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Experimental Optimization of R-134a
Refrigerant Charge in a Retrofitted Dual-
Function Refrigeration System for Marine

Engineering Applications
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Abstract— This paper presents an experimental optimization of R-134a refrigerant charge mass in a retrofitted dual-
function vapor-compression refrigeration system designed to operate in Air-Side (AHU) and Water-Side (Water Chiller)
modes. The system was evaluated after retrofit by testing four charge levels—399.5 g (85%b), 423.0 g (90%), 446.5 g (95%),
and 470.0 g (100%)—under multiple operating conditions: three fan speeds for AHU mode and chilled-water flowrates of 6—
8 L/min for chiller mode. Performance was quantified using evaporator capacity Qevap, condenser heat rejection Qcond,
compressor electrical power (PcompP_{comp}Pcomp), coefficient of performance (COP), and energy efficiency ratio (EER).
The results show that the optimal charge is mode- and objective-dependent. In AHU mode, the maximum cooling capacity
was obtained at 470 g (100%0), reaching Qevap=4.58 kW, while the highest COPactual=3.1234 occurred at 423 g (90%),
accompanied by the lowest AHU compressor power Pcomp=1.722 kW). In Water-Side mode, the highest cooling capacity
was achieved at 446.5 g (95%), with Qevap=5.141 kW at 6 L/min, whereas the best energy-utilization outcome occurred at
470 g (100%) and 6 L/min, yielding EER = 2.888 with the lowest chiller compressor power Pcomp=1.6524 kW). Overall, the
study provides a practical, mode-aware guideline for selecting refrigerant charge in retrofitted dual-function systems for
marine engineering applications.

Keywords— Pefrigerant charge optimization, Retrofit refrigeration system, Dual-function refrigeration, Air handling unit (AHU),
Water chiller, Vapor-compression cycle, Coefficient of performance (COP), Energy efficiency ratio (EER), Marine engineering
applications
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I.  INTRODUCTION [2]. As a result, optimizing refrigeration system

performance has become an important engineering
challenge, especially in systems that undergo operational

| aefrigeration systems play a critical role in marine

and industrial engineering applications, particularly in air
conditioning,  cooling  processes, and thermal
management  systems. In  marine environments,
refrigeration units are commonly required to operate
under varying load conditions while maintaining reliable
performance and acceptable energy efficiency [1]. A
two-stage system with a flash chamber, combined with
appropriate refrigerant selection (e.g., R717 or R407C),
can also improve cooling capacity and enhance the COP
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modifications or retrofitting [3]. A recent trend is the
utilization of ship-engine waste heat to drive
refrigeration systems based on absorption, ejector
technology, or hybrid configurations combined with
thermal energy storage. Such systems can reduce energy
consumption by wup to 524% compared with
conventional electrically driven vapor-compression
systems, while also lowering operating costs and
emissions [4]. Many existing refrigeration systems were
originally designed to operate using chlorofluorocarbon
(CFC) refrigerants, such as R-12, which have been
phased out due to their high ozone depletion potential. In
response to international environmental regulations,
hydrofluorocarbon (HFC) refrigerants such as R-134a
have been widely adopted as replacement working fluids
[5].

Although  R-134a  offers  significantly  lower
environmental impact, direct replacement without proper
system adjustment may lead to suboptimal performance,
excessive operating pressure, or increased energy
consumption. Therefore, retrofit processes require
careful evaluation to ensure that the modified system
operates safely and efficiently [6]. Several studies
indicate that alternative refrigerants such as R-513A, R-
450A, MC-134, and MC-22 can be used as replacements
for R-134a with comparable or slightly improved
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performance, provided that the system is properly
configured. For example, R-513A and R-450A can be
applied in R-134a-based systems with only a very small
change in energy consumption (approximately —1.6% to
+1.2% for R-513A) and without significant changes in
condensing pressure; however, adjustments to the
expansion valve are often required [7]. MC-134 and MC-
22 have also demonstrated better energy efficiency and
faster pull-down (temperature reduction) performance;
however, their flammability characteristics must be
carefully considered [8]. The effectiveness of a retrofit
strongly depends on the system configuration and key
components such as the compressor, evaporator,
condenser, and expansion valve. Certain systems such as
those using centrifugal compressors may require
component  modifications to  maintain  optimal
performance when operating with a new refrigerant [9].
One of the most influential parameters in a retrofitted
refrigeration system is the refrigerant charge mass. An
insufficient refrigerant charge can reduce cooling
capacity and system stability, while excessive charge
may cause high discharge pressure, increased
compressor power consumption, and potential safety
risks. This issue becomes more complex in refrigeration
systems that operate in multiple modes, such as dual-
function systems serving both air handling units (AHU)
and water chiller applications. In such systems, operating
characteristics differ significantly depending on airflow
rate, water flowrate, and heat load conditions, making
the determination of an optimal refrigerant charge
particularly challenging. Determining the optimal
refrigerant charge mass is also essential for achieving the
best energy efficiency [10].

