https://doi.org/10.17163/abyaups.92.700

Evaluation of the thermodynamic
performance of R449A and R404A
in a prototype of an ice rink

Isaac Simbafia
Grupo de Investigacion en Ingenieria Mecanica y Pedagogia de la Carrera
de Electromecanica (GIIMPCEM), Instituto Superior Universitario Sucre, Ecuador
Orcid: https://orcid.org/0000-0002-3324-3071

David Saquinga
Grupo de Investigacion en Ingenieria Mecanica y Pedagogia de la Carrera
de Electromecadnica (GIIMPCEM), Instituto Superior Universitario Sucre, Ecuador
Orcid: https://orcid.org/0000-0001-8353-1621

Xavier Vaca
Grupo de Investigacion en Ingenieria, Productividad y Simulacion Industrial (GIIPSI),
Universidad Politécnica Salesiana, Ecuador
Orcid: https://orcid.org/0000-0002-1231-5267

Introduction

The constant population growth
significantly impacts energy demand,
particularly in industrial refrigeration
applications. As Dong et al. (2021) note,
population increases lead to urbaniza-
tion, with more people living and wor-
king in densely populated urban areas.
This raises the demand for air condi-
tioning systems in homes, commercial
buildings, and industrial settings, thus
increasing the load on energy systems.
Additionally, there is a higher demand
for industrial products, as many indus-
tries require refrigeration processes to
maintain the quality and integrity of
their products, further boosting ener-

gy demand. This heightened demand
for energy in various industrial refri-
geration applications puts pressure on
energy resources and underscores the
need for energy-efficient and sustaina-
ble solutions (Touaibi and Koten, 2021).

A refrigeration system with a chiller
cools the working fluid, which is then
used to cool a specific space or pro-
cess. A chiller extracts heat from the
working fluid using a vapor compres-
sion or absorption cycle and dissipates
it into an external environment (Song
et al., 2024). In ice rinks, a refrigera-
tion system with a chiller is essential
to maintain the rink in suitable condi-
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tions for use. Ice rinks require specific
temperatures to keep the water frozen
appropriately for skating. According to
Snyder et al. (2021), a well-designed re-
frigeration system can improve energy
efficiency, lowering long-term operatio-
nal costs. Additionally, it can be reliable
and durable, reducing the likelihood of
unplanned downtime. This reliability
is crucial to avoid interruptions in the
operation of the ice rink, which can ne-
gatively impact users and associated
revenue (Taebnia et al., 2020).

Traditional refrigeration technolo-
gies often use refrigerants that are har-
mful to the ozone layer and contribu-
te to global warming. According to a
study by Anderson et al. (2021), new
technologies, considering sustainable
development, can opt for less harmful
refrigerants or systems that use natu-
ral refrigerants, such as hydrocarbons,
which have a lower environmental im-
pact. This approach not only reduces
operational costs for users but also de-
creases energy demand and the carbon
footprint. These solutions can include
designs that are more robust against ex-
treme weather conditions or that utilize
renewable energy sources, reducing de-
pendence on fossil fuels and conventio-
nal energy supplies. With the growing
number of regulations and standards re-
lated to refrigerant use and energy effi-
ciency, industries adopting sustainable
refrigeration technologies are better po-
sitioned to comply with these regula-
tions (Hara-Chakravarty et al., 2022).

Heredia-Aricapa et al. (2020) re-
viewed the restrictions and environ-

mental impact of fluorinated refrige-
rants, highlighting the need to replace
hydrochlorofluorocarbons (HCFCs)
and hydrofluorocarbons (HFCs) with
more sustainable alternatives, such as
natural refrigerants or those with low
global warming potential (GWP). The
choice of refrigerant is crucial, and se-
lecting refrigerants with a low GWP
that does not contribute to ozone de-
pletion is essential. It is anticipated
that by 2024, HFC production will be
reduced by approximately 40 %. Re-
frigeration system designs must adapt
to the selected refrigerant, potentially
requiring adjustments in compression
capacity, performance, and refrigerant
distribution within the system. Addi-
tionally, the thermodynamic and trans-
port properties of the refrigerant must
be considered to ensure proper perfor-
mance. A design that facilitates proper
maintenance allows easy access to key
components for cleaning and inspection.

