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ABSTRACT

ARTICLE INFO

The usage of CFC and HCFC gases, which are extensively used in ship refrigeration and air conditioning
systems, has been restricted due to harmful effects on the ozone layer and global warming. Thus,
the use of alternative refrigerants becomes a possible solution. In this study, the performance
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parameters, environmental and economic effects of the system for various refrigerants were

analyzed comparatively for marine refrigeration systems. For this purpose, the refrigerants R407C,
R1234yf, R245fa, R152a, R513a, R450a, R161, R453a, and R717 are investigated as alternatives
to the most commonly used R22 and R134a refrigerants on board ships. The results show that the
best alternatives -in terms of performance, environment and economy- for R22 are R717 (new) and
R453A (drop-in) and for R134a are R717 (new) and R152a (drop-in). In addition, drop-in, retrofit or
new system suitability of the analyzed refrigerants for replacement of R22 and R134a are presented.
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1 Introduction

Environmental degradation and climate change are be-
coming more and more important problems day by day
and regulations are being made for systems to work more
efficiently. Due to its environmental effects, regulations re-
garding refrigeration and air conditioning systems are
also made and updated. These rules and regulations are
mostly to control the greenhouse gas emissions and ozone
depleting gases on global scale. Ozone Depletion Potential
(ODP) and Global Warming Potential (GWP) are defined as
the main indicators to determine the effect of refrigerants
on the ozone layer and global warming. ODP is an index
characterizing the participation of molecules in the deple-
tion of the ozone layer. The value of this index is calculated
by reference to a molecule that is, compared to R11 or R12
with an ODP of 1. The GWP index represents the contribu-
tion of a molecule to the greenhouse effect in 20, 100, 500
years by comparing it with the reference molecule CO,
(Benzaoui and Benhadid-Dib, 2012).

The refrigerants can be divided into four categories as
chlorofluorocarbons (CFC), hydrochlorofluorocarbons

(HCFC), hydrofluorocarbons (HFC), and natural refriger-
ants. The natural refrigerants are carbon dioxide (R744),
ammonia (R717), water (R718), air, and various hydro-
carbons (HC). Among these fluids, CFCs are the most
damaging to the ozone layer and have a high global
warming potential. For this reason, some restrictions
have been introduced around the world for the use of
CFCs and the measures mentioned below have been tak-
en. Although HCFCs react with the ozone layer due to the
chlorine atom in their content, their chemical stability is
very weak because they contain hydrogen in their struc-
ture. They cannot stay in the atmosphere for a long time
without breaking their structure. Therefore, HCFCs have
low ozone depletion potential. Since there is no chlorine
atom in its structure, the ODP of HFCs is zero. However,
they have a certain effect on global warming (Bulgurcu et
al,, 2007).

The Montreal Protocol was signed in 1987 by 43 na-
tions with an aim of reducing production of CFCs to 50%
by 1999. In addition, the parties to the Montreal Protocol
decided on a phase-out schedule for all HCFCs by 2030 in
1992 (Balmer, 2011).


https://doi.org/10.31217/p.37.2.7

Y. Durmusoglu et al. / Scientific Journal of Maritime Research 37 (2023) 240-254

1430 1774 1824 2080 2138
<
L 4 ~ = ]
® Q [=] - o
- = 2 T ¥
3 & = 4 @®

241

WP limit Service ban from
2500 Jamuary 1, 2020
2346 J‘ 2720 3922 3985
LI )} L
: B
b b & &

Figure 1 GWP Values of some of the HFCs

Source: Wilhelmsen Ship Service

There is a pressure to decrease the use of high-GWP re-
frigerants in various industries due to growing environ-
mental concerns. Therefore, all 197 member countries,
agreed to amend the Montreal Protocol in order to reduce
hydrofluorocarbons (HFCs) gradually. The Kigali Amend-
ment to the Montreal Protocol was approved on October
16, 2016, opening the door for the global phasedown of
HFCs. According to this agreement, member countries are
categorized according to their development status and are
subject to different plans to reduce the use of HFCs to 15%
of the amount in 2021 until 2045 (Kujak, 2017). Before
the Kigali Agreement the U.S. Environmental Protection
Agency (EPA) issued two rules regarding phase-out pro-
cess of HFCs. The first rule determines the process for
HFCs in retail food refrigeration, aerosols, propellants, and
motor vehicles (EPA, 2015) and the second EPA rule deter-
mines the process for HFCs in chillers. According to sec-
ond rule R-134a, R-410A and R-407C are forbidden in new
chillers by Jan. 1, 2024 (EPA, 2016).

In EU countries, the F-gas Regulation (517/2014) went
into effect on January 1, 2015, and it mandates a decrease
in the use of HFCs as well as a total ban on HFCs with a
high Global Warming Potential (GWP >2500), such as R-
404A, R-507, and R-422D, by January 1, 2020. In the Fig-
ure 1 some of the HFC refrigerants with GWP values are
shown. For non-EU flagged ships, new R-404A, R-507 and
R-422D will still be available after 2020 (Wilhelmsen Ship
Service, 2022).

