https://journal.unesa.ac.id/index.php/vubeta
Vol. 3, No. 2, 2026, pp. 344~354DOI: 10.26740/vubeta.v3i2.40752
ISSN: 3064-0768

Vokasi Unesa Bulletin of Engineering, Technology and Applied Science (VUBETA) ’ ‘
) 4

Estimation of R404A Refrigerant Cooling Load and System
Efficiency of a Small-Scale Cold Box for Strenghten The
Fisheries Cold Chain in Timbolsloko, Demak

Hanityo Adi Nugroho!”, Samsudi R?, Rubijanto JP3, M. Ahnaf F*, Aulia SS°, Aditano YR®
136 Department of Marine Science, Faculty of Science and Agroculture Technology, Universitas Muhammadiyah Semarang
234 Department of Mechanical Engineering, Faculty of Engineering and Computer Science, Universitas Muhammadiyah Semarang

Article Info ABSTRACT

Article history: The cooling system of the fishing boat is extremely crucial in maintaining the
) quality of the catch during storage. In this study, the system performance and

Received May 25, 2025 cooling load are analyzed in a box of dimensions 1.8 m x 2.4 m x 1.2 m with

Revised November 23, 2025 R404A refrigerant at an evaporation temperature of -21.8°C and a

Accepted January 19, 2026 condensation temperature of 37.6°C. Total daily cooling load is 15.504 kWh,

which includes heat transmission load of 5.653 kWh, product load of 6.656

kWh, internal load of 0.542 kWh, equipment load of 1.61 kWh, and
Keywords: infiltration load of 1.043 kWh. System performance by pressure-enthalpy (P-
h) analysis provides actual Coefficient of Performance (COP) as 4 with 94%
refrigeration efficiency. The 100 mm polyurethane insulation utilized are
enhance energy efficiency and environmental sustainability. This cooling

Cooling Load
Refrigeration System

Energy Efﬁc.iency system design was found to be optimal for maintaining the box temperature
R404A Refrigerant at -20°C with high efficiency, serving to benefit the small-scale fisheries
Fishing Vessel sector under tropical conditions.

This is an open access article under the CC BY-SA license.

[oXolel
1. INTRODUCTION

In the fishing industry, refrigeration systems are a key factor in maintaining product quality and freshness
in storage and sea transportation. Fish and seafood catches are most susceptible to quality loss from exposure
to high ambient temperatures. Cooling facilities such as cold storage and freezers are designed to provide
optimal temperatures that inhibit the growth of microorganisms, prevent spoilage, and maintain the texture,
flavour, and nutritional value of stored products. Their misuse will result in reduced product quality or
increased energy losses [2]. The effectiveness of the cooling system has been a significant challenge to
fishermen, particularly in the aftermath of high energy prices and small storage capacity on fishing boats.

R404A refrigerant meets the standards set by the U.S. Environmental Protection Agency (EPA) and
belongs to the Al safety level category (the highest level, harmless to the human body) according to the
American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE). While R404A is still
widely used and recognized as a mainstream low-temperature refrigerant [6], its high Global Warming
Potential (GWP) means that many countries are now phasing it down in favor of lower-GWP alternatives to
enhance environmental sustainability. Rather than replacing the system outright, retrofitting is the suggested
method utilized to improve the energy performance of R404A systems to suit hot climate regions and achieve
low Global Warming Potential (GWP) [26][15][19][33].

Regardless of the refrigerant used, the efficiency and long-term sustainability of fishing operations
heavily rely on accurate thermal analysis. Erroneous cooling load calculations—including errors in determining
the volume of stored commodities, the catch's initial temperature, and the ambient sea temperature—can
significantly compromise the overall sustainability of these activities. Therefore, it is essential to adopt a
cooling load calculation method that accurately considers these parameters to ensure the cooling system
operates efficiently without negatively affecting product quality [17]. The R404A refrigerant is also worth
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considering due to its high safety level; under normal temperature and pressure, R404 A does not easily explode
in the air, with its minimum oxygen content for explosion being 23.84% or midly flammable [31][45].