Chen et al. (2023) conducted a his-
torical review of substances with high
Global Warming Potential (GWP), no-
ting that the development of refrigerants
has been driven by the search for com-
pounds that are safer for the environ-
ment and have less impact on climate
change. R404A, a synthetic refrigerant,
began to be widely used in the 1990s as
an alternative to refrigerants banned due
to their impact on the ozone layer, such
as R502. R404 A was noted for its high
cooling capacity and chemical stability,
making it a popular choice in commer-
cial and transport refrigeration systems.
However, with increasing awareness of
global warming and the need to reduce
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greenhouse gas emissions, more sustai-
nable alternatives have been considered,
as R404A has a GWP of 3922 CO.e.
One such alternative is R449A, a blend
of hydrofluorocarbon (HFC) refrige-
rants proposed as a more environmen-
tally friendly replacement for R404A.

Ghanbarpour et al. (2021) used neu-
ral network modeling to analyze the
replacement of R404A with R449A.
R449A has gained attention as a tran-
sitional option due to its lower GWP
compared to R404A. While it offers
similar performance in terms of coo-
ling capacity, its GWP is significantly
lower, with a value of 1397, making it
more compatible with efforts to reduce
greenhouse gas emissions. Therefore,
R449A is considered a more sustainable
replacement for R404A, aligning with
global efforts to adopt refrigerants with
a lower environmental impact. Redu-
cing the environmental impact caused
by the use of R404A in chiller refti-
geration systems for ice rinks involves
adopting several sustainable strategies.
Alternatives like R449A, which has a
lower GWP than R404A, can be an in-
termediate step towards refrigerants
with an even lower environmental im-
pact, close to zero. Improving system
efficiency can reduce the total amount
of refrigerant required and thus its en-
vironmental impact.

Lucchini et al. (2024) analyzed the
thermodynamic properties of R449A as
areplacement for HFC refrigerants like
R404A and R507A. R449A is conside-
red a viable replacement for R404A for
several reasons, despite R404A poten-

tially having slightly better performance
in some applications. R449A has been
designed to be compatible with exis-
ting equipment that uses refrigerants like
R404A, facilitating the transition to a
more sustainable alternative without sig-
nificant changes to refrigeration infras-
tructure. As the demand for low GWP
refrigerants increases, the availability
and cost of R449A are likely to become
more favorable compared to R404A in
the future. Additionally, the cost of not
complying with environmental regula-
tions can be significant, making the use
of more sustainable alternatives econo-
mically viable in the long term.

This research proposes a compara-
tive analysis of the performance of a
refrigeration system with a chiller using
R404A and R449A as working fluids.
A prototype ice rink was constructed
to study the system thermodynamica-
Ily until the rink surface crystallizes.
This document is organized as follows:
Materials and Methods describes the
system’s operation and presents the
equations required for the thermody-
namic analysis. Results showcase the
equipment and temperature measure-
ments, including comparative graphs
of operational parameters with respec-
tive descriptions. In the Discussion, a
relationship between the calculated
results and existing literature is esta-
blished to validate this work. Finally,
the Conclusions summarize the most
relevant information, emphasizing the
comparative analysis of the system’s
thermodynamic performance using di-
fferent working fluids.
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Materials and Methods

System Description

A refrigeration system with a chi-
ller is used to cool liquids and transfer
heat from a space or process through a
refrigeration cycle. Figure 1a presents
the T-s diagram of the vapor compres-
sion refrigeration cycle. The process
begins by compressing the refrigerant
to increase its pressure and temperature.
Next, the superheated vapor refrigerant
passes through the condenser, where it
travels through a series of tubes, cools,
and condenses by releasing its heat to
the surrounding medium. It is important
to note that condensers can be air-coo-
led or water-cooled. The refrigerant exi-
ting the condenser is in a subcooled li-

Figure 1

quid state but still at high pressure, so
an expansion valve is used to regulate
the refrigerant flow to the evaporator,
reducing its pressure and temperature
before entering this component. The
analysis concludes with the evaporator,
where heat transfer from the medium
to be cooled (in this case, water) to the
refrigerant occurs. The refrigerant eva-
porates, absorbing heat from the water
and lowering the temperature of this
medium [12]. Additionally, in a system
with a chiller, a water pump is used to
circulate water between the chiller and
the point of use [13]. Figure 1b shows
a schematic layout of the components
for the prototype under analysis.

