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PEDEPAT

JurimomHa poboTa marictpa Ha TeMy: «AHami3 €eKTUBHOCTI XOJI0/I0areHTIB HO-
BOTO TOKOJIHHS y CYyAHOBiIM xonmoamnpHiM TexHiui»: 101 c., 22 puc., 17 Tabm.,
36 mxepen, 12 cnaiiaiB Mpe3eHTAIIITHOTO MaTepiay.

Marictepchbke HayKOBE JOCTIPKEHHS CHpSMOBaHE Ha pO3B’S3aHHS HAyKOBO-
MIPUKJIQTHOTO 3aBJIaHHS — 3HWKCHHS BIUIMBY HAa HABKOJMIITHE CEPEIOBUIIE CYTHOBOTO
XOJIOAUIBLHOTO 00JIaIHAHHS T11]T Yac HOTo eKCIUTyaTarlii HUIIXOM BUOOPY pallloHaJIbHOTO
XOJIOJIOAT€HTY 3 BUKOPUCTAHHSIM METO/IIB eHEPTEeTUYHOIO Ta €KOJIOTTYHOTO aHAIII3Y.

BucyHyTa Ta migTBepAKE€Ha HAayKOBa TINOTE3a MpO Te, 110 MIABUILIEHHS €Heproe-
(EKTUBHOCTI Ta €KOJIOTTYHOCTI POOOTH CYAHOBOI'O XOJOIUIBLHOTO 00JIaJTHAHHS MOKJIU-
BE€ 3a PaxyHOK BHOOpPY pallioHAJILHO XOJIOJ0AreHTY HOBOTO MOKOJIHHS 3 HU3bKUM I1O-
TEHLIAJIOM TJ100aTbHOTO NOTETICHHS.

BcranoBneno, mo 3amina xonojoareHty R404A Ha X0J10710areHT 3 HU3BKUM TIO-
TeHIamoM rodanpHoro noreruieHHs: R1233zd(E) y xonoauibHil MalmHI CyTHOBOTO
KOHJIUITIOHEPY TTOBITPsI IPU3BEC 10 IMABUIIEHHS X0JI0AMIbHOTO Koedirienty Ha 24 %.
[TuToMi BUKUAM MApHUKOBHX Tra3iB HAa OJWHUIIKO BUPOOJIEHOTO XOJOAY IMPHU 3aCTOCY-
BaHHI xononoarenty R1233zd(E) na 38 % meHIe, a nmpu 3acTOCYBaHHI XOJIOJ0areHTY
R1234ze(E) na 33 % wmeHe, HixX 11t XxoomoareHTy R404A. Aunanoriunuii aHaii3z OyB
BUKOHAHWU JJIS XOJIOAMUIHHOI MAIlIMHK TIPOBI3IMHUX KaMep Ta TOoKa3aHe, Mo 3aMiHa XO-
nonoarenty R404A na R290 mpu3sBene 10 MiABUIIEHHS XOJOAWIBHOTO KOE(III€HTY Ha
15 % Ta 1o 3HWKEHHS BUKUIM MAPHUKOBHX Tra3iB Ha 33 %

CYJIJHOBA XOJIOAWJILHA MAIIMHA, POBOYE TUIO XOJOJIWJILHOI
MAIIWHU, TTOTEHIIAJI T'JIOBAJILHOI'O TTOTEIUJIEHHS, XOJIOAUJIBHUN
KOE®IHIEHT, EKOHOMIA TTAJIMBA, EHEPTO3BEPEXXKEHHA



ABSTRACT

Master's diploma thesis on the topic: “ Efficiency analysis of new-generation re-
frigerants in ship’s refrigeration systems”: 101

pages, 22 figures, 17 tables, 36 sources, 12 presentation slides.

The master's scientific research is aimed at solving a scientific and applied problem
— reducing the environmental impact of ship refrigeration equipment during its
operation by selecting a rational refrigerant using energy and environmental analysis
methods.

A scientific hypothesis has been put forward and confirmed that it is possible to
increase the energy efficiency and environmental friendliness of ship refrigeration
equipment by selecting a rational new-generation refrigerant with low global warming
potential.

It has been established that replacing the R404A refrigerant with the low global
warming potential refrigerant R1233zd(E) in a ship air conditioner refrigeration
machine will increase the refrigeration coefficient by 24%. Specific greenhouse gas
emissions per unit of cooling produced are 38% lower when using R1233zd(E)
refrigerant and 33% lower when using R1234ze(E) refrigerant than for R404A
refrigerant. A similar analysis was performed for the refrigeration machine of the
provision chambers and showed that replacing refrigerant R404A with R290 will
increase the refrigeration coefficient by 15% and reduce greenhouse gas emissions by
33%.

Keywords: SHIP REFRIGERATION MACHINE, WORKING FLUID OF THE
REFRIGERATION MACHINE, GLOBAL WARMING POTENTIAL, COOLING
COEFFICIENT, FUEL ECONOMY, ENERGY SAVINGS
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NOMENCLATURE

COP — Coefficient of Performance;

GWP — global warming potential;

HFC — hydrofluorocarbon refrigerant;

CFC — chlorofluorocarbon refrigerant;

IMO — International Maritime Organization;

MEPC — Marine Environment Protection Committee;
MARPOL - International Convention for the Prevention of Pollution from Ships;
SOLAS - International Convention for the Safety of Life at Sea;
EEDI — Energy Efficiency Design Index;

GHG — Greenhouse gases;

TEWI — Total Equivalent Warming Impact;

ODP — Ozone Depletion Potential;

HFO — Hydrofluoroolefin;

HCFC — Hydrochlorofluorocarbon;

EEXI — Energy Efficiency Existing Ship Index;

CIl — Carbon Intensity Indicator;

HVAC — Heating, Ventilation, and Air Conditioning;

RSW — Refrigerated Sea Water;

DX — Direct Expansion;

ECR — Engine Control Room.
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INTRODUCTION

Refrigeration systems are essential components of shipboard plant that ensure the
preservation of perishable cargos, secure storage of provisions, and controlled environ-
ment conditions within various ship compartments. The reliability and efficiency of the-
se systems will directly affect cargo quality, crew well-being, and the safety of ships
under operation. In particular, the operation of the refrigeration plant determines the
ability of refrigerated cargo vessels and fishing vessels to maintain required cargo tem-
peratures throughout long voyages and under variable ambient sea conditions. The op-
eration of marine refrigeration plant is therefore an essential requirement for commer-
cial and technical success within the maritime industry.

Traditionally, refrigerating plants onboard ships are based on the vapor-
compression cycle, and this remains the most prevalent and energy-saving method of
producing low temperatures onboard ships. The major working fluid in such systems is
the refrigerant — a substance that undergoes the phase changes to absorb and release
heat in the thermodynamic cycle. The choice of refrigerant determines the operating pa-
rameters of the compressor, condenser, and evaporator and system-wide Coefficient of
Performance (COP) and reliability. The refrigerant is thus the focal point that deter-
mines both energy and environmental effectiveness of maritime refrigeration applianc-
es.