In fisheries, cooling systems are essential for transporting catches to port or to a fish auction. The issues
at this point are the fluctuations in ambient temperature along the journey, extended transportation hours, and
the vessel's thermal insulation. [20] proposed that applying suitable cooling technology to vessels can reduce
fish quality loss by up to 30% and carbon emissions by 20%. This support for low-emission systems is
reinforced by the study of [28], Based on a fuzzy inference system that considers traffic density, the weight of
approaching vehicles, and the carbon dioxide emission rate, indicate that these cold chain systems have a low
emission rate [28].

Advances in modern technology have opened up opportunities to improve the efficiency of cooling
systems on fishing boats. The use of environmentally friendly refrigerants, such as R404A, coupled with
innovations like variable refrigerant flow (VRF) technology, has been shown to maximize cooling system
performance while reducing energy consumption. Through these innovations, fishermen can balance
operational effectiveness with environmental friendliness [8].

This study aims to develop the cooling load application on fishing vessels. It conducts analyses to
determine the key variables that govern the cooling system's performance, including the marine environment
temperature, the quantity of preserved catch stored, and the length of the sea trip. The objective of this study
is to provide recommendations on appropriate cooling equipment specifications to ensure energy efficiency
without compromising integrity in the catch [39]. Following a systematic design, this study is anticipated to
significantly help fishermen maximize yield by optimizing their vessel's cooling systems.

2. METHOD
2.1. Research Tools and Materials

The tools used include a meter roll, thermometer, and anemometer. The materials or objects of research
in this study have the following specifications.

AC Brand & Type : Denso type FS 2

Box Size (p, L, t) :1.8mx24mx1.2m

Compressor : Denso 10 PA17C

Cooling unit : FS 2 50 Watt

Condensing unit : Type M 140 Watt

Refrigerant : R404a

Box insulation : 100 mm thick PU coated with 2 mm fiberboard outside and inside
Number of lights : 150 watts

Number of people : 1 person

Vehicle type : Mitsubishi L300

The fishing vessels shown in Figure 1 are equipped with power electronic converters to reduce
dimensions, mass, maintenance costs, and operational expenses while improving efficiency, safety, and
reliability. These systems integrate alternating current (AC) and direct current (DC) loads, often requiring
auxiliary systems to operate correctly to keep super-fresh seafood products on board [27].

250 cm

300 cm

Figure 1. Fishing Vessel Scheme : Small-Scale Cold Box for Strengthen The Fisheries Cold Chain

2.2.1. Method Analysis

This research employed two main quantitative analyses based on primary data gathered through
dimensional measurements, material analysis of the main components used, and observation of operational
conditions. These analyses utilize fundamental equations, namely: the thermal property equations [10][22] and
the generator efficiency equation [37]. After the data is obtained, the cooling load calculation of the cooling
box is carried out, including:
1) heat load passing through the wall,
2) product heat load,
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3) load when empty,

4) load from the use of equipment in the box,
5) human load when entering the box,

6) infiltration heat load,

The values of each heat load are then summed to obtain the total heat load. From the total heat load, the
equivalent size (pk) of the cooling machine is determined to meet the cooling load efficiency requirements.
The DC motor has the attribute of a single control system capable of operating in two control modes. The initial
mode is the armature control mode, in which the field current remains constant. Alternatively, it is referred to
as a field control mode with a constant armature current. The features of a DC motor consist of resistance,
inductance, and return electromotive-force voltage, as seen in Figure 2 [3].
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Figure 2. The DC motor schematic

The working principle of the Transport refrigerator is the same as that of the car AC in general. The
cooling system consists of a compressor, condenser, cooling unit, control unit, hoses, pipes, and other
components. The refrigerant circulates in a closed circuit, transferring heat from a low-temperature source (air
in the cargo box) to a high-temperature source (outside air/atmosphere) to cool the cargo box interior. The use
of new refrigerants (HFC134a or R404A) aims to reduce environmental damage in small-scale fishing industry
cooling systems. HFC-134a refrigerant is used for cooling or chiller types, while R-404A is generally used for
frozen or super-frozen types. Utilizing natural gas to meet energy needs for businesses, transportation, and
other uses is environmentally friendly and legally accepted. Energy usage in buildings is a crucial factor in
global efforts to achieve energy sustainability. This significant share underscores the importance of advancing
sustainable energy management practices in the built environment [1].