Previous studies have reported that refrigerant charge
optimization strongly affects system performance
indicators such as cooling capacity, coefficient of
performance (COP), and energy efficiency ratio (EER).
However, most existing works focus on single-function
refrigeration systems, such as residential air conditioners
or household refrigerators [11]. Without proper
adjustments, the risk of excessive operating pressure,
leakage, or a reduction in COP (coefficient of
performance) increases [12]. Limited experimental
research addresses refrigerant charge optimization in
dual-function refrigeration systems, especially those
applied in laboratory-scale or marine engineering
contexts where flexibility of operation is required [13].
Moreover, studies that specifically evaluate charge
optimization after retrofitting from R-12 to R-134a in
such systems remain scarce [14]. An experimental study
conducted at the Fluid Machinery Laboratory of the
Shipbuilding  Polytechnic  Institute of  Surabaya
investigated the effect of R-134a charge mass variation
on a dual-function refrigeration system (air handling unit
and water chiller) after retrofitting from R-12. The study
found that the highest Energy Efficiency Ratio (EER),
2.888, was achieved in water chiller mode with a chilled-
water flowrate of 6 L/min and a refrigerant charge of 470
g [15]. Several other studies have examined charge
optimization in dual-evaporator systems or systems with
operational flexibility; however, they generally employ
alternative refrigerants (e.g., R290/R600a) and do not
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specifically address retrofitting from R-12 to R-134a or
the context of marine/laboratory applications [16].

In marine engineering education and research
laboratories, dual-function refrigeration systems are
commonly used as experimental platforms to study vapor
compression cycles under different operating modes.
These systems provide valuable insight into real
operational behavior but also require proper retrofit and
optimization to ensure safe and energy-efficient
operation. Without a systematic evaluation of refrigerant
charge mass, retrofitted systems may operate outside
their optimal range, limiting their effectiveness as both
teaching and research facilities [17]. Another study on a
dual-evaporator system using a hydrocarbon mixture
found that the minimum energy consumption (1.60 kWh
per 24 hours) was achieved with a 300 g refrigerant
charge, a 50% mass fraction of R600a, and a 10%
opening of the freezer throttle valve [18]

This study aims to experimentally optimize the R-
134a refrigerant charge mass in a retrofitted dual-
function refrigeration system operating as an air handling
unit and a water chiller. The optimization is conducted
by evaluating system performance under several
refrigerant charge conditions and operating modes [19].
Key performance parameters, including evaporator
capacity, condenser heat rejection, compressor power
consumption, COP, and EER, are analyzed to identify
the charge condition that provides balanced performance
and energy efficiency [20]. The findings of this research
are expected to contribute practical insights into retrofit
optimization strategies for dual-function refrigeration
systems, particularly for marine engineering applications
and experimental facilities.

. METHOD

A.System Description and Retrofit Background

The experimental investigation was conducted on a
dual-function vapor-compression refrigeration system
capable of operating in two configurations: air-side
evaporator mode (Air Handling Unit, AHU) and water-
side evaporator mode (Water Chiller) [21]. The system
was originally designed to operate with R-12 refrigerant
and was subsequently retrofitted to R-134a to comply
with  environmental regulations and laboratory
operational requirements.

The retrofit process included removal of the original
refrigerant, system evacuation, inspection of key
components, leak testing, and charging with R-134a
prior to experimental testing. After retrofit, the system
was configured to allow controlled switching between
AHU and water-chiller operation through valve
adjustment and control selection.

B. Experimental Strategy and Refrigerant Charge
Definition

This study adopts an experimental optimization
approach by systematically varying the refrigerant
charge mass and evaluating the resulting performance
and energy efficiency of the system.