The International Maritime Organization (IMO) is the
primary regulating body for the maritime industry. The
major convention for preventing pollution by ships is
called MARPOL (International Convention for the Preven-
tion of Maritime Pollution). Annex VI of MARPOL is for
prevention of air pollution from ships and Regulation 12 is
designated to the use of ozone depletion substances (0ODS)
in marine applications (IMO, 2005). According to this reg-
ulation on ships built on or after May 19, 2005, additional
installations containing CFC or Halon are not allowed.
Similarly, after January 1, 2020, new installations of HCFC
equipment are prohibited on both new and existing ships
(IMO, 2020).

Besides IMO, the classification societies have also im-

portant role on environmental issues and they propose
voluntary class notations. For example DNV-GL offers two

Nomenclature

CFC Chlorofluorocarbons

COP Coefficient of Performance

EPA U.S. Environmental Protection Agency
EXV Expansion valve

GWP Global Warming Potential

HC Hyrocarbons

HCFC Hydrochlorofluorocarbons

HFC Hydrofluorocarbons

IMO International Maritime Organization
M Molecular mass

MARPOL International Convention for the Prevention
of Maritime Pollution

ODP Ozone Depleting Potential
ODS Ozone Depletion Substances
T, Boiling Point (Temperature)
T,, Critical Point Temperature

P.. Critical Point Pressure

environmental class labels: “Clean” and “Clean Design”
where label “Clean” means that the refrigerant can be HFC
or natural refrigerants such as NH3 and CO,. The label
“Clean Design” means that the used refrigerants must be
either natural refrigerant or HFC with a GWP of less than
2000 (Hafner et al,, 2019). The the Registro Navale Ital-
iano (RINA) limits the GWP of the refrigerants to a maxi-
mum of 2000 by CLEANAIR class notation (Registro
Navale Italiano (RINA), 2014), Lloyd’s Register (LR) limits
the GWP of the refrigerants to a maximum of 1950 by ECO
class notation (Lloyd’s Naval Register, 2014), and the Bu-
reau Veritas (BV) limits the GWP of the refrigerants to a
maximum of 2000 by CLEAN-SHIP class notation (Bureau
Veritas, 2014).

Ammar and Seddiek (2018) pointed out that 8.0% of
the global CO, emissions are from ships which is shown in
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Figure 2 CO, and refrigerant emissions from ships

Source: Ammar and Seddiek, 2018.

Figure 2. It is estimated that CO, emissions from interna-
tional shipping could grow by 50% to 250%, by 2050 (Pe-
ters et al, 2013 and Boden et al, 2013). Therefore,
refrigeration and air conditioning systems on ships are
one of the systems that should be examined in terms of en-
ergy efficiency, environmental and economic effects. The
selection of refrigerant type is important for more efficient
and environmentally friendly operation of the system.

R22 and R134a refrigerants usage is dominating the
refrigeration preference in maritime sector. The world
merchant fleet’s total HCFCs/HFCs usage percentages are
estimated as 70% for R22, 26% for R134a, and 4% for
R404A (Glavan at al,, 2022). The production and supply of
R22 and R404A is prohibited by 2020 and the use of
R134a in new systems is prohibited by 2024. Therefore,
using refrigerants with low GWP and ODP values in cool-
ing systems is important in the refrigeration industry. For
this purpose, studies on the production and use of alterna-
tive fluids that are compatible with nature, not harmful to
the ozone layer and not contributing to global warming
have gained great importance and acceleration (Akdemir
and Gungor, 2010).

2 Alternative Refrigeration Selection Process

When choosing a refrigerant, many parameters such as
thermal capacity, efficiency, chemical properties (boiling
point, critical point, etc.), availability and economy play a
role (Almis et al,, 2019). Due to 96% of refrigerants in
maritime sector is R22 and R134a the refrigerant selec-
tion process is focused on these refrigerants.

2.1 Literature Review of R22 Replacement

Calm and Domanski (2004) studied the phase-out
process of R22 and recommended R407C, R421A, R411A,