Over the last decades, halogenated hydrocarbon refrigerants such as R22, R404A,
and R134a have been used in the maritime industry because they have optimal thermo-
dynamic properties, chemically stable, and compatible with existing plant. They possess
high Global Warming Potential (GWP) and, in some cases, Ozone Depletion Potential
(ODP). With the enforcement of international environmental laws — specifically the
Montreal Protocol and its Kigali Amendment — manufacturing and use of such high-
GWP refrigerants have been subjected to progressively tightening phase-out timetables.
The refrigeration sector now faces the challenge of moving to new-generation refriger-
ants that can satisfy both performance and environmental requirements.

In recent years, various families of alternative refrigerants have emerged, includ-



11
ing hydrofluoroolefins (HFOs), natural refrigerants, and HFC/HFO blends. HFOs, such

as R1234yf and R1234ze(E), possess very low GWP values (< 10) with zero ODP and
are some of the most promising candidates for future marine refrigeration technologies.
Natural refrigerants, such as carbon dioxide (R744) and ammonia (R717), are also being
considered with their higher thermodynamic efficiency and lower environmental foot-
print. However, marine applications require particular attention to safety considerations
— ammonia toxicity and high CO: operating pressure, for instance — and material
compatibility with the system and resistance to corrosion in the marine environment [2].

The use of hydrofluorocarbons (HFCs) as an alternative for refrigeration units has
grown over the past decades as a replacement to chlorofluorocarbons (CFCs), banned
by the Montreal Protocol because of their effect on the depletion of the ozone layer.
However, HFCs are known to be greenhouse gases with considerable global warming
potential (GWP), thousands of times higher than carbon dioxide. The Kigali Amend-
ment to the Montreal Protocol has promoted an active area of research toward the de-
velopment of low GWP refrigerants to replace the ones in current use, and it is expected
to significantly contribute to the Paris Agreement by avoiding nearly half a degree Cel-
sius of temperature increase by the end of this century.

Environmental and regulatory drivers for change and accompanying economic
and technical incentives exist. The global transition to low-GWP refrigerants will re-
duce direct GHG emissions due to refrigerant loss and improve the energy efficiency of
onboard equipment with better thermophysical properties of the novel working fluids.
Furthermore, application of these refrigerants is in accordance with the IMO Initial
GHG Strategy that has specific decarbonization targets for the shipping industry until
2050 [1]. From the thermodynamic aspect, the selection of a refrigerant having appro-
priate vapor pressure characteristics, greater latent heat of vaporization, and improved
heat transfer coefficients can enhance the system COP and reduce compressor power
consumption.

Accordingly, modernization of ship refrigerating equipment by using new-
generation refrigerants is not only an environmental need but also a technical possibility

to enhance the energy efficiency of ships in general. Thermodynamic performance eval-
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uation of such refrigerants in performing under marine conditions — fluctuating sea-

water temperature, motion loads on thermal performance, and compact heat-exchanger
sizes — is essential to ensure their feasible application.

The purpose of the research is to analyze the feasibility of using new-generation
refrigerants with low global warming potential in marine refrigeration equipment for
various purposes.

- analysis of the requirements for working fluids in marine refrigeration equip-
ment and current legislation regulating the use of these substances;

- determination of the energy characteristics of refrigeration machines in air con-
ditioning systems and food storage chambers using alternative refrigerants;

- calculate the specific greenhouse gas emissions to identify the environmental
impact of using the refrigerants under consideration in marine refrigeration equipment;

- perform an economic justification of the feasibility of introducing the refriger-
ants under consideration;

- based on the data obtained, develop recommendations for the use of certain

working fluids.
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TECHNOLOGICAL CARD OF RESEARCH

1. Request for 3. Objective

practice To justify the sustainability
Requirements of
international legis-
lation on reducing native refrigerants with

air emissions from low global warming poten-
ships and fuel tial.

economy

v

2. Subject

The conversion of
marine refrigera-
tion equipment to
refrigerants with
low global warm-

4. Hypothesis

The selection of a rational
refrigerant for ship refrigera-
tion equipment will lead to a
reduction in energy con-

of retrofitting ship refrig- _)®(_ mental and energy performance
eration equipment to alter- of vessel refrigerating systems

12. Scientific provisions
Improvements in the environ-

are achieved through the ration-
al selection of refrigerants and
additional retrofitting upgrades.

f

11. Practical value

The implementation of the rec-
ommended technical solutions
will lead to a reduction in fuel
consumption on ships and a de-
crease in the amount of pollutants

emissions.

ing potential sumption and environmental
impact during its operation.
5. Main task

Selection of a rational refrigerant for ship refrigeration
equipment, the introduction of which will improve the
environmental and energy characteristics of this equip-

10. Scientific value

Alternative refrigerants for ship
refrigeration equipment have been
proposed, the use of which will
contribute to improving the envi-
ronmental and energy performance

ment.

6. Additional tasks

- review of promising alternative refrigerants for ship
refrigeration equipment, selection of rational options;

- thermodynamic analysis of the refrigeration cycle when
operating on different refrigerants with low global warm-
ing potential for different refrigeration systems;

- environmental analysis and justification of the selection
of a rational refrigerant for various ship refrigeration sys-
tems;

- evaluation of the energy and environmental effect of
implementing the proposed technical solutions.

of its operation.

9. Experiment

Experimental data on the energy

characteristics of the refrigeration
machine, as well as experimental

data on the thermophysical prop-
erties of refrigerants, were used

for analysis.

v

7. Solving the main problem

Choosing a rational refrigerant for ship refrigeration
equipment, the application of which will improve the
environmental and energy characteristics of this
equipment.

8. Scientific result

A rational choice of a refrigerant
with low global warming poten-
tial for ship refrigeration equip-

ment has been made.
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1 MARINE REFRIGERATION: ENVIRONMENTAL AND

ENERGY SAVING PROBLEMS

1.1 Refrigeration equipment on merchant ships and the basic refrigerants

According to the International Maritime Organisation the total use of HCFC/HFC
as refrigerant in the world merchant fleet is estimated to consist of 70% R22, 26%
R134a and 4% R404A [3]. The release of refrigerants from global shipping (reefer con-
tainers excluded) is estimated at 8,400 tons, which corresponds to around 15 million
tons CO2 equivalent emissions. If these numbers are compared to the CO2 emissions of
shipping the refrigerant emissions constitute about 2% of the GHG emissions of ship-
ping [1, 4].

In Europe, refrigerants that are legal to use in marine refrigeration units can be
grouped as follows: saturated hydrofluorocarbons (HFCs), unsaturated hydrofluorocar-
bons (HFOs), and natural working fluids [4, 5].