Refrigeration cycle a) T-s diagram, b) components
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Thermodynamic analysis

The following is an analysis of a
refrigeration system equipped with a
chiller for water cooling, commonly
used across various industrial, com-
mercial, or comfort applications. An
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energy balance was conducted for each
component of the system based on en-
thalpies. The energy balance equation
for the system, as proposed by Gado
et al. (2022), can be formulated as
equation (1):
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Qevap + M/comp = Qcona (D)

Where Wcomp represents the requi-
red power by the compressor, while
Qcona is the heat flow released in the
condenser to the surroundings. In the
evaporator, the refrigerant, operating at
low pressure and temperature, absorbs
heat from the water, thereby cooling it
and transitioning back into a superhea-
ted vapor state. The heat absorbed by
the evaporator (Qeyap) is determined
using equation (2), as provided by Ni-
khil-Babu et al. (2021):

Qevap =m: (hevap,o'hevap,i) (2)

Where hevap’o and hevap’i represent the
enthalpies of the refrigerant at the out-
let and inlet of the evaporator, respec-
tively. The mass flow rate of the refri-
gerant (1) is calculated by Simbafia
et al. (2022) using equation (3):

- n-N-Vp
m = —w——
vcomp,i (3)

Where Veompi denotes the specific
volume of the refrigerant at the com-
pressor inlet, # represents the volume-
tric efficiency, N signifies the rotational
speed, and V| is the displacement vo-
lume of the compressor. As the refrige-
rant transitions into the gaseous state,
it is compressed, thereby increasing its
pressure and temperature. The energy
consumption of the compressor is de-
termined through an energy balance, as
outlined by Sabry and Ker (2020) with
equation (4):

VVcomp =m:- (hcomp,o'hcomp,i) 4)

The coefficient of performance
(COP) serves as a metric for assessing
the efficiency of a refrigeration system,
defined as the ratio of the useful ener-
gy provided, for the ice rink, the heat
extracted from the cooled water to the
amount of electrical energy consumed.
According to Pan et al. (2021), the COP
of the refrigeration system is calculated
using equation (5):

COP = ?cond — hcomp,o'hcond,o
VVcomp hcomp,o'hcomp,o (5)

The heat transfer from the water,
where the evaporator is submerged, to
the rear surface of the ice rink occurs
via convection. The heat released by the
water (Qw) is determined by Qu et al.
(2023) using equation (6):

Qw=¢ Ay AT (6)

Here, ¢ represents the convective
heat transfer coefficient, 4, denotes
the surface area of the bottom of the
ice rink, and 4°T is the temperature
differential. Additionally, the cooling
transmitted to the ice rink must cool the
water on its surface, thus it is transmi-
tted via conduction. The heat conduc-
ted through the ice rink plate (Qir), as
proposed by Lee et al. (2020), is deter-
mined using equation (7):

A

Qir:k'AoT' L (7)
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Where £ is the conductive heat trans-
fer coefficient, 4, is the cross-sectional

area of the ice rink plate, and L repre-
sents the length.

Results

Figure 2 illustrates the prototype
of the constructed ice rink, featuring a
1.5 HP compressor, model NJ9238GK,
with a displacement of 26.11 cm? and
a rotation speed of 3500 rpm. Pressu-
re measurements were taken using low
and high analog gauges at the compres-

Figure 2
Experimental prototype of ice rink with chiller

sor’s inlet and outlet, respectively, while
temperature readings were obtained via
thermocouples connected to a digital
display. The water tank for cooling had
dimensions of 450 x 450 x 600 mm,
and copper pipes were employed for
the heat exchangers.