The reference charge (100%) was defined
experimentally as the maximum refrigerant mass that
allowed stable operation without abnormal high-pressure
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release. Based on preliminary testing, the reference
charge was established at 470 g of R-134a. From this
reference, four charge levels were investigated:

85%: 399.5¢g

90%: 423.0 g

95%: 446.5 g

100%: 470.0g

These charge levels were selected to capture

undercharged, near-optimal, and fully charged operating
conditions commonly encountered during retrofit
processes.
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C. Operating Modes and Test Matrix

Experiments were conducted under both functional
modes of the system to reflect its dual-use
characteristics: Air-side mode (AHU): tests were
performed at Water-side mode (Water Chiller): tests
were performed at chilled-water flowrates of 6, 7, and 8
L/min.

For each refrigerant charge level, all operating modes
were tested to ensure consistent comparison of
performance trends across different thermal loading
conditions.
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Figure. 1. Experimental Flowchart of the Study

A. Instrumentation and Measured Parameters
The refrigeration system is equipped with built-in
measurement  instruments commonly used in
laboratory-scale refrigeration analysis. During each
experimental run, the following parameters were
recorded [22]:
1. Temperatures at critical points of the refrigeration
cycle (compressor suction, compressor discharge,

and liquid line)
2. Pressures on the low-pressure and high-pressure
sides

w

Water flowrate in condenser and chiller circuits
4. Electrical parameters, including compressor input
voltage and current
These measurements form the basis for
thermodynamic performance calculations and energy
efficiency evaluation.

B. Experimental Procedure
To ensure repeatability and reduce experimental
bias, each test condition followed an identical
procedure[23]:
1. The system was evacuated prior to charging to
remove residual refrigerant and non-
condensable gases.

2. R-134a refrigerant was charged using a
calibrated refrigerant scale until the target mass
was reached.

3. The system was operated until steady-state
conditions were achieved, indicated by
stabilized pressure and temperature readings.

4. Once stable, all required parameters were
recorded for the selected operating mode.

5. The procedure was repeated for all charge levels
and operating configurations.

Mode switching between AHU and water-chiller
operation was performed according to the system’s
operational sequence to maintain consistent refrigerant
and fluid flow paths.

C. Performance and Energy Efficiency Evaluation
System performance was evaluated using standard
vapor-compression  refrigeration  relations.  The
following indicators were calculated [24]:
e Evaporator cooling capacity (Q evap)
e  Condenser heat rejection (Q cond)
e Compressor electrical input power, determined
from measured voltage and current
e  Coefficient of Performance

_ Qevap (l)

T'1'"{:or:r'r;;:|

COP
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Where:
Q'evap = Evaporator cooling capacity
Q'cond = Condenser heat rejection

e Energy Efficiency Ratio (EER): defined as the
ratio between cooling capacity and compressor

electrical input power[25].
Thermodynamic  properties  required  for
performance calculations were obtained using

engineering calculation tools and cycle analysis
software as supporting verification [26].

Measurement uncertainty was considered to assess
the reliability of experimental results. The primary
sources of uncertainty arise from temperature
measurement, pressure gauges, flowmeters, and
electrical measurement instruments [27].

Uncertainty propagation for calculated parameters
such as cooling capacity, compressor power, COP, and
EER was estimated using the root-sum-square (RSS)
method, assuming independent measurement errors.
Temperature and pressure uncertainties directly
influence  the  determination  of  refrigerant
thermodynamic properties, while voltage and current
uncertainties affect the calculated compressor power.

Although minor variations are inevitable in
laboratory-scale experiments, the uncertainty analysis
confirms that observed performance trends among
different refrigerant charge levels are significantly
larger than the estimated measurement uncertainty,
supporting the validity of the optimization results.

The cooling capacity of the evaporator represents
the rate of heat absorbed from the conditioned medium
(air or chilled water) and is expressed as:
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Condenser Heat Rejection The heat rejected by
the condenser is calculated as[28]:

Qcond= mr-gf(hz — h3) (3)
Where:
Q'cond =Condenser heat rejection rate (kW)
h2 = Refrigerant specific enthalpy at compressor
Outlet(kJ/kg)
h3 = refrigerant specific enthalpy at condenser
outlet (kJ/kg)

Compressor Power Consumption, The electrical
power input to the compressor motor was determined
from measured electrical parameters using [29]:

Foomp = V3V 1cos® 4)
Where:
Pcomp = compressor electrical input power (kW)
V = line voltage (V)