Saturated Hydrofluorocarbons (HFCs): R134a: This saturated HFC refrigerant is
property wise comparable to R22 and is widely used as an alternative in medium tem-
perature refrigeration systems. It has a GWP of 1.430. R404A: A blend (CF3CH3 /
CF3CHF2 / CF3CH2F) with a GWP of 3.922. R407C: A blend (CH2F2/ CF3CHF2 /
CF3CH2F) with a GWP of 2.107. Due to high GWP, R404A and other high-GWP HFC
blends are restricted under the EU F-gas Regulation No 517/2014.

Unsaturated Hydrofluorocarbons (HFOs): In general, unsaturated hydrofluorocar-
bons react more rapidly with OH radicals and their atmospheric lifetimes are signifi-
cantly shorter compared to traditional HFCs. R1234yf: Has a GWP of 4. It is so-called
mildly flammable and classified in the newly developed safety group A2L. R1234ze(E):
Has a GWP of 7. It exhibits flame limits at temperatures in excess of 28°C. These work-
ing fluids are increasingly used in blends (e.g., R513A) to reduce flammability while
maintaining performance [5].

Natural Working Fluids: R717 (Ammonia): Has a GWP of 0. It has very high la-

tent heat and the refrigeration capacity per unit mass flow is the highest of all refriger-
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ants used in traditional vapour compression systems. It is flammable and toxic (safety

group B2L). Carbon dioxide R744 (GWP = 1) is a non-flammable Al refrigerant with
excellent volumetric capacity and is increasingly used in transcritical marine systems
due to favourable COP and TEWI results [6, 7]. Propane R290 (GWP = 3) demonstrates
high thermodynamic efficiency but, being an A3 refrigerant, is mainly used in small
factory-sealed units on ships [5].

Cargo vessels typically utilize refrigeration for air conditioning and provision re-
frigeration. Traditionally, the standard air conditioning system in cargo ships is a split
system with direct evaporation. The condenser is placed near the engine room and the
generator, while the evaporator is placed near to the living area of the crew, connected
by refrigerant lines that could be of considerable length. Many ships have an AC system
divided in smaller aggregates, in order to decrease the refrigerant pipe length, and thus
the refrigerant charge and risk for leakages. Many modern ships reduce refrigerant
charges by installing multiple smaller AC units or adopting chilled-water systems [4].

For RoRo ships today, R134a and R407C are dominating with about an equal share
(Fig. 1.1 and Fig.1.2) [4].

AC on RoRo vessels AC on RoRo vessels
2007—2012 2013-2016

1%

47%

m R134a m R404A R407C R410A  m R4a7A m R134a ®m R404A R407C R4a7A

Figure 1.1 Refrigerants for AC units on RoRo vessels [4]
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Provision refrigeration RoRo Provision refrigeration RoRo
2007—2012 2013-2016
3% 5%

m R404A R407C Rg4a17A ®m R404A R407C R422A

Figure 1.2 Refrigerants for provision refrigeration units on RoRo vessels [4]

The provision refrigeration on a cargo ship is a direct system. Most often the freez-
ing and cooling plant use the same compressor and condenser. For provision refrigera-
tion on cargo ships, the share of R404A has increased during the time period investigat-
ed and it is today the dominating refrigerant [4, 5].

The release of refrigerants from global shipping is estimated at 8,400 tons. Ac-
cording to correspondence with vendors, the annual leakage rate is 35% for standard di-
rect systems on cargo vessels (bulk and tankers). Surveys of Scandinavian ships have
shown an average leakage rate of 38% for direct AC and provision refrigeration [1, 8].
The main reasons for the high level of emissions from marine vessels compared to land-
based systems include the permanent exposition of the entire system to vibrations from
sea-waves, and the fact that there are few crewmembers on board skilled in refrigera-
tion, meaning leakages are often not repaired while at sea.

Current research and industrial development focus on two parallel strategies:

 reduction of refrigerant charge and leakage through indirect cooling loops,
chilled-water AC systems, and compact factory-sealed units [4, 5];

* substitution of high-GWP HFCs with low-GWP alternatives such as R717,
R744, R290, and modern HFO/HFC blends without compromising safety or efficiency
[5-7].
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System-level studies for passenger ships show that R407F can serve as an interim

low-GWP replacement for R404A, offering a balance between efficiency, volumetric
capacity, and safety [5]. At the same time, CO:-based refrigeration systems have
demonstrated competitive or superior COP and drastically reduced TEWI compared
with HFC systems in several studies [6, 7]. Natural refrigerants such as ammonia and
CO: are increasingly adopted in fishing vessels, passenger ships, LNG carriers and
newbuild cargo ships, provided that safety systems and crew training are adequate [5,
6].

The choice of refrigerant in marine systems is increasingly constrained by envi-
ronmental legislation (Montreal Protocol, Kigali Amendment, EU F-gas Regulation)
and the decarbonisation strategies of shipowners. Therefore, newbuild and retrofit de-
signs must consider not only thermodynamic performance but also refrigerant GWP,
leak potential, TEWI, integration with other onboard systems, operational safety, and

maintainability.

1.2 Legislative acts regulating the use of refrigerants with a high global warm-

ing potential

Technological progress in the refrigeration sector is governed by a number of in-
ternational legal instruments related to the need to reduce greenhouse gas (GHG) emis-
sions. The most important of these at present is the Paris Agreement (2015). Most of the
working fluids (refrigerants) used in refrigeration equipment are responsible for signifi-
cant GHG emissions due to their high global warming potential (GWP). Specifically
aimed at reducing emissions of GHGs such as refrigerants, the Kigali Amendment
(2016) to the Montreal Protocol requires countries to reduce the production and con-
sumption of hydrofluorocarbons (HFCs) by 85% by the year 2047. In parallel, regional
and national legislative frameworks have been developed to regulate the use of HFCs.
For example, the EU F-Gas Regulation (Regulation (EU) No 517/2014) imposes strict
limitations on the use of HFCs and encourages the transition to low-GWP refrigerants.

Addressing this issue proves to be particularly challenging for marine refrigeration sys-
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tems.

Although IMO’s GHG reduction strategies [1] aim at full decarbonization of inter-
national shipping by 2050, they do not explicitly address emissions from refrigerants,
which are instead subject to the Montreal Protocol and its Kigali Amendment. At pre-
sent, HFCs are the most widely used working fluids in marine refrigeration systems,
along with ammonia. Ammonia (R717) is primarily applied on large fishing and refrig-
erated cargo vessels, where high cooling capacity is required. Concerning shipping, the
GHG emissions reduction is governed by MARPOL Annex VI. However, Annex VI
limits emissions of CO,, NOx, SO2, and other harmful substances, but does not include
HFCs. This means that MARPOL does not prohibit the use of high-GWP refrigerants
and does not regulate their release into the atmosphere. Nevertheless, this is only a mat-
ter of time.

Leading classification societies, such as Lloyd’s Register (LR), Bureau Veritas
(BV), Det Norske Veritas (DNV), American Bureau of Shipping (ABS), and others,
formulate guidelines and requirements for the design, installation, and operation of
onboard refrigeration systems that take into account both technical safety and the envi-
ronmental impact of refrigerants. These societies are already establishing specific re-
quirements for refrigerants used in marine equipment, aimed at a gradual transition to-
ward using low-GWP substances.