Given the presence of uninsula-
ted components and areas susceptible
to ambient temperature influence on
thermocouple readings, a thermal ima-
ging camera was utilized to capture
these measurements. In Figure 3a, the
compressor’s operational temperatures
are shown after 10 minutes of activi-
ty, with an average outlet temperature

of 41.6 °C, closely aligning with the
thermocouple measurement. Figure 3b
displays the surface temperatures of the
ice rink, where the crystallization of
surface water was visually observed,
with an average temperature of -1.4
°C. Notably, the expansion valve froze
nearly instantly, reaching temperatures
below -25 °C.
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Figure 3

Thermography a) compressor, b) ice rink surface
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Figure 4 displays the evaporation
and condensation temperatures for the
R404A and R449A refrigerants over
the water-cooling duration. For R404A,
the peak evaporation and condensation
temperatures were -32.5 and 59.7 °C,
respectively, whereas for R449A, these
values stood at -27.3 and 58.6 °C. The
heat extracted from the water for coo-

Figure 4

ling varied as well; the ice rink surface
began to crystallize after 212 and 226
minutes of operation with R404A and
R449A, respectively. Figure 4b depicts
the decline in the ice rink’s surface tem-
perature during operation. After 4 hours
with R404A, the temperature reached
-2.4 °C, whereas with R449A, it cooled
to-1.6 °C.

Temperature concerning operating time a) evaporation and condensation of refrigerants,

b) surface of the ice rink
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Figure 5 compares the cooling capa-
city in the evaporator relative to the eva-
poration temperature of the refrigerants
under examination. R449A exhibited a
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higher maximum value than R404A,
with 3.98 versus 3.68 kW, respectively,
representing an average difference of
330 W during operation.
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Figure 5
Cooling capacity vs. evaporation temperature
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Figure 6 illustrates the COP varia-
tion in the system with the refrigerants
used, indicating a downward trend for
this parameter over the operating pe-
riod. The highest COP values were 4.65

Figure 6
Coefficient of performance of the system
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Figure 7a shows the COP varia-
tion concerning the evaporation tem-
perature using R404A and R449A in
the refrigeration system. For R404A,

achieving the lowest temperature of
-32.5 °C resulted in a COP of 2.22,
whereas with R449A, the lowest tem-
perature of -27.3 °C corresponded to
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a COP of 2.53. Figure 7b presents the
COP values of the system relative to
the condensation temperature of the
refrigerants used. The maximum COP
of the system with R404A was 4.32
at a temperature of 38.9 °C, decrea-

Figure 7

sing by 51.39% during operation until
reaching 59.7 °C. Conversely, using
R449A, the system’s COP reached a
maximum value of 4.65 at 37 °C, de-
clining by 54.38% until the refrigerant
reached 59.6 °C.

COP vs. temperatures a) evaporation, b) condensation

Ay
=}
&}
2
1 — R404A
— R449A
0
-40 -30 -20 -10 0 10 20
a) Evaporation Temperature [°C]