I = line current (A)
cos¢ = power factor (-)

Coefficient of Performance (COP), The
refrigeration system performance is expressed using
the coefficient of performance (COP), defined as [30]:

cop = Zexer (5)

Pcomp
The COP provides a direct indication of how
effectively the input electrical power is converted into
useful cooling output [31].
To assess compressor loading under different
refrigerant charges, the pressure ratio is defined as
[32]:

PR = Tdis
Q evap= mref(hl — h4) 2 Psye
Where: Where._ .
_ . . Pdis =Compressor discharge pressure
Qep = Evaporator  cooling ~capacity (kW) Psuc = Compressor suction pressure
m'er = Refrigerant mass flow rate (kg/s) P 10N presst o .
_ . o The pressure ratio provides insight into
hi = Refrigerant specific enthalpy at evaporator compressor stress and operational stability followin
outlet / compressor inlet  (kJ/kg) P d op y 9
_ . - refrigerant charge variation.
h4 = Refrigerant specific enthalpy at evaporator
inlet (kJ/kg)
TABLE 1.
AIR SIDE (AHU) PERFORMANCE SUMMARY FOR EACH CHARGE AND FAN SPEED
Charge (g, %) Fan speed Q_evap (kW) Q_cond (kW) COP_ideal COP_actual P_comp (kW) EER
399.5 (85%) 1 4.556 6.176 5.093 2.812 1.8305  2.4887
399.5 (85%) 2 4.496 6.109 5.0482 2.7872 1.835 24501
399.5 (85%) 3 4.556 6.176 5.093 2.812 1.841 24745
423 (90%) 1 3.812 5.044 5.2861 3.0936 17504  2.1776
423 (90%) 2 3.812 5.047 5.3231 3.0861 1722 22136
423 (90%) 3 3.868 5.106 5.2536 3.1234 17461 22151
446.5 (95%) 1 3.163 4.208 5.2015 3.0265 17768 17802
446.5 (95%) 2 3.163 4.206 5.1657 3.0337 17813 17757
446.5 (95%) 3 3.163 4.203 5.1305 3.0409 17827 17744
470 (100%) 1 4.527 6.08 4.9006 2.9144 17242 26253
470 (100%) 2 4.525 6.114 5.0537 2.846 17447 25934
470 (100%) 3 458 6.156 5.2088 2.9067 17534 26123
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I RESULTS AND DISCUSSION

1. Overall
charge
The retrofitted dual-function system was evaluated
in two operating modes: Air Side (AHU) with three fan
speeds and Water Side (water chiller) with three chilled-
water flowrates. Across both modes, changing the R-
134a charge (399.5-470 g) clearly shifted (i) cooling
capacity at the evaporator, (ii) heat rejection at the
condenser, and (iii) efficiency indicators (COP and
EER). The results show that the “best” charge depends
on the optimization objective: maximum cooling
capacity, maximum COP, or maximum EER / minimum
compressor power, especially for the water-chiller duty
where marine applications typically demand stable heat
extraction.
2. Air Side (AHU) performance under refrigerant-
charge variation
Table 1 summarizes the air-side (AHU) performance
of the retrofitted dual-function refrigeration system under
four R-134a charge levels (85%, 90%, 95%, and 100%)
and three fan-speed settings. Overall, the results indicate
that refrigerant charge has a stronger influence on system
behavior than fan speed within the tested range. In terms
of cooling capacity, the highest evaporator capacity was
obtained at the full charge condition, reaching 4.58 kW
at 470 g (100%) with Fan Speed 3, which suggests that a
fully charged system provides the greatest cooling output

performance trends across refrigerant
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for AHU operation. From an efficiency standpoint, the
best actual COP was achieved at a moderate charge
level, with COP_actual = 3.1234 at 423 g (90%) and Fan
Speed 3, indicating that a slightly reduced charge can
enhance thermodynamic efficiency in air-side mode.
Consistently, the lowest compressor electrical power was
also observed near this charge level, with a minimum of
1.722 kW at 423 g (90%) and Fan Speed 2, reflecting
reduced compressor loading. In contrast, when efficiency
is expressed using EER, the highest value occurs at the
full charge condition, reaching EER = 2.6253 at 470 g
(100%) and Fan Speed 1, and remaining relatively high
across fan speeds. Across the three fan-speed settings,
the variations in Qevap, COpactual, and compressor power
are comparatively small at a fixed charge level,
reinforcing that charge optimization is the primary lever
for improving AHU performance. These findings imply a
trade-off for air-side operation: 470 g (100%) is
preferable when maximum cooling capacity is
prioritized, whereas 423 g (90%) is more favorable when
the objective is to maximize actual COP and reduce
compressor power demand.
3. Water Side (water chiller) performance under