Refrigerant manufacturers have already responded to the changing requirements
for working fluids - Fig. 1.3. Blend refrigerants specifically designed for use in marine
systems — without the need for equipment retrofitting — have emerged on the market.
For example, Wilhelmsen Ships Service offers refrigerants that can be used as drop-in
replacements for R404A (GWP = 3920) [2] without modernising the marine refrigera-
tion equipment, and which are classified as non-flammable substances (Wilhelmsen,
2022). Wilhelmsen Ships Service recommends, as a first step, the transition to refriger-
ants with a GWP below 2500 (in accordance with the F-Gas Regulation, substances
with a GWP greater than 2500 have been banned since 2020). In such cases, R-407F
(GWP = 1670) is considered the most suitable replacement. In addition, refrigerants

with even lower GWP values have been developed specifically for marine applications.
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They are R448A (GWP=1360), R449A (GWP=1280), R513A (GWP=573) and R407H
(GWP=1588) [2]. All of these blends contain flammable components (such as R32 or

R1234yf), although the mixtures themselves are classified as non-flammable. However,

their use represents an intermediate step toward the modernisation of refrigeration sys-

tems for the adoption of refrigerants with ultra-low GWP. Currently, the GWP of refrig-

erants used in large commercial refrigeration systems must not exceed 150 according to
the EU F-Gas Regulation (Regulation (EU) No 517/2014). Although this requirement

does not yet apply to the maritime sector, future regulations are expected to impose

stricter limits on refrigerants for onboard applications.

Table 1.1 Summary of Legislative acts that regulate the usage of High-GWP

refrigerants

Legislative act/ Protocol

Main provisions

Date of implementa-

tion
Ban on CFCs and HCFCs due to
Montreal Protocol ozone depletion; gradual transition to 1987
HFCs
Inclusion of HFCs as greenhouse
Kyoto Protocol gases; restrictions on their produc- 1997
tion and use
. Global phase-out of HFCs; target re-
Kigali Amendment tothe ;' of 159 from 2011-2013 lev- 2016
Montreal Protocol
els by 2036
General targets for reducing green-
Paris Agreement house gas emissions, including re- 2016
frigerants
. Strict restrictions on fluorinated gas-
EU Regulation No. 517/2014 es with GWP > 150; phase-out of 2014

(F-Gas)

new installations with HFCs
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EU F-gas
Service Ban
from GWP
1st Jan 2020 limit 2500

3985 3922 2729 ‘ 2140 1824 1495 1397 1387 631
Clll¢llllll°

R-507 R-404A R-422D R-452A R-407F R-407H R-449A R-448A R-513A

Figure 1.3. Low GWP refrigerant for marine application [9]

1.3 Next-generation low-GWP alternative refrigerants for marine refrigera-

tion systes

Ultra-low GWP refrigerants suitable for both land-based and marine refrigeration
systems are currently the subject of active discussion and evaluation [4, 8, 10-12]. They
can conventionally be divided into two groups. The first group includes the so-called
'natural’ refrigerants (ammonia, carbon dioxide, and hydrocarbons), as these are sub-
stances that naturally occur in the environment. The second group comprises the so-
called 'synthetic' refrigerants, whose presence in the environment is not of natural
origin.

Ammonia (R717). It provides high efficiency, simple leak detection and oil man-
agement, but is toxic and flammable. Used in larger vessels and fishing ships. Ammonia
has long been used on ships, and design and operational guidelines for marine refrigera-
tion systems using ammonia have already been developed.

Carbon Dioxide (R744). Refrigerant is used in transcritical and subcritical refriger-
ation systems that operate at high pressures that vary from 30 to 90 bar and even higher
when transcritical (Heinen & Hopman, Natural refrigerants). Increasingly considered

for use in marine refrigeration and air conditioning systems [13, 14].
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Hydrocarbons (HCs, e.g., propane R290, isobutane R600a, propylene R1270) are

flammable. Used in small refrigeration units (up to 500 g of refrigerant charge without

specific safety measures). They are increasingly considered for larger systems with safe-

ty measures.
Hydrofluoroolefins (HFOs, e.g., R1234yf, R1234ze) have low flammability. Un-

like the refrigerants discussed above, they are not classified as 'natural’. They are con-

sidered emerging alternatives to HFCs in both refrigeration and air conditioning. They

can be used in newer systems designed for low-GWP refrigerants as well as for retrofits.

Nevertheless, the GHG emissions from their production, the environmental impact of

their decomposition products and their impacts on human health and safety need to be
understood [4, 13].

Table 1.2 Classification of refrigerants by flammability according to standards

ISO 817 and ASHRAE Standard 34

Examples of ultra-
Class |Flammability Explanation low GWP refriger-
ants
ey | R144(€0)
flammable oSt - ‘ R1233zd(E)
(normal conditions)
Exhibit flame propagation with
Lower . . .
2 . moderate burning velocity; flammable in -
flammability . .
air under normal conditions
L flam- - : :
m(;\llovieiirt a|r2W Exhibit flame propagation but have | R717 (ammonia),
2L _ Y a low burning velocity (<10 cm/s); slow R1234yf,
burning ve- i
: to ignite and spread R1234ze(E)
locity
: o R290 (propane),
Highly Readily ignite and propagate flame (.p pane)
3 flammable rapidly in air; high burning velocit R600a (isobutane),
PIalY » Mg J Y | r1270 (propylene)

The transition to "eco-friendly" refrigerants has not yet been fully resolved, either

for land-based or transport applications, including marine systems. Ammonia, HCs, and
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HFOs are characterised by excellent environmental properties (ultra-low GWP), but

they are flammable (Table 1), which limits their use onboard ships. Moreover, HFOs
are expensive and often less efficient than HCs and ammonia. CO, is a non-flammable
refrigerant. However, high working pressures are inherent to it. It requires refrigeration
systems with specific design solutions and components; the cost and weight are signifi-
cantly higher than those of other systems, a critical factor in marine applications. Re-
garding efficiency, CO, systems also often fall short compared to systems using other
refrigerants. Thus, transitioning shipboard refrigeration systems to low-GWP refriger-
ants is significantly more challenging than for stationary systems.

The main limitation hindering the adoption of low-GWP flammable refrigerants
(except R717) in maritime applications is the lack of established standards and experi-
ence in designing and maintaining onboard refrigeration equipment with such refriger-
ants. Comprehensive standards have been developed and practically tested only for
R717. However, in recent years, the other working fluids discussed above have also
gradually started to appear in standards, regulations, rules and guidelines related to ma-
rine refrigeration systems. This indicates a gradual adaptation of maritime refrigeration

equipment to the new realities dictated by the Paris Agreement.
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2. CALCULATION AND SELECTION OF AUXILIARY EQUIPMENT

FOR THE ENGINE ROOM OF THE PROTOTYPE VESSEL

All calculations presented in this section have been performed in accordance with
the Rules for Classification and Construction of Sea-going Ships of the Shipping Regis-
ter of Ukraine [15].