R421B, R417A, R419A and refrigerants R407C, R410A4,
R407E, R410B for the new equipment [20]. Some of these
refrigerants such as R410A are also listed in the controlled
refrigerants as mentioned before. Besides, some of these
refrigerants such as R421A, R421B, R419A have GWP val-
ues higher than 2500 which is also not preferable accord-
ing to EU F-Gas regulation. Arora et al. (2007) compared
the exergetic efficiency of R-22, R-407C and R-410A. The
results of their study show that R22 performs superior to
R407C and R410A. As an alternative to R22, R407 C is bet-
ter than R410A for refrigeration purpose while R410 is
better than R407C for air conditioning purpose. It is im-
portant to mention that R410A is one of the controlled re-
frigerants which will be prohibited at new systems by
2024. Jain et al. (2011) inspected R134a, R410A, R407C
and M20 for the replacement of R22. They found that
R407C performs better for replacement of R22 for existing
systems with small retrofits. However, in the study of Siva
et.al (2012) R134a outperforms R407C contrary to this
study. Llopis et al. (2012) studied the drop-in and retrofit
refrigerant alternatives for replacement of R22. They com-
pared the performance parameters of R422A and R417B
as drop-in fluids and R404A as retrofit fluid for a two-
stage vapor compression system. All of the investigated re-
frigerants have GWP values over 3000 which is very high
according to current regulations. Besides, the retrofit re-
frigerant R404A is already forbidden by 2020 as men-
tioned above. Yang and Wu (2013) investigated alternative
refrigerants to R22. They analyzed refrigerants R744,
R717, HC-290, RE170, HFC-32, HFC-161, HFC-152a, HFO-
1234yf, HFO-1234ze (E) and evaluated technically. They
claim that currently there is not a perfect refrigerant that
can replace R22 in existing systems. They pointed out that
pure HFO-1234yf and HFO-1234ze (E) were targeted as
an alternative to R134a, thus not efficient alternative to
HCFC-22. They found that for the coming 10 to 20 years
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R410A, R407, R404A and some existing ‘drop-in’ blends
seems the most feasible replacement solution of HCFC-22
in the developing countries. Then for the next decade’s re-
placement with HFC-32, HCs, R744, and R717 will be feasi-
ble. They show that HCs,HFOs and HFC-161 has minimum
impact on climate change. Sethi et al., (2015) investigated
two potential alternatives to R22 which are HFC (R407C)
and HFO based (R444B) for high ambient conditions. They
resulted that R444B has superior properties comparing to
R407C for the replacement of R22 for air conditioning ap-
plications which is mildly flammable. However, drop-in,
retrofit or new system information is not mentioned for
R44B. Besides it is known that R407C can replace R22 with
small changes to system. Shen et al. (2016) studies the ef-
fect of microchannel heat exchangers to room air condi-
tioners and made recommendations for replacement of
R22 and R410A [26]. They compared the performance of
R22, R410, R32, Propane, R-1234yf and R-1234ze. They
found that microchannel heat exchangers enhance the per-
formance only for refrigerants R-1234yf and R-1234ze.
They recommend R32 for the replacement of R410 and
R290 for the replacement of R22 for small size units. Bolaji
et al, (2017) carried out the thermodynamic performance
investigation of three very low GWP refrigerants for re-
placement of R22 in air conditioning systems which are
R429A, R435A, and R457A. The thermophysical properties
of these refrigerants found to be very similar to R22 with
slightly higher performance values. However, there is no in-
formation about the replacement suitability of drop-in, ret-
rofit or new equipment. Pramudantoro et al, (2018)
investigated the performance changes due to drop-in re-
placement of R22 to R32 in domestic air conditioners. They
carried out experiments for different charge amounts of
R32 due to liquid density difference and found that 95% of
R32 which corresponds to 77.9% of R22 is optimal. At this
refrigerant charge mass, the cooling capacity and power in-
put increased by 7.7% and 20% respectively. However, COP
decreased by 12.1%. From the aspect of global warming
the use of R32 will significantly reduce the emission. Euro-
pean Comission Report (2016) about F-Gas Regulation
shows that R161 is an alternative to R22 but it is not used
at commercial scale (EU, 2016). Kothale et al. (2016) car-
ried out an experimental study about R161 as an alterna-
tive to various other refrigerants. They compared several
parameters such as COP, discharge temperature, cooling
capasity and power consumption. General finding of their
study is showing that R161 has better COP, increased re-
frigeration effect, lower discharge temeperature, and high-
er compressor work. According to the experimental results,
R161 has highest COP among the refrigerants R134a, R32,
R410A, MR1. Considering replacement of R22, R161 has
better cooling capacity than R290 and lower discharge
temperature than R22. They concluded that it is possible to
successfully suppress its inflammable nature as a mixture
and it is a good alternative for replacement of high GWP re-
frigerants. Jog et al.,, (2018) studied R161 as an alternative
to R22 and they found that R161 has increased refrigera-

tion effect, lower discharge temperature and better COP
[31]. They concluded that R161 is a promising refrigerant
for replacement of R22 but the safety class of R161 is A3
and this should be taken into consideration. Utage et al,,
(2021) carried out an experimental study for replacement
of R22 with R161. They used an existing 5.2 kW air condi-
tioning system with R22 for experiments and used the low
GWP drop-in refrigerants. They found that R161 exhibit
similar properties to R22 and better in terms of energy ef-
ficiency. They also showed that the required charge for
HFC-161 is only 55% of R22. Under drop-in test method,
R161 has 3.4% lower cooling capacity than R22 but the en-
ergy consumption is reduced by 26,5%. And thus, the ener-
gy efficieny ratio (EER) of R161 is improved by 27.2% and
it is proved to be an energy efficient and climate friendly
alternative refrigerant. Al-Nadawi (2021) carried out an
experimental study for replacement of R22 and they ob-
tained that R134A and R407C are a good alternatives in
terms of irreversibility analysis. Saengsikhiao and Taweek-
un (2022) analyzed various refrigerants for replacement of
R22 and found that R438A can be one of the alternative flu-
ids but it is not mentioned if it is suitable for drop-in, retro-
fit or new system. In this study another investigated
refrigerant is R453A which has similar pressure values to
R22 and have higher refrigeration effect and COP compar-
ing to R22. Besides its GWP value is lower than R438A and
it is suitable for drop-in replacement.