refrigerant-charge variation

For marine engineering applications, the water-
chiller mode is often the critical duty because it can be
integrated with cooling loops and auxiliary loads. Table
4 reports the comparative results for each charge at 6, 7,
and 8 L/min.

TABLE 2.
WATER SIDE (WATER CHILLER) PERFORMANCE SUMMARY FOR EACH CHARGE AND FLOWRATE

Flowrate

Charge (g, %) (L/min) Q_evap (kw) Q_cond (kW) COP_ideal COP_actual P_comp (kW) EER
399.5 (85%) 6 4772 6.312 5.03 3.0987 1.7753 2.688
399.5 (85%) 7 4.778 6.257 4.9038 3.2303 1.7725 2.695
399.5 (85%) 8 4.829 6.138 5.0721 3.6866 1.7329 2.786

423 (90%) 6 4.713 6.084 5.5702 3.4367 1.7957 2.624
423 (90%) 7 4.656 6.049 5.4823 3.3438 1.8132 2.568
423 (90%) 8 4.656 6.046 5.4427 3.3519 1.8236 2.553
446.5 (95%) 6 5.141 6.577 5.6075 3.5806 1.8341 2.803
446.5 (95%) 7 5.071 6.534 5.6295 3.4667 1.8399 2.756
446.5 (95%) 8 5.065 6.534 5.7833 3.4468 1.875 2.701
470 (100%) 6 4772 6.335 4.9593 3.053 1.6524 2.888
470 (100%) 7 4.766 6.335 5.1186 3.0385 1.6683 2.857
470 (100%) 8 4.71 6.273 5.0755 3.013 1.67 2.82

Table 2 presents the water-side (water chiller)
performance of the retrofitted refrigeration system for
four R-134a charge levels (85-100%) under three
chilled-water flowrates (6-8 L/min). The results indicate
that the optimal charge depends on whether the priority
is cooling capacity, COP, or energy-efficiency ratio. In
terms of cooling output, the highest evaporator capacity
was achieved at the 95% charge condition, reaching
Qevap=5.141Q_{evap}=5.141Qevap=5.141 kW at 446.5
g (95%) and 6 L/min, and this operating point also
produced the highest condenser heat rejection
(Qcond=6.577Q_{cond}=6.577Qcond=6.577 kw),

suggesting that a slightly reduced charge can maximize
heat transfer performance in chiller operation. When
efficiency is evaluated using actual COP, the best
performance occurred at the lowest charge combined
with the highest flowrate, where COpactai=3.6866 was
obtained at 399.5 g (85%) and 8 L/min, indicating that
increased chilled-water flow can enhance the effective
cooling-to-power ratio under a lower charge condition.
However, the energy-efficiency ratio (EER) reaches its
maximum at full charge, with EER = 2.888 at 470 ¢
(100%) and 6 L/min, which coincides with the lowest
compressor power in the table Pcomp=1.6524 kW. This
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shows that, for water-side operation, a full charge can
reduce compressor electrical demand and deliver the
highest EER, particularly at lower flowrates. Across the
470 g series, EER decreases slightly as flowrate
increases (from 2.888 at 6 L/min to 2.820 at 8 L/min),
implying that higher flowrate does not necessarily
translate into better overall energy efficiency when
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compressor power is considered. Overall, these findings
highlight a practical trade-off for chiller applications:
95% charge is preferable when maximum cooling
capacity is targeted, 85% charge at higher flow favors
maximum actual COP, and 100% charge is most
advantageous when prioritizing EER and reduced
compressor power for energy-conscious operation.

e GL/m == TL/m == 8L/m

EER

2,30

399.5(85%) 423 (90%)

446.5(95%) 470 (100%)

MASS VARIATION (GRAM)

Figure. 2. Graph of the relationship between EER values and each refrigerant mass variation in Water-Side mode (Water Chiller).