The initial data for calculations are taken from the data of the prototype vessel.

2.1 Main parameters of the prototype-vessel and ship auxiliary plants as ob-

ject of study

The prototype is a cargo ship designed to transport wheeled vehicles (ro-ro).

The vessel type is a single-propelled ro-ro vessel with double boards, double bot-
tom, with the engine and steering compartments located at the aft, and living and ser-
vice quarters located longitudinally, with a straight bow and a cruiser stern, cut off in
the above-water part like a transom, and a flow-directing wing installed at the stern on

the port side. The main characteristics are given in Table 2.1.

Table 2.1 - Main characteristics of the vessel

Type Ro-Ro

Deadweight 20.586

Displacement when loaded 75.036 tons

Cargo 7539 CEU

Speed (knots) 21.5

Maximum length 200 m

Width 38m

Main engine KOBE DIESEL-MITSUBISHI

Nominal effective power of main engine | 13.200 kW

Diesel generators (power, number) 2850 kW x 3 (YANMAR 6EY22(A)LW)
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A ro-ro ship (roll-on/roll-off) is a type of cargo ship specially designed to transport

wheeled cargo such as cars, motorcycles, trucks, buses, and railway cars. Cargo can
drive onto and off the ship on its own wheels or with the help of a platform. Ro-Ro
ships have a horizontal cargo handling system and are widely used in maritime trade to
transport motor vehicles and other wheeled cargo. The ship we use as a prototype has
13 enclosed cargo decks, two cargo ramps, and a capacity of 7,539 CEU.

The ship's power plant consists of a complex of equipment (heat engines, mecha-
nisms, devices, pipelines, systems) designed to convert fuel energy into mechanical,
electrical, and thermal energy and transport it to consumers. These types of energy en-
sure: the movement of the ship at a given speed; safety and reliability of navigation; the
operation of engine room mechanisms, deck mechanisms and devices; electric lighting;
the operation of navigation, control, signaling, and automation equipment; general ship
and domestic needs of the crew; the performance of various production operations on
the vessel (cargo operations, pumping of working liquids, operation of fire-fighting
equipment, etc.).

The ship's power plant is diesel-powered with a main engine that transmits power
directly to the shaft line. The power plant consists of diesel-driven generators. All auxil-
iary mechanisms are electrically driven. Two types of fuel are used for the engine:

1) light diesel for auxiliary diesel generators and emergency use; for the main en-
gine during start-up, manoeuvres, navigation in narrow areas and before stopping;

2) heavy fuel for operation in the main modes of the main engine and auxiliary
boiler.

While the ship's power plant is substantial, the focus of this thesis is on the primary
consumers of this electrical power that relate to refrigeration, as defined in the thesis
topic. On this prototype vessel, two such independent systems are critical: the air condi-
tioning (AC) plant and the refrigeration provision plant. These systems represent a con-
tinuous, 24/7 "hotel load" and are essential for both crew welfare and operational safety.

Marine Air Conditioning (HVAC) System. The HVAC plant is essential for main-
taining a habitable thermal environment in the accommodation block, galley, and criti-

cal spaces like the Engine Control Room (ECR) and navigation bridge. On this proto-



25
type, the system is a Direct Expansion (DX) plant. This design uses the refrigerant to

cool the air directly within one or more Air Handling Units (AHUSs). The cooled air is
then distributed via ductwork. This medium-temperature application (maintaining air at
approx. +18°C to +22°C) has utilized refrigerants such as R134A. The energy efficien-
cy of this system is a key focus of this research.

Provision Refrigeration Plant Separate from the HVAC, the provision plant is a
critical system for crew sustenance and welfare, essential for long voyages. This plant
serves the ship’s galleys and food stores, typically comprising several insulated rooms
with different temperature requirements, such as a freezer room and a chiller/vegetable
room (Table 2.2). These systems are universally direct-expansion (DX) vapor-
compression cycles. Due to the low temperatures required for the freezer room, the cho-
sen refrigerant must have suitable thermodynamic properties at low evaporating pres-

sures. For decades, the industry standard for this application has been R404A.

Table 2.2 — Air parameters in food storage chambers and volumes of these chambers

Chamber Volume, m® Temperature, °C
Meat 22.6 -18
Fish 12.5 -18
Vegetable 22.6 +4

As outlined in the approved research task, this research will specifically analyze
the performance of the provision refrigeration plant as it transitions away from the high-
GWP refrigerant R404A. Furthermore, the efficiency of the air conditioning plant will
be analyzed. Both systems are prime candidates for modernization due to the legislative
pressures described in the introduction and their direct impact on the vessel's fuel con-
sumption and (CII) rating. The analysis will compare the baseline performance (using

R404A) against new-generation alternatives to provide a clear efficiency analysis.
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2.2 General information about the KOBE DIESEL-MITSUBISHI main en-

gine

The main engine is a Mitsubishi 7UECG60 type, 7-cylinder, crosshead turbocharged
engine with a built-in thrust bearing. The engine is equipped with an integrated control
system and automation devices that ensure unattended operation. The main engine is

controlled remotely from the CPU and the wheelhouse.

Table 2.3 Main characteristics of the KOBE DIESEL-MITSUBISHI 7UEC60LSE-

Eco-A2 diesel engine

Cylinder diameter (mm) 600
Piston stroke (mm) 2400

RPM 104

Average effective pressure (bar) 15

Maximum pressure (bar) 160

Number of cylinders 7

Power of single cylinder (kW) 1885
Engine power (kW) 13200

Support plate and main bearing. The frame is made with a thrust bearing at the
rear of the engine. The base consists of high, welded, longitudinal and welded trans-
verse beams with cast load-bearing supports. Elastic clamping bolts and hydraulic tight-
ening tools are used to install the engine on the ship. The base is manufactured without
a cone for engines and is mounted on epoxy pads. The oil pan, which is made of sheet
steel and welded to the base plate, collects return oil from the forced lubrication and oil
cooling system. The oil outlet from the oil pan is usually vertical and equipped with a
grate. The main bearings consist of a thin-walled steel housing lined with bearing metal.
With the help of special tools in combination with hydraulic tools, it is possible to repair

the crankshaft and other structural elements.
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Figure 2.1 - Cross-section of the KOBE DIESEL-MITSUBISHI 7TUEC60LSE-Eco-A2

engine
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Figure 2.2- Equipment of the hydraulic engine control system
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Frame box. Frame box of welded construction. On the exhaust side, it is equipped

with safety valves for each cylinder, and on the other side, it is equipped with large
hinged doors for each cylinder. The guide crosspieces are welded to the box frame. The
frame box is bolted to the base plate. The support, frame box, and cylinder frame are
bolted together.