2.2 Literature Review of R134a Replacement

Siva et al, (2012) carried out the exergetic perfor-
mance analysis and comparison of R134a, R143a, R152a,
R404A, R407C, R410A, R502 and R507A. They found that
R-134a has the highest performance whereas R407C is
worse in performance. Their results proved that the envi-
ronment friendly R-134a is the best refrigerant amongst
selected refrigerants. Despite the authors claim that
R134a is environment friendly it is one of the controlled
refrigerants and it is forbidden in new systems by 2024.
Another experimental study about R1234yf is carried out
by Jarall (2012) for replacement of R134a at a refrigera-
tion unit of a hermetic rotary compressor of 550 W. They
did not make any change in the system components and
oil. In the study the saturation temperature-saturation
pressure curves of HFO-1234yf and R152a are similar to
R134a. Even more, the pressure of R152a is less than the
others which is actually preferable. However, HFO-1234yf
is more popular than R152a due to the properties of less
toxicity and flammability. The experimental results show
that R1234yf has lower refrigeration effect and COP.

Kandoliya and Mehta (2016) studied the low GWP HFO
refrigerants R-1234yf and R-1234ze and expressed that
these refrigerants are expected to be the next generation
refrigerants for mobile air conditioning and ejector refrig-
eration systems. The authors claim that R1234yf and
R1234ze(E) can be used as drop-in replacements for
R134a in small power systems.
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Table 1 investigated alternative refrigerants for marine refrigeration systems

Refri M T, T, P, Replacements Price
efrigerants (g.mol") ¢0) ) (MPa) (Drop-;\llle/vlj;atroﬁt/ GWP ($/kg) Safety class
R22 86.5 -40.81 123.15 4,99 - 1700 11.2 Al
R161 48.06 -37.6 102.1 5.01 D 12 N/A A3
R453A 88.80 -42.3 88.60 4.59 D 1765 59.63 Al
R407C 86.2 -43.63 86.14 4.639 R/N 1525 11.19 Al
R450A 75 -22 105.87 3.814 R/N 601 40.68 Al
R1234yf 114.04 -29.4 94.7 3.382 R/N 4 100 A2L
R245fa 134.05 15.05 153.86 3.65 R/N 1030 3.54 A2
R717 17.03 -33.3 132.3 11.42 N 0 1.49 B2L
R134a 102 -26.1 101.1 4.06 - 1300 12 Al
R152a 66.05 -24 113.3 4.76 D 120 10 A2
R450A 75 -22 105.87 3.814 D 601 40.68 Al
R513A 108.4 -27.9 97.51 3.67 D 629 41.78 Al
R1234yf 114.04 -29.4 94.7 3.382 D 4 100 A2L
R717 17.03 -33.3 132.3 11.42 N 0 1.49 B2L

Source: Author

Another study for replacement of R134a is carried out
for cascaded refrigeration plants which is considering the
low GWP refrigerant R152a for replacement (Cabello et
al,, 2017). They showed that performances of both refrig-
erants are similar and it is feasible to replace R134a as
drop-in type.

Hmood et al., (2021) studied the replacement of R134a
in domestic refrigeration and automobile air conditioning
for drop-in and retrofit refrigerants. They found that
R1234yf, R152a, R4504A, and R513A are the most suitable
refrigerants as R134a drop-in substitutes. Contrary to the
study of Kondalina and Mehta (2016) they found that the
pure R1234ze and its mixtures are not suitable drop-in re-
placements of R134a. But it is possible to replace R134A
only in new systems. Besides, high flammability hydrocar-
bon refrigerants R290, R600, and R600a are alternatives
to replace R134a with some modifications. Shaik et al.
(2022) carried out the exergy and energy analysis of sev-
eral low GWP refrigerants for the replacement of R134a in
home refrigerators and found that R1234yf and R152a can
be good drop-in alternatives. Gao et al, (2021) studied
about the replacement situation of Chinese cold chain in-
dustry and show that it is slower than the air-conditioning
industry. They point out that R717 and R744 are safe, en-
vironmentally friendly, and efficient alternatives which
make it unassailable in the future for large- sized cold
chain equipment. However, all the system should be re-
newed. They also show that R290 is promising alternative
for small sized systems which is gaining momentum.
Pigani et al, (2016) investigated replacement of R407f
with low GWP refrigerants for passenger ships. They
restricted the alternative refrigerants with null ODP value
and maximum GWP of 150. They found that R717, R744,

R1234yf, and R1234ze (E) are most promising low-GWP
refrigerants for the marine refrigeration systems. They
figured out that changing the current refrigeration systems
to low-GWP refrigerants results in reduction in performance
of system. Thus, they concluded that switching to low GWP
refrigerants is not an effective strategy to diminish the total
environmental impact.

In practical applications, especially due to the limitation
of a used refrigerant, the most economically appropriate
fluid is preferred. In systems that are not very old and are
still usable, the use of fluids suitable for drop-in or retrofit is
considered. Because a complete renewal of the system will
incur a great cost. In new systems, a suitable system is se-
lected depending on the refrigeration systems feature, ca-
pacity, initial investment costs and operational costs.