The figure illustrates the relationship between EER
and R-134a refrigerant charge mass in Water-Side
(Water Chiller) mode at three chilled-water flowrates (6,
7, and 8 L/min). A consistent trend is observed across all
flowrates: when the charge increases from 399.5 g (85%)
to 423 g (90%), the EER decreases, indicating a
temporary reduction in energy efficiency at the 90%
charge condition. As the charge is increased further to
446.5 g (95%), the EER rises again for all flowrates,
suggesting that the system operates more efficiently near
this charge range. The EER then continues to improve at
the full charge condition, and the highest value is
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achieved at 470 g (100%) with 6 L/min, where the
system reaches its maximum EER. In addition, at both
95% and 100% charge, the curve for 6 L/min remains
above those for 7 and 8 L/min, indicating that EER tends
to decrease as the chilled-water flowrate increases. This
behavior implies that higher flowrates may increase the
compressor electrical demand relative to the cooling
effect, thereby lowering the energy efficiency ratio.
Overall, the figure confirms that, under water-side
operation, a near-full to full refrigerant charge combined
with a lower chilled-water flowrate provides the most
favorable EER performance.

e FAN SPEED 3

4465 (95%) 470(100%)

VARIASI MASSA REFRIGERAN (GRAM)

Figure. 3. Graph of the relationship between EER values and each refrigerant mass variation in Air-Side mode (AHU).

Figure 4 illustrates the relationship between EER
and R-134a refrigerant charge mass in the Air-Side
(AHU) mode at three fan-speed settings. The curves

show a consistent trend for all fan speeds: the EER is
relatively high at 399.5 g (85%), decreases at 423 g
(90%), reaches its lowest level at 446.5 g (95%), and
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then increases sharply to its highest value at 470 g
(100%). This indicates that the system experiences a
noticeable reduction in energy efficiency near the 95%
charge condition, while the full-charge condition
provides the most favorable EER performance in AHU
operation. In addition, the three fan-speed curves are
closely clustered across all charge levels, suggesting that
fan speed has only a minor effect on EER compared to
refrigerant charge within the tested range. Overall, the
figure confirms that optimizing the refrigerant charge is
the primary factor for improving EER in air-side
operation, with the best energy-efficiency ratio achieved
at the 470 g (100%) charge level.

4. Discussion

The results confirm that refrigerant charge
optimization in a retrofitted dual-function system is
inherently multi-objective, because the “best” charge
depends on whether the target is maximum cooling
capacity, maximum COP, or maximum energy efficiency
(EER) with reduced compressor burden. In air-side
(AHU) operation, the full-charge condition provides the
largest cooling output, with the maximum evaporator
capacity reaching 4.58 kW at 470 g (100%) and Fan
Speed 3. However, the most efficient operating point in
terms of actual COP occurs at a slightly reduced charge:
COP_actual peaks at 3.1234 for 423 g (90%) and Fan
Speed 3, while compressor power is also minimized near
this region (1.722 kW at 423 g and Fan Speed 2). This
behavior suggests that, in AHU mode, moving away
from full charge can reduce compressor loading and
improve the useful cooling-to-power balance, even
though it may not maximize absolute cooling capacity.
Importantly, changes in fan speed cause only modest
variations when the charge is fixed, indicating that
charge selection is the dominant lever for improving
AHU performance within the tested fan-speed range.

In water-side (water chiller) operation, the trade-off
becomes clearer and more practically relevant for marine
engineering duty cycles. The system delivers its highest
cooling capacity at the near-full charge condition,
achieving Qevap=5.141 kW at 446.5 g (95%) and 6
L/min, alongside the highest condenser heat rejection
Qcond=6.577 kW. This indicates that a slightly reduced
charge can enhance heat transfer effectiveness and
provide capacity reserve in chiller mode. In contrast, the
highest thermodynamic efficiency (actual COP) is
obtained at a lower charge and higher water flowrate,
where COpaca=3.6866=3.6866 is achieved at 399.5 g
(85%) and 8 L/min—a result that is consistent with
improved heat pickup at the evaporator under higher
flow conditions, although it does not maximize capacity.
From an energy-utilization perspective, the strongest
outcome is observed at full charge and low flowrate:
EER reaches 2.888 at 470 g (100%) and 6 L/min, which
coincides with the lowest compressor power in the
water-side dataset Pcomp=1.6524 kW. Notably, EER at
470 g decreases slightly as flowrate increases (2.888 —
2.857 — 2.820), showing that increasing flowrate does
not automatically translate into better overall energy
efficiency once compressor electrical demand is
considered.