Cylinder frame and oil seal. The cylinder frame is cast, welded, and comes with
access covers for cleaning the blow-by air space, if necessary, and for checking piston
rings, etc. Together with the cylinder liner, it forms the blow-by air space. QOil inlet
pipes for cooling the piston are installed on the cylinder frame. The blow-by air receiv-
er, turbocharger, air cooling box, and gallery brackets are located on the cylinder frame.
At the bottom of the cylinder frame, there is a piston rod seal equipped with sealing
rings for air removal and oil scraper rings that prevent oil from rising from the crank-
case into the air space.

Cylinder liner. The cylinder liner is made of alloyed cast iron and is suspended in
the cylinder frame by means of low-mounted flanges. The upper part of the cylinder lin-
er is equipped with a cooling jacket. The cylinder liner has blow-off holes and drilled
holes for cylinder lubrication.

Cylinder head. The cylinder head is forged, made in one piece, and has holes for
cooling water. It has a central hole for the exhaust valve and holes for the fuel valves,
starter valve, and indicator valve. The cylinder cover is attached to the cylinder frame
with pins and nuts.

Crankshaft. Semi-assembled crankshaft made of forged or cast steel. For engines
with 9 cylinders or more, the crankshaft is supplied in two parts. At the rear end, the
crankshaft is equipped with a clamp, a flange for a fitting, a gear wheel for increasing
the transmission to the hydraulic power unit, if installed on the engine, a flange for a re-
turn wheel, and bolts for a coupling to the intermediate shaft. At the front end, the
crankshaft is equipped with a clamp for an axial vibration damper and a flange for in-
stalling a tuning wheel. The flange can also be used for power take-off if necessary.
Clamping bolts and nuts for connecting the crankshaft to the intermediate shaft are not

normally supplied.
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Thrust bearing. The thrust of the screw is transmitted through the thrust collar,

segments, and thrust plate to the end stops and engine mount, and thus to the ship's hull.
The thrust bearing is located at the rear of the engine. The thrust bearing is of the
Michell type and consists mainly of a thrust collar on the crankshaft, a bearing support,
and segments made of steel lined with white metal.

Connecting rod. The connecting rod is forged or cast from steel and equipped with
bearing caps for the crosshead and connecting rod bearings. The crosshead and connect-
ing rod bearing caps are attached to the connecting rod with pins and nuts and tightened
using hydraulic devices. The crosshead bearing consists of a set of thin-walled steel
housings lined with bearing metal. The crosshead bearing cap is solid, with an angular
cutout for the piston rod. The connecting rod bearing is thin-walled steel, lined with
bearing metal. Lubricant is supplied through channels in the crosshead and connecting
rod.

Piston. The piston consists of a piston and a skirt. The piston body is made of heat-
resistant material. The piston cleaning ring is located at the very top of the cylinder liner
and cleans excess ash and carbon deposits from the top of the piston. The piston has
four ring grooves with a hard chrome-plated upper and lower surface coating. The top
ring is of the CPR (controlled pressure relief) type, while the other three piston rings
have a slanted cut. The top piston ring is higher than the others. All four rings are coated
with aluminum. The piston skirt is made of cast iron with bronze.

Piston rod. The piston rod is made of forged steel and hardened on the running sur-
face. The piston rod is connected to the crosshead with four bolts. The piston rod has a
central hole which, in combination with the cooling oil pipe, forms the inlet and outlet
for the cooling oil.

Crosshead. The crosshead is made of forged steel and comes with cast steel guide
shoes. A telescopic oil inlet pipe and oil pipe are mounted on the guide shoes.

Air cleaning system. Air is collected in the turbocharger directly from the engine
room compartment through the turbocharger intake silencer. From the turbocharger, the
air is fed through the supercharger pipe, air cooler, and blow-by air receiver to the blow-
by ports of the cylinder liners.
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Air cooler. Each turbocharger is equipped with a monoblock air cooling system

designed for cooling with seawater. Alternatively, it can be cooled with a central cool-
ing system using fresh water. Working pressure up to 4.5 bar.

Auxiliary blower. The engine is equipped with an auxiliary electric blower. The
suction side of the blower is connected to the blow-by air space after the air cooler.
Check valves are installed between the air cooler and the purge air receiver, which au-
tomatically close when the auxiliary blowers supply air. The auxiliary blowers will start
up sequentially before the engine starts to ensure sufficient purge air pressure for a safe
start.

Exhaust system. Through the exhaust valves, the exhaust gases are directed to the
exhaust receiver, where the pressure in the individual cylinders is equalized and the total
volume of gas is reduced to the turbocharger(s). After the turbocharger(s), the gas is fed
to the external exhaust system. Compensators are installed between the exhaust valves
and the receiver, as well as between the receiver and the turbochargers. The exhaust gas
receiver and exhaust pipes are insulated. A protective grille is installed between the ex-
haust gas receiver and the turbocharger.

Exhaust turbocharger. The engine is equipped with two ME-Turbo turbochargers.

Reverse. Reverse is performed electronically and controlled by the engine man-
agement system by changing the fuel injection timing, activating the exhaust valves and
start valves.

Hydraulic power source. The hydraulic power supply (HPS) filters and generates
oil pressure for use in the hydraulic system. Depending on the type of engine, the HPS
consists of 2-4 pumps that are driven either mechanically by the engine or electrically.
The hydraulic pressure is 300 bar. An electrically driven HPS can be installed on the
engine, usually at the stern or in the engine room.

Hydraulic cylinder unit. The hydraulic cylinder unit (HCU), one per cylinder, con-
sists of a base plate on which the distributor is mounted. The distribution unit is in-
stalled with one or more accumulators to ensure that the required peak hydraulic oil
flow is available during the fuel injection sequence. The distribution unit serves as a

mechanical support for the hydraulically activated fuel pressure and the hydraulic drive
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of the exhaust valve.

Fuel pressure booster. The engine is equipped with one hydraulic fuel pressure
booster for each cylinder. Fuel injection is activated by a multi-valve (FIVA) controlled
electronically by the cylinder control unit (CCU).

Nozzles and start-up air valve. The cylinder cap is equipped with two nozzles, a
start-up air valve, and an indicator valve. The opening of the injectors is controlled by a
high-pressure pump created by pressure increase, and the valves are closed by a spring.
An automatic ventilation flap ensures fuel circulation through the injector and high-
pressure pipes when the engine is stopped. The pipes are insulated but not heated. Slow
rotation before start-up is a program that is included in the basic engine management
system. The start valve is opened by control air and closed by a spring.

Exhaust valve. The exhaust valve consists of a valve body and a spindle. The valve
body is made of cast iron and equipped with water cooling. The exhaust valve spindle is
manufactured by Nimonica. The exhaust valve is bolted to the cylinder with studs and
nuts. The exhaust valve is opened hydraulically by an electronic valve activation system
and closed by air pressure. The operation of the exhaust valve is controlled by a propor-
tional valve, which also activates fuel injection. During operation, the valve spindle ro-
tates slowly under the influence of exhaust gases acting on small fixed blades. to the
spindle. The seal of the exhaust valve guide spindle is ensured by a controlled oil level
(COL).