Since the most used refrigerants in ships are R22 and
R134a, alternatives to these two fluids have been deter-
mined. The system suitability of alternative refrigerants
for R22 and R134a are examined separately and shown in
Table 1.

3 Material And Method

3.1 Investigated Ship Refrigeration System

An existing R22 based ship refrigeration system is tak-
en as a reference system which is shown in Figure 3. This
is a multi-evaporator vapor compression refrigeration sys-
tem which consists of two evaporators. One of the evapo-
rator is used as meat/fish store and the other is used as
vegetable store. Generally, the meat store is kept at -18°C
and the vegetable store is kept at +4°C. The expansion
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Figure 3 Investigated Ship Refrigeration System

Source: Author

valve-1 and expansion valve-3 are used for reducing the
pressure to obtain necessary temperatures. And the ex-
pansion valve-2 is used to balance the output pressure of
both evaporators. The operational parameters of the sys-
tem are given in Table 2.

Table 2 Refrigeration system operating parameters

Components Unit Data
Power of compressor kw 53 kW
Refrigerant - R22
Mass flow kg/s 0.69
Operating hours! h/yil 3000
Cooling loads kW 114
CoP - 2.15

!t is assummed that the regrigerator system is operated at 8 hour per
day, 8 hour per day for deepfreeze and 8 hour per day for loadless.

Source: Author

3.2 Thermodynamic Model

Vapor compression refrigeration systems are continu-
ous flow open systems. In the most general case, the 1st
law of thermodynamics is expressed as:

. . AE
YEn—XEou = (E)system (n

where Em and Em are inlet and outlet energy, respectively.
The following expression is obtained by substituting the
inlet and outlet energies, heat, work and mass energies in
steady state condition from Equation 1.

X Qnet +2 Wnet +X Min€in — % Mour€out = 0 (2)

where ( is heat transfer to system or from system, W is
power from system or to system. Here, e is the specific en-
ergy in kJ/kg and includes kinetic energy (ke), potential
energy (pe), flow energy (pV) and internal energy (u). Ac-
cording to this specific energy is:

K]

e=u+pv+ke+pe(k—g). 3)

Here, u is the internal energy, pv is the flow energy, ke
is kinetic energy, and pe is the potential energy. While the
terms ke and pe are neglected in continuous flow open
systems, the internal energy and flow energy are com-
bined as enthalpy (h = u + pv) and the most general case
of the 1st law of thermodynamics can be simplified by
substituting it in equation 2 which is expressed as
follows.

) Qnet +X V.vnet +2 myphy, — > Mgyuchgue = 0 (4)

The expressions obtained by applying Equation 4 to
each component of the system are summarized in Table 3.
Finally, the coefficient of performance (COP) of the system
is expressed as follows, taking into account that the sys-
tem is double pressure.

_ Qeva,1+Qeva,2
COP =  Weomp (5)

where @, , and @, , indicates the heat transfer at provi-
sion store and refrigeration cargo hold, respectively, [/
is power consumption of the compressor.
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Table 3 Energy balances of refrigeration system components
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Components Equations (kW) Equations
Compressor Wy = m(h, = hy) Eq. (6)
QC = (h, — h3) Eq. (7)
Condenser . .

Q¢ = gy (hyg — ho) Eq. (8)
Expansion Valve (h,=h,) and (h,=h)) Eq. (9)
Qeva,l =iy (hs — hy) Eq. (10)

Evaporators . )
Qeva,Z =My, (hs - h7) Eq. (11)
(603 (Qeva,l + Qeva,z)/wc Eq- (12)

Source: Author

3.3 Economic Model

The annual total cost approach has been made for the
economic cost analysis of the refrigeration system (De
Paula et al., 2020). The total cost (CT) consists of the equip-
ment annual initial investment costs of the refrigerant sys-
tem (Z'I.), the annual operating cost of the system (Cop), the
annual environmental cost considering the CO, green-
house gas effect (C, ), and the annual refrigerant charging
cost (Cref). Accordingly, the annual total cost is expressed
by the following equation:

. . . . . $
Cr = Z?Zi + Cop + Cenv + Cref ( ) (13)

year

Table 4 Initial investment cost equations of each component

3.3.1 Initial Investment Costs of Components

The initial investment cost of the components (Z) con-
sists of the purchasing costs of all the components that
make up the system. (Z) for the refrigeration system are
calculated according to the following equations:

Ezr'lzi = Zcomp + Zcond + Zexv + Zevap ($) (14’)

The initial investment cost equations of each compo-
nent are shown in Table 4.

