 
This has created advantageous results for end users regarding the 
amount of carbon tax to be paid.

During the design and manufacturing process, it has been acted with 
the awareness that the earth’s resources are limited and that future 
generations also need these resources. Accordingly, the refrigeration 
system’s depletion and sustainability factor values were calculated as 
0.446/2.240, 0.443/2.259, 0.438/2.285, and 0.440/2.274, respec
tively, daily. When Fig. 18 was examined, as the increase in the system 
exergy destruction increases the depletion potential, a move away from 
a sustainable system structure occurred. In this context, it was observed 
that sustainability and depletion potential contrast with each other and 
that a more sustainable process occurs at moments of high exergy effi
ciency during the experiments.

This refrigeration system was designed for commercial use, and its 
payback period is a valuable indicator of the commercial concerns of 
end-users. Economic analysis was performed for the optimum RH con
ditions of the cold room. In this context, when the operating method
ology of the system changed from Mode-1 to Mode-2, the payback 
period was calculated. The energy consumption of the system and the 
annual profit cost obtained in the enviroeconomic analysis are presented 
in Table 8.

System costs are very close to each other in Mode-1 and Mode-2 
cases. The cost of switching to Mode-2 is $110 in total, including a 
water pump costing $20, water line labor for $5, and software changing 
for $75. The costs incurred during the exchange are amortized at the end 
of the 21st month. In the following years, this cost becomes the system’s 
gain. The amortization period at optimum RH conditions of cold room 
and the profit obtained by the system are presented in Fig. 19.

In addition, in this study, the performance of the proposed system 
was compared with the existing refrigeration technologies in literature. 
It is presented in Table 9. According to Table 9, this study demonstrates 
a significant improvement in energy efficiency with a 29.52 % energy 
savings and a COP value of 3.10 for refrigeration systems using R290, 
compared to other studies in the literature, providing a significant 
contribution to sustainability and energy efficiency. Specifically, the 
improvements made offer a solution with high efficiency and environ
mental benefits for commercial applications, thus establishing this study 
as an important reference for potential applications in the industry.

In this study, the objectives of minimizing and eliminating the energy 

Fig. 15. Condensate pan efficiency.

Fig. 16. COP and second law efficiency results.
Fig. 17. Carbon emission and enviroeconomic values of the refrigera
tion system.
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consumption due to the condensate consumed by the PTC with the 
control and automation system were achieved by limiting the energy 
consumption in Mode-1 and completely eliminating it in Mode-2. It was 
aimed to prevent the use of PTC, and while the energy consumed by the 
PTC was 982.43 Wh in Mode-1, this value was reduced to 0 in Mode-2.

There were some limitations in this study, as follows; 

• R290 refrigerant with a charge of 130 g was used in this study. In 
commercial applications, it will be difficult to use R290 due to the 
maximum charge limit for R290 refrigerant. In these cases, other 
non-flammable refrigerants may be preferred.

• This study was analyzed for optimum and extreme relative humidity 
conditions in the cold room. Changing the relative humidity condi
tions will affect the results obtained.

• In processes where water is reused, it may be necessary to ensure 
hygiene in the system equipment.

5. Conclusions

This study used low-cost and airflow approaches for commercial- 
scale manufacturing to construct and test a plug-in refrigeration sys
tem using environmentally friendly R290 refrigerant with an inventive 
condensate pan and humidification unit design. In this study, refriger
ation system designs based on original methodologies different from the 
condensate water removal methods in the literature, which reduce or do 
not require PTC, were designed, manufactured, tested, and analyzed. 
With the developed innovative condensate pan, contributions such as 
decreasing energy consumption during condensate removal, reducing 
carbon emissions, and increasing sustainability were achieved. In 
addition, the system also achieved a fast payback period and water 
savings thanks to the new methodology that reuses condensate water. 
The obtained values were analyzed for Mode-1 and Mode-2 for optimum 
and extreme relative humidity conditions in the cold room. The main 
conclusions of this study were as follows: 

• The designed system perfectly met the effective refrigeration 
requirement of all tests. The best refrigeration performance was 
provided with a COP value of 3.10 and an exergy efficiency of 56.24 
% on Day-3. Moreover, the highest sustainability was achieved on 
Day-3 with a 2.285 SI value.

• With the switch from Mode-1 to Mode-2, 29.52 % energy efficiency 
was provided in extreme RH cold room conditions and 14.35 % in 
optimum RH cold room conditions.

• With the transition from Mode-1 to Mode-2, the payback period for 
this refrigeration system designed for commercial use was deter
mined as the end of the 21st month at the optimum RH condition.

• Carbon emission values decreased by 337.66 kg CO2/m2 per year 
when the cold room was in extreme RH conditions and 117.84 kg 
CO2/m2 per year when it was in optimum RH conditions. This 
reduced the annual carbon cost by $6.85/year and $2.39/year, 
depending on the cold room condition.

Fig. 18. Depletion factor and sustainability index values of the refrigera
tion system.

Table 8 
Annual profit costs achieved in the refrigeration system.

Condition In optimum RH

Energy consumption difference profit ($/year) 57.67
Enviroeconomic difference profit ($/year) 2.39
Total profit ($/year) 60.06

Fig. 19. Amortization period and system profit as a result of the improvements.

Table 9 
Comparison of the current study with existing studies in terms of system performance.

Refs. System Type COP Value / Improvement Amount

[60] DX-SAHP (direct expansion solar-assisted heat 
pump)

The average COP value increased to 2.72. The COP value showed a maximum 32 % increase compared to R134a. 
Energy efficiency was observed.

[61] Refrigeration system with R290/R600a mixture 
using vapor injection

10 % to 20 % higher COP. Maximum COP was achieved with a 40 % R290 mixture by weight. Energy efficiency was 
observed.