In this study, conducting experimen-
tal tests with the prototype revealed a
maximum difference of 3.08 % in the
Coefficient of Performance when com-
paring the use of R404A and R449A
refrigerants during the cooling process.
The COP is a measure of the energy
efficiency of refrigeration systems, whe-
re a higher value indicates better per-
formance, and the observed difference
suggests that the prototype operates sli-
ghtly better with R449A. In the research
presented by Yildirim et al. (2023), a
numerical analysis was performed to
assess the feasibility of R449A as a sus-
tainable alternative to R404A. In that
study, it was determined that R449A
offered approximately 5 % higher per-
formance than R404A. This implies
that, according to that analysis, refri-
geration systems using R449A can ope-
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rate with better performance and lower
environmental impact than those using
R404A. Comparing the experimental re-
sults obtained in this study with the nu-
merical findings of that research shows
consistency in the findings. Although
the maximum calculated difference was
3.08 %, it is important to note that both
studies suggest that R449A outperforms
R404A. By experimentally obtaining a
higher COP with R449A compared to
R404A, and considering that this di-
fference is similar to that found in the
scientific literature, it can be affirmed
that the prototype is functional. Further-
more, these results support the idea that
R449A is a viable and more efficient
alternative to replace R404A in refri-
geration systems, aligning with efforts
towards more sustainable solutions in
the industry.
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In the experimental tests conduc-
ted for this study, a COP of 4.32 was
achieved for the R404A refrigerant. This
value is consistent with the trends ob-
served in the study conducted by Al-
tinkaynak (2021), who also reported
similar COP values when using R404A.
This suggests that this prototype ice rink
and the system analyzed in that research
have comparable performance, thus va-
lidating the accuracy and effectiveness
of the experimental tests conducted. On
the other hand, when using the R449A
refrigerant, a COP of 4.65 was obtai-
ned, which subsequently decreased to
2.52 during the cooling time. To better
understand these results, the research by
Alam and Jeong (2020), was analyzed,
who calculated the thermodynamic pro-
perties of R449A using molecular dyna-
mic simulation. Their studies also pre-
sented similar COP values, indicating
that the experimental tests are aligned
with theoretical models and simulations.

As indicated by Jeyakumar et al. (2022),
a high COP indicates a more efficient
refrigeration system. This means that
the system requires less energy to per-
form the same amount of cooling work,
which in turn reduces operating costs.

A higher COP implies lower elec-
tricity expenses and more economical
operation of the refrigeration system,
which is beneficial both economically
and environmentally. Therefore, the
COP has not only allowed the evalua-
tion and comparison of the refrigeration
system’s performance in the prototype
but has also been fundamental for se-
lecting the most suitable refrigerant for
our specific application. In this case,
R449A, with a higher COP than R404A
under the same conditions, emerges as
a more viable alternative, reinforcing
the idea that it may be a better option
in terms of energy efficiency and ope-
rational cost reduction.

Conclusions

A comparative experimental analysis
of a refrigeration system equipped with
a chiller for cooling the surface of an
ice rink prototype has been conducted.
The prototype was built considering the
vapor compression refrigeration cycle,
utilizing a 1.5 HP electric compressor,
and incorporating pressure gauges for
measuring pressure at the inlet and out-
let of this component. While thermocou-
ples connected to a digital display were
used for measuring the fluid’s tempera-
ture, a thermal imaging camera was also
employed to take measurements in areas

exposed to ambient temperatures, such
as the ice rink’s surface. It was observed
that R404 reached maximum evapora-
tion and condensation temperatures of
-32.5 and 59.7 °C, respectively, whi-
le for R449A, these temperatures were
-27.3 and 58.6 °C. The crystallization
of the ice rink’s surface was observed
after the system had been operating for
212 and 226 minutes with R404A and
R449A, respectively.

In the thermodynamic analysis, it
was determined that the maximum coo-



Evaluation of the thermodynamic performance of R449A and R404A in a prototype of an ice rink

ling capacity was 3.68 kW using R449A
as the working fluid, whereas with
R404A, it was 3.63 kW. Consequent-
ly, it was established that the Coefficient
of Performance (COP) for the system
using R404A reached a maximum value
of'4.32 when the refrigerant temperature
was 38.9 °C and decreased by 51.39 %.
Conversely, when using R449A as the
working fluid, the system’s maximum
COP was 4.65 and decreased by 54.38
% during operation. Thus, an average
difference of 3.08 % for the COP of the
system between the refrigerants during
the cooling time until the ice rink’s sur-
face completely crystallized after four
hours was established.

R449A requires a slightly lower
evaporation pressure than R404A to
achieve the same evaporation tempe-
rature conditions, which influences the
required amount of refrigerant. The
system’s performance using R449A
is superior to that using R404A, as it
necessitated lower refrigerant loads
and, consequently, lower electricity
consumption. From the literature re-
view, it 1s evident that R404 A has been
widely utilized in the past due to its
performance, but it is gradually being
replaced by more sustainable alternati-
ves owing to its high Global Warming
Potential (GWP).
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