Pipeline installation. All pipelines are made of steel pipes, except for the control
air and fuel steam heating pipelines, which are made of copper. The pipes are equipped
with connections for local devices, alarms, and safety equipment, as well as several

sockets for additional signaling equipment.

2.3 Hourly fuel consumption of the main engine KOBE DIESEL-
MITSUBISHI 7UEC60LSE

Qe =0e - ZNe
Qe =0.164-8600 = 2164.8 kg/hour
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where g. — specific effective fuel consumption, kg/(kW-hour); XNe — total effective

power of main engine, KW .

The amount of heat released during fuel combustion:

q=Qe 0O,
q =2164.8-41400 = 89622720 kJ/kg

where Q, — the lowest heat of combustion of fuel, kJ/kg.

We assume the following for the fuel of the KOBE DIESEL-MITSUBISHI
7UECG60LSE engine:

Q. =41400 kJ/kg.

2.4 Machinery and equipment that serve the main engine KOBE DIESEL-
MITSUBISHI 7UEC60LSE

The flow rates of working fluids in the MV HORIZON HIGHWAY ship systems
required for calculating pipe diameters:

- fuel transfer system — 1.6 m/s,

- fuel in the transfer system — 1.3 m/s,

- oil in the circulation system — 2.6 m/s,

- water in cooling systems — 2.7 m/s,

- water in sanitary systems — 3.2 m/s.

2.4.1 Fuel System

Designed for receiving, storing, pumping, cleaning, heating, and supplying fuel to
main and auxiliary engines and boilers, as well as for pumping it ashore or to another
vessel.

The KOBE DIESEL-MITSUBISHI 7UEC60LSE diesel engine is designed to op-
erate on heavy fuel grades, for which the ship's power plants are equipped with a special
fuel preparation system. The system includes heavy fuel and diesel fuel separators,

steam heaters equipped with thermostats, heavy fuel and diesel fuel storage and con-
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sumption tanks, and coarse and fine filters. Each separator has two paired fuel pumps

(for injection and pumping). The tanks of the prototype vessel are equipped with a
steam heating system. The fuel is pumped to the settling tank, where, after settling for
20 to 24 hours, it is pumped to the heater, then to the separators, and then to the con-
sumption tank. From the consumption tank, the fuel is fed by fuel transfer pumps
through the heater to the main engine KOBE DIESEL-MITSUBISHI 7UEC60LSE. The

fuel system also includes pumps for transferring fuel from one tank to another.

Fuel tanks. The capacity of each of the two settling tanks and two heavy fuel ser-
vice tanks V,,, is selected based on the calculation of ensuring the operation of the main
engine KOBE DIESEL-MITSUBISHI 7UEC60LSE over time z; = 24 hours.

V= (Qe - T)/p:
V,: = (2164.8 - 24)/ 960 = 54.12 m’,
where p,, — fuel density, kg/ m®.

For heavy fuel assumed p,, = 960 kg/m®.

The volume of each of the two diesel fuel storage tanks is assumed to be equal to
80% of the volume of the two heavy fuel tanks, i.e., 42.3 m®.

The supply of simultaneously operating fuel separators is calculated based on the
condition of separating the daily fuel consumption for z.,, from 8 to 12 hours.

Qc = Veu/Ten.
Q. =54.12/12 = 4.5 m*/hour
where ., assumed as 12 hours.

Purifiers. We install two heavy fuel purifiers and one diesel fuel purifier. The die-
sel fuel purifier is accepted as the same for standardization. We select separators based
on supply.

Based on the calculated required throughput of 4.5 m3/h for heavy fuel oil (HFO)
with a density of 960 kg/m? (at 15°C), the Mitsubishi Selfjector SJ-50H (Hercules Se-
ries) was selected.

This model was chosen because the required flow rate of 4.5 m*/h is close to the

capacity limit of the smaller model (SJ-40H). To ensure efficient separation quality and
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to provide a necessary capacity margin (approximately 15-20%) for handling lower

quality fuels or peak loads, the SJ-50H model is the technically optimal solution.

Technical Specifications of Mitsubishi Selfjector SJ-50H:

-Model: Mitsubishi SJ-50H (Hercules Series);

-Type: Disc type centrifugal separator with self-cleaning (total discharge) mecha-
nism;

-Application: Purification of Heavy Fuel Oil (HFO) and Marine Diesel Oil
(MDO);

Throughput Capacity: ~5.250 L/h (for HFO 380 ¢St 50°C), which covers the re-
quired 4.500 L/h with a sufficient efficiency margin;

-Electric Motor Power: 11 kW (Standard);

-Power Supply: 440V / 60Hz;

-Bowl Speed: Approx. 8000 — 9000 rpm;

-Weight (Dry): Approx. 950 kg;

Drive System: Belt drive.

This purifier ensures stable and high-quality purification of heavy fuel oil with a
density of up to 1010 kg/m? at a separation temperature of 98°C, meeting all operational
requirements of the vessel's power plant.

The fuel transfer pump must ensure that fuel is pumped out of the larger main stor-

age tank Vv, for the time 7, = 4 hours. At the same time, it must ensure the transfer of

at least the daily fuel consumption by the main engines for the time t, = 6 hours.

For the selected prototype vessel, the storage tank has a volume of V.= 500 m®.
Qu 2V, /T
Q,, >500/4=1250 m*hour,
Qu =V /s -
Q,, >54.12/6>9.02 m*/hour,
where Q, — fuel transfer pump supply, m*/hour.

Pressure delivered by the pump H,, equals 0.4 MPa.

The power consumption of the fuel transfer pump drive motor is determined by the
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formula:

where Q — pump supply, m*/hour;
p — pump delivery pressure, MPa;
n — Pump efficiency.
For screw pump n from 0.75 to 0.85. We assume n = 0.8.
P=(125-0.4)/(3.6:0.8)=17.4 KW
There should be two fuel transfer pumps with independent drives, one of which is
a backup.
The diesel fuel transfer pump is the same as the heavy fuel pump.
The fuel transfer pump flow rate is calculated using the following formula:
Qun = (K *Oe)/pm
Q.= (3-2164.8)/960 = 6.77 m*/hour
where K, assumed from 2 to 5. K, = 3.
P.. — delivery pressure of the pump for the KOBE DIESEL-MITSUBISHI
7TUECG60LSE, assumed from 0.25 to 0.50 MPa. p,,, = 0.30 MPa
The power consumption of the fuel pump drive motor is determined by the formu-
la:
P=(6.77-0.30)/(3.6:0.8)=0.7 kW

For the fuel booster pump drive motor n = 0.8.