[62] Optimized VCRS (vapor compression refrigeration 
system) using R290

Higher COP was achieved with R290 compared to other refrigerants in a system with an evaporation temperature of 
− 3 ◦C and a condensation temperature of 45 ◦C.

[63] R290 cabin heating systems The COP of the R290 system was 6.7 % to 22.1 % higher compared to conventional systems.
[64] R290 ASHP (air source heat pump) COP values were calculated as 2.8 for refrigeration and 3.27 for heating, compared to conventional systems.
[65] ESRC (ejector subcooling refrigeration cycle) COP improvements of 17.4 % and 26.6 % were achieved compared to EERC and conventional vapor compression 

refrigeration cycles.
[66] R290 air conditioner Compared to R22, the COP of the R290 window-type air conditioner increased by 2.8 % to 7.9 %, and energy 

efficiency improvements of 12.4 % to 13.5 % were observed.
[67] Reconfigured air conditioning system with R290 The COP value increased by 6.5 % when the optimum charge of R290 was between 45–55 % of the full charge 

amount of R410A. The highest energy efficiency was 21 %.
[68] R290 cold storage system The refrigeration COP of the R290 system was on average 1.62 % higher than that of the R134a system at different 

evaporation temperatures.
This 

Study
R290 reconfigured refrigeration system The highest COP value was found to be 3.10 in different modes. A 29.52 % energy savings was achieved as a result of 

the improvements.
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• Defrost water did not overflow into the surrounding environment 
even when the extreme relative humidity conditions. Thanks to the 
relative humidity control, the operating time of the PTC is reduced. 
In fact, with the switch from Mode-1 to Mode-2, there is no need to 
operate the PTC.

The improvements make this commercial refrigeration system 
feasible and preferable for end users. The authors predict that a more 
sustainable and environmentally friendly approach can be created by 
providing the energy required for the refrigeration system from solar 
energy in future designs. Energy consumption impacts can be reduced by 
operating energy consuming equipment, such as fans and compressors 
with a variable speed control method. The integration of solar energy 
holds remarkable potential, particularly in expanding the application of 
low-cost and environmentally friendly refrigeration systems. The 
incorporation of renewable energy sources in refrigeration systems may 
have the potential to further reduce energy consumption. The use of 
solar energy, especially during the summer months, could play a crucial 
role in meeting the system’s energy requirements, thereby providing 
additional environmental benefits and energy independence.

In addition, it is predicted that energy efficiency will increase further 
by integrating artificial intelligence into the control system. Artificial 
intelligence algorithms are anticipated to dynamically manage the 
refrigeration process according to weather and ambient conditions, 
enhancing energy efficiency, prolonging the system’s lifespan, and 
airflow management according to the load inside the refrigerating 
cabinet with the shelf management system. Future work may compre
hensively explore the environmental and economic benefits of inte
grating these technologies. While the initial costs of artificial 
intelligence integration may be high, considering the long-term energy 
savings, sustainability benefits, food quality, and shelf life of food pro
cesses, it could prove economically advantageous.
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B. Şensoy et al.                                                                                                                                                                                                                                  Applied Thermal Engineering 271 (2025) 126315 

17 

http://refhub.elsevier.com/S1359-4311(25)00907-X/h0010
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0010
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0010
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0025
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0025
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0030
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0030
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0030
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0035
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0035
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0035
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0040
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0040
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0040
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0045
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0045
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0045
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0050
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0050
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0050
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0055
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0055
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0055
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0060
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0060
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0060
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0065
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0065
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0065
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0065
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0075
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0075
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0075
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0075
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0080
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0080
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0080
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0085
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0085
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0085
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0090
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0090
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0090
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0095
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0095
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0100
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0100
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0100
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0105
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0105
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0105
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0110
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0110
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0110
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0115
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0115
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0115
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0120
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0120
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0125
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0125
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0125
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0130
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0130
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0130
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0135
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0135
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0135
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0140
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0140
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0145
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0145
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0145
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0150
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0150
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0155
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0155
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0155
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0160
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0160
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0165
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0165
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0165
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0170
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0175
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0175
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0175
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0175
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0180
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0185
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0185
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0185
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0190
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0190
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0190
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0195
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0195
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0200
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0200
http://refhub.elsevier.com/S1359-4311(25)00907-X/h0200


[41] Y.A. Çengel, Heat and mass transfer (Third edition), Güven Publishing, 2011, 
pp. 811–813.

[42] Y.A. Çengel, A.J. Gahjar, Heat and mass transfer fundamentals and applications 
(Fourth edition), McGraw-Hill, 2011, pp. 717–784.

[43] S.J. Babalis, E. Papanicolau, N. Kyriakis, V.G. Belessiotis, Evaluation of thin-layer 
drying models for describing drying kinetics of figs (Ficus carica), J. Food Eng. 75 
(2) (2006) 205–214.
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refrigeration cycle using advanced exergetic approach with Taguchi and ANOVA 
optimization and refrigerant selection with enviroeconomic concerns by TOPSIS 
analysis, Sustain. Energy Technol. Assess. 52 (2022) 102182.

[47] C.S. Rajoria, S. Agrawal, G.N. Tiwari, Exergetic and enviroeconomic analysis of 
novel hybrid PVT array, Sol. Energy 88 (2013) 110–119.

[48] A. Shahsavar, P. Talebizadehsardari, M. Arıcı, Comparative energy, exergy, 
environmental, exergoeconomic, and enviroeconomic analysis of building 
integrated photovoltaic/thermal, earth-air heat exchanger, and hybrid systems, 
J. Clean. Prod. 362 (2022) 132510.

[49] ISO 23953-2:2023, Refrigerated display cabinets — Part 2: Classification, 
requirements and test conditions. International Standards Organization, (2023).
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