The main advantage of DC motors in fan applications is their ability to easily regulate speed. This speed
regulation can be achieved by adjusting the voltage entering the motor; for example, lowering the voltage from
12 volts to 6 volts can halve the motor's rotation speed, resulting in a softer breeze. In addition, DC motors are
highly efficient, with electrical-to-mechanical conversion efficiencies of 85-90%, higher than those of AC
motors, which typically range from 70-80%. This high efficiency not only reduces power consumption but also
minimizes heat generation, thereby extending the overall life of the motor and fan [40].

3.  RESULTS AND DISCUSSION

Based on direct observation, measurement data were obtained. These data will subsequently be used to
calculate the cooling load on the object under study, by referring to relevant thermal property equations 1-9
[10].

Calculating the total cooling load

The overall heat transfer resistance in the plate heat exchanger was evaluated by summing the thermal
resistances of the ambient, water, and refrigerant sides, along with the conduction resistance through the plate
material [41]. These resistances are typically categorized into four main groups:
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1. Transmission Load From Walls
a. Wall material data

Fiberboard with a thickness of 2 mm, each layer (inner and outer), with a thermal conductivity value of
0.23 W / (m2K). Polyurethane thickness with a thickness of 100 mm, with a thermal conductivity of 0.0224
(m2K). The ambient temperature is 34 °C with a relative humidity of 40%, and the desired air in the box is -
20 °C. Walls, roofs, and floors are insulated with 100 mm using Polyurethane coated with outer and inner
fiberboard. It is known that the fiberboard thickness is 4 mm, and the polyurethane thickness is 100 mm. The
thermal resistance value of the fiberboard is 0.23 W/m2K, and that of polyurethane is 0.0224 W/m2K.

0

1
Reotar = (0.004/0.23) + (-0-—) = 4481 W/m?K (1)

Calculation of transmission load :

Q = U X A X AT(Inner air Temp. — Outside temperature) X 24 + 1000 2
Q =kWh / heat load per day

U = U insulation value 1/ 4.481 W/ m2.K

A = Surface area of ceiling, walls, and floor (m?)

Indoor Temp. = Inner air temperature (°C)

Outdoor Temp. = Ambient outside temperature (°C)

24 = Hours in a day

1000 = Watt to kW conversion

Calculating A (Surface area of walls, roofs, and floors):
1. Right side wall = 1.8 m x 2.4 m = 4.32 m?
2. Left side wall =1.8 m x 2.4 m=4.32 m?

3. Front wall =12mx24m=2.88 m?
4. Back wall =12mx24m=2.88 m?
5. Ceilling =1.8mx12m=2.16 m?
6. Floor =1.8mx1.2m=2.16 m?

Calculation of the floor, front wall, and ceiling separately due to different temperature differences, so heat
transfer will also differ.

Right, left, back walls:
Q = U x A X (Outdoor temp — Indoor temp) X 24 + 1000

w
Q = 0223 —.K X 11.52m? x (34°C — (—20°C)) x 24 + 1000
KWh

Front wall:
Q = U x A x (Outdoor temp — Indoor temp) x 24 + 1000

w

Q = 0.223—.K x 2.88m* X (34°C — (-20°C)) x 24 + 1000

= 0832kWh

Q=0 day

Ceiling:

Q = U x A x (Outdoor temp — Indoor temp) x 24 + 1000
w

Q = 0.223—;.K x 2.16m? x (34°C — (—20°C)) x 24 + 1000
m
kWh

= 0.624——
Q day

Floor:
Q = U X A X (Outdoor temp — Indoor temp) X 24 + 1000

w
Q = 0223—.K x 216m? x (55°C ~ (~20°C)) x 24 + 1000
kWh

= 0.867——
Q day



348 Hanityo Adi Nugroho et al. /'VUBETA Vol 3 No 2 (2026) pp. 344~354

Total daily transmission load (Qtotal):

kWh
Qtotal = 3.329 + 0.832 + 0.624 + 0.867 = 5653?3)7

2. Product Loading Load
a. Product Cooling Load

* Volume 1 : 70 ml takes up space (20x8x2 =320 cm?® = 0.00032 m?)
* BOX Volume :1.70 x 1.70 x 2.50 = 7.225 m*

* Internal volume
Maximum quantity that : 5,175 m?