Components Investment cost equations Auxiliary equations Equations
mrefPan(Pr) PZ
Compressor Z =395—— B == Eq. (15
p comp (09 _ T’comp) r Pl q ( )
_ _ Qcond
Condenser Zconda = 516.62(Asona) + 268.4 Acona = —— Eq. (16)
Ucond-ATLMT
Expansion Valves Zexp = 114.6mMy¢p --- Eq. (17)
_ Qevap
Evaporators Zevap = 516.62(Aevap) + 268.4 Aevap = pr— Eq. (18)
evap:* LMT

Source: De Paula et al., (2020)
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Heren,, is the isentropic efficiency of the compressor
and 0.87 is accepted in this study. In order to calculate the
annual value of the initial investment costs of the compo-
nents, the investment discount rate value must be calcu-
lated. Investment discount rate is expressed as:

CRF = (14"

T (a+in-1’ (19)

The equation including the annual initial investment
costs of the components, the maintenance-repair coeftfi-
cient @, is obtained as follows:

Z?Zz = (Zcomp + Zcona t Zexv + Zevap)(PCRF- (20)

3.3.2 Operating Cost of the System

The operating cost, C,, varies depending on the power
consumed by the compressor in the system (VI{OMP), the an-
nual operating time of the system (Hoper), the specific fuel
consumption (sfoc) of the generators for the power required
for the compressor, and the unit fuel price (c, ). According-

ly, the annual operating cost equation is expressed as:

Cop = VVcompHoperCelec (21)
I'Ioper = (365)-tday (22)
Cetec = sfoc (ig:)eol) (23)

Here, the daily operating time t,, is given as daily
working hours of compressor (h/day).

3.3.3 Refrigerant Charging Costs

There is a charging cost for alternative refrigerants to
be used in the system. Although the market prices of each
refrigerant vary, calculations are made based on unit mass
sales prices shown in Table 1. In this section, the amount

Table 5 Economical and environmental assumptions

of recharging due to leakages in the system is not taken
into account. The equation that gives the purchase cost of
the refrigerant supplied to the system is as follows:

Cref = MyefCresCRE. (24)

Here, (fref and c,pare the annual total cost of the refrig-
erant ($/year) and the unit cost of the refrigerant ($/kg),
respectively. The m,.in Equation (24) represents the mass
of the refrigerant in kg. Refrigerants are generally sold in
about 10 kg tubes.

3.3.4 Environmental Cost

In the environmental model, only CO, is taken into ac-
count, one of the greenhouse gases that affect global climate
change. Alternative refrigerants directly affect the compressor
energies in the systems. The electrical energy of the compres-
sors on the ships is provided by diesel generators by consum-
ing fossil (MGO) fuel. In the case of the use of alternative
refrigerants, the change in compressor work will affect the
fuel consumed in the generator and therefore the combustion
product CO, gas released into the atmosphere. The increase
or decrease in energy consumption of compressors due to al-
ternative gases will be equal to the energy drawn from the
generator. Since it is assumed that generators release 3.179 kg
of CO, gas for an average of 1 kWh energy production (Entec,
2022), the environmental impact of the annual energy con-
sumption of the system is calculated as follows:

Meoz = mfuelefcoz (25)
Cenv = Mco2Cco?’ dir. (26)
Here ef. is emission factor which is expressed as

o,
(K222 ) (Bntec, 2002).
K9 fuel
The assumptions made in both thermodynamic and
economic performance calculations and their values are
given in Table 5.

Parameter Value Units Comments
sfoc 0.285 kg/kWh Specific fuel consumption of generator
Ciay 8 h/day Annual operating time of refrigeration system
Cht 803 $/Mton (MGO) unit price?
ef, 3.179 Kg 0o/ thuel CO, emission factor?
Ceo, 0.09 $/kg.,, Unit kg, tax price
i %14 - Interest rate
n 20 year Lifetime of system
® 1.06 - Maintenance cost coefficient
Upop 0.03 kW/m?K Total heat transfer coefficient
U, . 0.04 kW/m?K Total heat transfer coefficient
T,. 5 °C Evaporator temperature of vegetable room
T, . -24 °C Evaporator temperature of meat room
Neomp 0.87 - Compressor efficiency

Source: World bunker prices, 2023'; ENTEC, 20022
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4 Results and Discussion

The current ship refrigeration system’s performance
model was developed with the engineering equation solver
(EES) software. The software is used for the calculations of
the performance, economic and environmental analyzes of
the determined alternative refrigerants for R22 and R134a
refrigerants and then the results are discussed.

4.1 Thermodynamic Performance Results

In the inspected ship refrigeration system R22 is used as
refrigerant. The determined alternative refrigerants for R22
are R717, R453a, R245fa, R161, R1234yf and R407C gases.
The COP of the system using R22 is calculated as 3.063. The
performance values of alternative refrigerants determined
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for the existing refrigeration system are R717 (COP=3.702),
R453A (COP=3.344), R245fa (COP=3.336), R161
(COP=3.116), R1234yf (COP=3.022), and R407C (COP=
2.629), respectively. We can compare these values in Figure
4. Here, while the highest COP value is reached with R717
refrigerant, it should be considered that this fluid is suitable
for the new system. For existing systems, the highest per-
formance value is achieved with R453A fluid.