1405

From an application standpoint, these findings
provide a practical selection framework for marine-
engineering-related refrigeration duties. If the system is
intended to prioritize cooling capacity and load-handling
robustness (e.g., fast pull-down or higher thermal loads),
the water-side results support ~446.5 g (95%) as a strong
candidate. If the goal is to maximize actual COP under
high-flow chiller operation, the best point shifts toward
~399.5 g (85%). Meanwhile, if the dominant constraint is
energy efficiency and reduced compressor burden, the
evidence favors ~470 g (100%), particularly at lower
chilled-water flowrates. Therefore, rather than a single
“universal optimum,” the study supports a mode-aware,
objective-driven charge recommendation—a valuable
insight for systems that must operate flexibly as both an
AHU and a water chiller.

5. Novelty and Contribution to the Literature

Dual-function perspective (AHU + Water Chiller):
Unlike many charge-optimization studies that focus on
single-function air conditioners or standalone chillers,
this study maps refrigerant-charge effects in a dual-mode
refrigeration system, demonstrating that optimal charge
can shift depending on operating mode and load
representation.

Post-retrofit ~ charge  optimization for an
educational/marine engineering platform: The study
addresses a practical gap in retrofit implementation by
experimentally defining and testing charge levels for an
R-12 to R-134a retrofitted system, providing engineering
guidance for safe and efficient post-retrofit operation in
laboratory-scale marine engineering facilities. Multi-
objective optimization outcome capacity vs COP vs
EER): The paper does not report only a single “best”
condition; instead, it provides an engineering decision
framework showing distinct optima for maximum
capacity (95% in chiller mode), maximum COP (85% at
high flow), and maximum EER with minimum
compressor power (100% at low flow). This makes the
results more actionable for real operational constraints.

IV.  CONLUSION

This study experimentally investigated the effect of
R-134a refrigerant charge mass on the performance of a
retrofitted dual-function vapor-compression refrigeration
system operating in Air-Side (AHU) and Water-Side
(Water Chiller) modes. Four charge levels were
evaluated—399.5 g (85%), 423.0 g (90%), 446.5 g
(95%), and 470.0 g (100%)—to determine the charge
condition that best supports system performance and
energy efficiency under different operating demands.
The results confirm that refrigerant charge is a dominant
factor affecting cooling capacity, compressor electrical
power, and efficiency indicators (COP and EER), while
the influence of fan speed (air-side) and flowrate (water-
side) mainly modifies the trends within a narrower range.
In AHU mode, the maximum cooling capacity was
achieved at the full-charge condition, with the highest
evaporator capacity reaching Qevap=4.58 kW at 470 g
(100%) (Fan Speed 3). However, the best efficiency
based on actual COP was obtained at a moderate charge,
where COpacuiai=3.1234at 423 g (90%) (Fan Speed 3),
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and the lowest compressor power in the AHU dataset
occurred at Pcomp=1.722 kW (423 g, Fan Speed 2). In
Water-Side mode, the highest cooling capacity was
obtained near full charge at 446.5 g (95%), achieving
Qevap=5.141 kW at 6 L/min, while the maximum
COPactual=3.6866 was observed at 399.5 g (85%) and 8
L/min. From an energy-utilization perspective, the most
favorable water-side operation was found at the full-
charge condition and low flowrate, where EER = 2.888
and Pcomp=1.6524 kW were achieved at 470 g (100%)
and 6 L/min, indicating reduced compressor burden with
improved energy efficiency.

Overall, this work demonstrates that the “optimal”
refrigerant charge for a retrofitted dual-function system
is objective-dependent. For practical implementation,
470 g (100%) is recommended when prioritizing higher
EER and lower compressor power, 446.5 g (95%) is
preferable when prioritizing maximum water-side
cooling capacity, and 423 g (90%) is suitable when
prioritizing higher COP in AHU operation. These
findings provide a mode-aware guideline for refrigerant
charge selection in retrofitted dual-function refrigeration
systems intended for marine engineering applications
and laboratory-scale operational flexibility.

Future work may include extending the test matrix
to wider load variations and ambient conditions,
evaluating long-term stability after retrofit, and
conducting a more detailed uncertainty quantification for
calculated performance parameters under dynamic
operating behavior
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