* can be loaded 25,175+ 0.00032 m* = 16,171 pcs
¢ Total weight 216,171 x 70 ml = 1,131,970 ml x 0.92 gr/ml (ice density) = 1,041 kg

We can use the following formula for this calculation:

Q = m X Cp X AT (Product inlet temperature — Cold room internal temperature) + 860 3)
where:

Q = kWh/day

Cp = Product Specific Heat Capacity (kJ/kg.°C)

m = Mass of added product (kg)

Product inlet temperature = Product inlet temperature (°C)

Cold room internal temperature = Cold room internal temperature (°C)

860 = Kcal to kWh conversion rate

Cooling load calculation assumes ice cream (milk-based) has a similar specific heat to fish products, with
an average of 0.50 kcal/kg-°C, cooled from —10 °C to —20 °C for a storage capacity of 1,041 kg [38]:

_ m X Cp X AT (Product inlet temperature — Cold room internal temperature)

860
1041 kg x 0.50 kcal /kg°C x AT (—10°C — (—20°C))
Q=
860
= 6.052 kWh
Q=6 day

b. Calculating Cooling Load from Product Respiration

__ m Xxrespiration
Q= 3600 “)
where:
Q = kWh/day
m = amount of product in storage (kg)

Resp. = product respiration heat (kJ/kg)
3600 = Converting kJ to kWh

m X respiration

3600
1041 x 2.09
- 3600

=0 604—kWh
Q=0 day

kWh
QTotal = 6.052 + 0.604 = 6656@
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3. Internal Heat Load
Calculation of Cooling Load from Humans (1 person in the box for 30 minutes).

number of workers X time X heat
1000

Q= &)
Where:

Q =kWh

Number of people = Number of people entering

Time = Duration spent in the box per person (Hours)

Heat = Heat loss per person per hour (Watt)

1000 = Converting watts to kW

Calculation:
number of workers X time X heat

- 1000
_1 X 2hours X 271

1000
= 0.542 KWh
Q=0 day

4. Heat Load from Equipment
a. Calculation of cooling load from lighting
Heat generated by lighting is calculated using the following calculation:

__ lamps xtime Xwatts (6)
1000

Q

where:

Q =kWh

Lamps = number of lamps in the cold room
Hours = daily usage hours for cold room lighting
Watts = lighting power rating

1000 = Watts to kW

If there is 1 lamp with 50 W power operating for 2 hours per day:

lamps X time X watts

1000
_ 1 X 2 hours X 50 Watts
- 1000

b. Calculation of cooling load from fan motor
Heat load conversion from evaporator fan motor.

__ Fans xtime Xwatts
1000

Q (7

where:

Q = kWh/day

Time = Fan operating time per day (hours)
Watts = Fan motor nominal power (Watts)
1000 = Watts to kW

This cold room evaporator uses 2 fans, each rated at 96 Watts, with a working load of 8 hours per day.

_ Fans X time X watts
- 1000
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_ 2 X 8 hours X 96 Watts

- 1000
s kWh
Q=1 day

c. Calculation of cooling load from defrost
Calculating heat load from evaporator defrosting. To calculate this load, we will use the following formula:

Q = Time X Power X defrostcycles X efficiency ®)
where:

Q = kWh/day

Power = Heating element power (kW)

Time = Defrost operation time (Hours)

Defrost cycles = How many times per day defrost cycles occur

Efficiency = what % of heat will be transferred to the environment

Defrost runs for 10 minutes 4 times a day, and 30% of the energy consumed is transferred to the cold
room. During defrost, heating is provided by the refrigeration system itself. When defrost occurs, the condenser
fan stops, preventing heat transfer, and the hot temperature is released to the evaporator through the bypass
valve, raising the evaporator temperature and melting the ice. It is known that defrost occurs for 10 minutes
changing temperature from -12°C to 5°C where it experiences a temperature change of 17°C, if converted to
power of 32,284 joules if converted to watts becomes 53.81 watts = 0.05381.