Alternative refrigerants determined for R134a refriger-
ant are R152a, R513a, R450a, and R1234yf. The perform-
ance value of the current refrigeration system with R134a is
calculated as 3.344. The performances of selected alterna-
tive gases are calculated as R717 (COP=3.702), R152a
(COP=3.196), R513a (COP=3.052), R450a (COP=3.051), and
R1234yf (COP=3.022), respectively (Figure 5).
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Figure 4 Coefficient of performance for alternative refrigerants to R22
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In Figure 6, the change of COP values of alternative re-
frigerants comparing to R22 are displayed. The best per-
formance increase against R22 gas is obtained with R717
gas. Compared to the current situation, the change has in-
creased by 20.86%. While other alternative refrigerants
R453, R245fa, R161 provide 9.17%, 8.91% and 1.73% in-
crease, respectively. Besides, R1234yf and R 407C cause a
1.34% and 14.2% decrease in the current system's per-
formance, respectively.

Figure 7 shows the change of COP values of alternative
refrigerants comparing to R134a. Except for R 717 all of
the other alternative refrigerants cause performance loss-
es. R717 result in 10.7% increase in performance in which
the system should be renewed. The greatest loss was ob-
served in R12354yf gas with a rate of 9.63%. Loss rates of
other gases are 4.43% in R152a gas, 8.73% in R513a gas,
and 8.76% in R450a gas.

4.2 Environmental Results

In this section, the annual CO, gas that is indirectly re-
leased to the atmosphere from the refrigeration system is
taken into account. Any alternative refrigerants consid-
ered to be used in the current system cause increases or
decreases in compressor power consumption. The electri-
cal energy needed by the compressor on ships is provided
by diesel generators. Generators consuming Marine Gas
0il (MGO) have to spend more or less fuel depending on
the amount of increase or decrease in compressor energy.
While calculating co,, the amount of fuel consumed for
the energy of the compressor in the generator is taken as a
basis. The CO, gas released to the atmosphere as a result
of the combustion of the fuel consumed here has been cal-
culated in kgCO, annually according to equation (25). The
obtained results are shown in Figure 8.
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Figure 8 CO, gas released to the atmosphere by refrigerants as an alternative to R22 gas
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The amount of CO, gas emission originating from the
R22 gas used in the current system has been obtained as
95 kg per year. R717, which is an alternative to R22, draws
attention as the gas that releases the least CO, gas to the
environment. With the use of this refrigerant, the amount
of CO, gas released from the generators to the atmosphere
is 78.62 kg per year. The amounts of CO, release to the at-
mosphere due to other refrigerants are as follows: 96.28
kg from R1234yf, 93.38 kg from R161, 87.23 kg from
R245fa, 87.02 kg from R453A and 110.7 kg from R407C.
Here, it is observed that the refrigerant that causes the
most CO, gas emission is R407C, while R1234yf also caus-
es more CO, emission than R22.

R717 R453A

160
120 |
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40 |
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200 L
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In Figure 9, the changes in the CO, emission rate of oth-
er fluids compared to the R22 refrigerant are shown in
percent. The refrigerants cause a decrease in CO, emis-
sions are R717 by 17.25%, R453A by 8.41%, R245fa by
8.19% and R161 by 1.72%. On the other hand, R1234yf
cause increase of CO, release by %1.37 and R407C is the
worst case by %16.51.

R134a draws attention as the refrigerant that releases
the least amount of CO, to the atmosphere in kg annually
in the current system comparing to drop-in and retrofit al-
ternatives. However, R717 shows a much better environ-
mental performance. In Figure 10, the amount of CO, gas
emission originating from the R134a gas used in the cur-

R161 R1234yf R407c

Figure 9 Changes in CO, emission rate of alternative refrigerants compared to R22

Source: Author
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rent system is calculated as 87 kg per year. All of the alter-
native gases release more CO, into the atmosphere than
R134a except for R717. These values are calculated as
78.62 kg for R717, 98.28 kg for R1234yf, 95.4 kg for
R4504, 95.35 kg for R513a and 91.05 kg for R152a,
respectively.

Annual CO, emission rates of alternative refrigerants
comparing to R134a are given in Figure 11. Accordingly,
the annual CO, increase rates of refrigerants are R717 by
-9.65, R1234yf by 10.64%, R450A by 9.63%, R513a by
9.57% and R152a by 4.63% compared to R134a.

4.3 Economical Results

Annual total cost approach was used for cost analysis.
In the calculations, using Equations (13-26), the total costs

of R22 and R134a gases are calculated as $86875 and
$94488, respectively. The effects of the use of alternative
refrigerants on the total cost of the system are shown in
Table 6 separately for to R22 and R134a.

The results show that the total cost of R717, which is
the best alternative to R22, is the lowest with $75683,
while the refrigerant with the highest cost is R1234yf with
$108949. Apart from these, the total costs of R453A,
R245fa and R161 gases are $98244, $102196 and $86251,
respectively. The changes in the total cost of these gases
comparing to R22 in the increasing or decreasing direc-
tion are calculated as R717 by -12.88%, R453A by 13.09%,
R245fa by 17.64% and R161 by -0.72%.

For alternatives to R134a refrigerant, the lowest total

cost is calculated for R717 which is $75683 and corre-
sponding to -19.90% decrement. R152 is second better re-
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Table 6 Total cost of system for alternative refrigerants

for R22 C,($.year?) AC, (%) for R134a C,($.year?) AC, (%)
R22 $86875 R134a $94488
R717 $75683 -12.88 R717 $75683 -19.90
R453A $98244 13.09 R152a $87579 -7.31
R245fa $102196 17.64 R513a $101359 7.27
R161 $86251 -0.72 R450a $99891 5.72
R1234yf $108949 25.41 R1234yf $108949 15.30
R407c $93621 -0.92

Source: Author

frigerant which is $87579 and corresponding to
decrement of -7.31% as a drop-in alternative. The total
cost of R407C is $93621 by a decrement of -0.92%. For
other alternative refrigerants the calculations are $99891
by 5.72% increment for R450a and $101359 by 7.27% in-
crement for R513a. The highest increase is observed for
R1234yf which is $108949 and corresponds to 15.30% in-
crease of total cost.

In this study, alternative refrigerants were investigated
for replacement of progressively phased out R22 and
R134a refrigerants, which are most widely used in ship re-
frigeration systems. In terms of selection criteria, drop-in,
retrofit or new system were taken into consideration. As
an alternative to R22 gas, R717, R453A, R245fa, R161,
R1234yf, and R407C gases were investigated while R717,
R152a, R513a, R4504, and R1234yf gases were investigat-
ed as alternatives to R134a. The effects of the selected al-
ternative gases on thermodynamic performance of the
system, the CO, gas emission and the total cost of the sys-
tem were examined comparatively. The following results
are figured out from the analysis.

The evaluation for the refrigerants alternative to R22:

i. In systems with R22 refrigerant, the best COP value
was obtained in R717 with 3.702, and the worst COP
value was obtained in R407C with 2.629 in terms of
system performance. When using R717 refrigerant, a
20.862 percent increase in system performance was
observed compared to R22. However, the system needs
to be renewed for R717 refrigerant. In addition, the
best performance in drop-in alternatives is calculated
as 3,344 with the R453.

ii. In terms of environmental impact, the refrigerant that
causes the least Co, release is R717, and the refriger-
ant that causes the most CO, release is R407C. While
R717 releases 78.62 kg of CO, into the atmosphere an-
nually, R407C refrigerant releases 110.7 kg of CO, an-
nually. In other words, while there is a 17.25%
decrease in the CO, gas emissions released into the at-
mosphere with R717 gas, the CO, emission rate with
R407C causes an increase by 16.51%. When the drop-
in alternative R453A is used, CO, release is reduced by
8.41%.

iii. In the evaluation made in terms of annual total cost, for
the replacement of R22 refrigerant, the alternative re-
frigerant with the lowest total cost value was calculat-
ed as R717, and the refrigerant with the highest total
cost value was calculated as R1234yf. While the system
with R717 refrigerant requires 12.883% less invest-
ment compared to the existing system, the system with
R1234yf refrigerant requires 25.41% more invest-
ment. With the drop-in alternative R453A4, an increase
of 13% was observed in the total investment cost.

The evaluation for the refrigerants alternative to
R134a:

i. The COP values of all drop-in and retrofit alternatives
in terms of thermodynamic performance have been de-
termined to be lower than R134a. R152A refrigerant
gives the closest result to the current system in terms
of performance. Accordingly, R152A causes a decrease
of 4.43% in performance with a COP value of 3.196.
Performance losses due to usage of other alternative
refrigerants vary between 8.73% and 9.63%. R717 is
the only alternative performs better than R134a with
3.7 COP value which corresponds to 10.7% increase in
thermodynamic performance.

ii. Compared to R134a gas, annual CO, emission rates to the
atmosphere by drop-in and retrofit alternative refriger-
ants show an increase starting from 4.63% to 10.64%.
The annual amount of CO, gas released to the atmos-
phere by the R152a alternative refrigerant, which gives
the closest result in terms of performance, is 91 kg. As a
new system alternative R717 is less than R134a which is
78.62 kg and corresponding to decrease of -9.65%.

iii. R717 is the best alternative with $75683 total cost
which corresponds to decrease of -19.9%. However, the
system renewal is necessary. As a drop in alternative
R152a refrigerant, which has lower performance and
environmental impact than R134a, gave a better result
in terms of total cost. It provides a savings of approxi-
mately $6900 in total annual cost. Thus, the R152a re-
frigerant system provides an annual savings of 7.312%
in terms of total cost. Other alternatives increase from
7.31% to 15.31% in annual total cost compared to
R134a.
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5 Conclusion

Considering the progressive phase out process until
2050, it is deemed appropriate to use R717 in new sys-
tems as an alternative to R22 refrigerant, and to replace
existing systems with R453A in terms of performance, en-
vironmental impact and total cost. For R134a refrigerant
replacement, the results show that R717 is better in all
terms except for the necessity of system renewal. It is ob-
served that the drop-in alternative R152a refrigerant is
better than other alternatives in terms of performance, en-
vironmental impact and cost. It seems as a suitable strate-
gy to continue using R134a until it is completely banned
and then switch to R152a refrigerant. For the new systems
or in the necessity of system renewal R717 is one of the
best alternatives.
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