Q = 0.05381 kW x 0.16 hours x 4 x 0.3

=1.61 KWh
Q=1 day

Total heat load from equipment: 0.1+ 1.5+ 0.01 =1.61 kWh/day

d. Calculation of Cooling Load from Infiltration
At this stage, the heat load from air infiltration needs to be calculated. Using the formula below:

volume X energy x changes X (Outdoor Temp — Indoor Temp)

Q= 3600 ©)
where:
Q = kWh/day
Changes = Number of volume changes per day
Volume = Cold storage volume
Energy = energy per cubic meter in degrees Celsius
Outdoor Temperature = Outdoor air temperature
Indoor Temperature = Cold room temperature
3600 =kJ to kWh
__ volume X energy X changes x (Outdoor Temp — Indoor Temp)
B 3600
_7.225 m3 X 2KkJ/°C x 5 X (34°C — (—18°C))
e= 3600
kWh
Q =1.043 —

day
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Table 1. Total cooling load

No Type of Cooling Load Cooln(ll%\b(})jéia/;mount
1 Load through walls 5.653
2 Product load 6.656
3 Internal load 0.542
4 Equipment load 1.61
5 Infiltration load 1.043
Total 15.504

The total cooling load of ice cream box is 15.504 kWh/day

e. Calculating Cooling Efficiency in Cooling System

To simplify the analysis, the determined measurement data were illustrated using a pressure-enthalpy (P-
h) diagram, which is derived from energy and exergy analyses [12][37][44][5]. The enthalpies at the evaporator
outlet (he,out) and inlet (he,in), expressed in kJ/kg, were obtained from the measured pressure and temperature
values. Subsequently, the cooling capacity (Qc) through the evaporator can be determined in kW. Based on the
existing operational data, system performance is analyzed and compared with the original design conditions.

Table 2. Data from Transport Refrigerator

No Parameter Value

1 Discharge Pressure 330 Psi (22.4 Bar)
2 Suction Pressure 25 Psi (1.7 Bar)
3 Discharge Temperature 100.7-C

4 Evaporator Inlet Temperature —28.40C

6 Condenser Outlet Temperature 460C

7 Suction Temperature 360C

8 Room Temperature —220C

When plotted on the R404 P-h diagram, the following enthalpy values can be obtained:
e hi (Evaporator Outlet) =400 kJ/kg

e hz (Compressor Outlet) =420 kJ/kg
e h; (Condenser Outlet/Expansion Valve Inlet) =320 kJ/kg
e has (Evaporator Inlet) = hs

Calculated Mass Flow Rate (m):
Given the compressor power input (P comp), P comp = 11.3 HP = 8.4 kW

The mass flow rate (m) can be calculated using the work done by the compressor:
m =P _comp/ (h2-hi)=8.4/(420 - 400) = 0.42 kg/s

The exergy concept can be referred to as the knowledge of the total irreversibility of the refrigeration
cycle. The second law of thermodynamics defines exergy destruction (irreversibility) as the reduction in a
system’s ability to operate due to losses. Hence, the exergy efficiency of the system (nex), which is also known
as second law efficiency (cooling capacity at evaporator Qc), can be calculated as follows:

Qc = m(h1 — hd) = 0.42 kg/s x (400 — 320) kj/kg = 33.6 kW
COPopryar = P&= 33.6/84 = 4

comp

Tevaporation

COPcarnot = = ((—21.8 + 273))/(37.6 — (—21.8)) = 4.22

Tcondensation - Tevaporation

(COPyctyar) 4
Nrefrigeration = ﬁ X 100% = m X 100% =94%
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4. CONCLUSION AND LIMITATION

This research analyzes cooling load and system efficiency in a box measuring 1.8 m x 24 m x 1.2 m
using R404A refrigerant with an evaporation temperature of -21.8°C and a condensation temperature of 37.6°C.
The total daily cooling load is 15.5 kWh, consisting of heat transmission (5.653 kWh), product (6.656 kWh),
internal (0.542 kWh), equipment (1.61 kWh), and infiltration (1.043 kWh). System efficiency, based on a
pressure-enthalpy (P-h) analysis, yields an actual Coefficient of Performance (COP) of 4 and a refrigeration
efficiency of 94%. The use of 100 mm polyurethane insulation and environmentally friendly refrigerants
supports energy efficiency and environmental sustainability. This cooling system design proves optimal for
maintaining box temperature at -20°C with high efficiency, supporting the small-scale fisheries sector in
tropical regions.

However, the use of R404A refrigerant, which has a high Global Warming Potential (GWP), poses
environmental challenges. Additionally, the calculations were conducted through simulation rather than field
testing, so technical and operational validation is still required. This research provides a preliminary technical
foundation that can be further developed to support the cold chain of small-scale fisheries in tropical regions.
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