Heavy fuel heaters provide heating to the required viscosity. Steam shell-and-tube
heaters are used.
Heat amount q,,, which is supplied to the fuel to reach the temperature at which the
fuel will have the required viscosity:
U= Qu * P * Cn " (T2 - T1)
. =6.77 - 960 - 1.8 - (353 -310)=503038.08 kJ/hour,
where ¢, — specific heat capacity of fuel, from 1.68 to 2.1 kJ/(kg-K);

T, — initial fuel temperature (approximately 310 K);
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T, — final fuel temperature, corresponding to the viscosity of the fuel used, required

for this engine (approximately from 2 to 2.5 ° E), according to the rules of the Registry.
T, <T.— 10 °C. Flash point T, for viscous fuels is in the range from 60 to 110 °C.
Heat exchange surface area of the fuel heater:
An = 0/ (K, ATp)
A, = 503038.08/(1000 - 68.5) = 7.34 m?,
where k., — heat transfer coefficient, can be accepted 1000 kJ/(m*-hour-K).

AT, — thermal head in the heat exchanger.

ATy, = Ts— (T, + T))/2.

ATwn= 400 — (310+353)/2 = 68.5 K
where T — steam temperature at operating pressure, T approximately from 390 to 400
K. We assumed 75 =400 K.

We choose a heater based on its heat exchange surface area. According to the cal-
culations performed, the required heat exchange surface area is 7.34 m?2. To ensure effi-
cient heat transfer and account for the fouling factor typical for heavy fuel oil heating, a
shell-and-tube heat exchanger with a surface area of 8.0 m? was selected.

Consistent with the choice of auxiliary equipment manufacturers, the Sasakura En-
gineering (Series FH) heater was chosen.

Technical Specifications:

Manufacturer: Sasakura Engineering Co., Ltd.;
Type: Horizontal shell-and-tube heater with U-tube bundle;
Heat Transfer Area: 8.0 m?;
Heating Medium: Saturated steam (Shell side);
Heated Medium: Heavy Fuel Oil (Tube side);
Material: Carbon steel shell, Seamless steel tubes;
Design Pressure: 16 bar;
The U-tube design allows for free thermal expansion of the tubes, which is essen-
tial given the high temperature differences during HFO heating operations. The se-
lected surface area margin compensates for potential fouling during extended opera-

tion.
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2.4.2 Lubrication system of the KOBE DIESEL-MITSUBISHI 7UEC60LSE

engine

It consists of a circulating oil system and a cylinder lubrication system. The circu-
lating lubrication system supplies oil to the rubbing surfaces and also cools the pistons.
The system consists of oil storage tanks, waste tanks, oil circulation pumps, filters,

separators, and oil coolers.

Capacity of main lube oil storage tanks for circulation system V,, ., is taken based
on the specific consumption of circulating oil b,,,,, which is compiled for the LSE
0.0002 kg/(kW'-hour), with a 20% voyage reserve.

Vs = 120,00 2Ne * oo/ pa
V..., =1.2-0.0002 - 13200 - 1200 /867 =4.38 m’,
where 7., — Duration of operation of the main engine KOBE DIESEL-MITSUBISHI
7UECG60LSE in a calculated voyage, hours. Assume for the prototype: z,, = 1200 hours.

.. — oil density equal to 867 kg/m®.

V.., with a 20% reserve for the voyage equals 5.26 m3.

Cylinder oil storage tanks capacity:

V5= by ZN: * T/ pan
V,,= 0.0005 - 13200 - 1200 /867 =9.13 m°.
where b,,, — specific consumption of cylinder oil, depending on the type of engine, for
LSE KOBE DIESEL-MITSUBISHI 7UEC60L from 0.4-10° to 0.7-10°® kg/(kW-hour).
We assume b,,, = 0.0005 kg/(kW-hour).

Circulation oil pump
Circulation oil pump flow rate:

Q,, + 4,

QJJ.U = CJW . pyM . ATJW

Q. =(554700+2919528)/(3-867-8) = 167.0 m*/hour,

M.H



38
where c,, — heat capacity of oil, can be assumed to be 3 kJ/(kg-K);

0., — heat of friction removed by oil, k/kg;

g, — heat that oil receives from the piston, kJ/kg;

AT, — difference between oil temperature at the outlet and inlet of the engine

can be assumed 8 K.

Qup=3.610° " Ne-(1= 11,)/1,
Qup =3.6-10°-0.43-13200-(1-0.96)/0.96 = 851400 kJ/Kg.

where a,,, — the proportion of heat generated by friction and carried away by oil from
0.4 to 0.45. We assume a,,, = 0.43;

n,. — The mechanical efficiency of the main engine KOBE DIESEL-MITSUBISHI
7TUECG60LSE is equal to: #,, = 0.96.

0. = an'q
g, = 0.05-58390560= 2919528 kJ/hour.

where a, — part of the heat transferred from the piston to the oil for KOBE DIESEL-
MITSUBISHI 7UEC60LSE, from 0.04 to 0.06. We assume a, = 0.05.

The power consumption of the circulation oil pump drive motor is determined by
the formula:

P=(167.0-0.25)/(3.6-0.85)= 13.6 kKW

We assume for the drive motor of the circulation oil pump n = 0.85.

Puv — PUMp delivery pressure, from 0.2 to 0.4 MPa.

We assume p,,, = 0.25 MPa.

Lube oil volume in the system:

Vie = Qudlz.
V,.. = 167.0/10 = 16.70 m®.

where z — circulation rate, hour™ when turbocharge above 40% z= 10.

Waste oil tank capacity
V=T * Ve
V=125 16.70 =20.9 m’,

where r — foaming coefficient, which is from 1.2 to 1.3. We assume r = 1.25.
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Lube oil purifier
Lube oil purifier feed
Que= V. Ten
Q... = 16.70/ 8 = 2.1 m*/hour,
where 1., — time required to treat all oil in the system, 1., from 4 to 8 hours. We assume
Ty = 8 hours.

We select an oil separator based on the supply rate and also install one spare of the
same type. Based on the calculated required feed rate of 2.1 m3/h for the main engine
lubricating oil system, the Mitsubishi Selfjector SJ-20H (Hercules Series) was selected.

Lubricating oil purification requires precise flow control to effectively remove wa-
ter, sludge, and oxidation products without depleting the oil's additives. The SJ-20H
model provides an optimal effective capacity range (approx. 2000 — 2400 L/h for deter-
gent oils), perfectly matching the calculated demand of 2.1 m*/h while ensuring high
separation efficiency.

Technical Specifications:

Model: Mitsubishi SJ-20H (Hercules Series);

Type: Disc type centrifugal separator with self-cleaning (total discharge) mecha-
nism;

Application: Purification of Main Engine System Oil and Auxiliary Engine Lubricat-
ing Qil;

Throughput Capacity: ~2200 L/h (Rated for detergent lubricating oil purification),
Electric Motor Power: 5.5 kW

Power Supply: 440V / 60Hz;

Bowl Speed: Approx. 9000 — 10000 rpm;

Weight (Dry): Approx. 700 kg;

Drive System: Belt drive;

Equipped with a "Multi-Monitor" for continuous monitoring of oil inlet temperature,
discharge pressure, and leakage detection, ensuring automated and safe operation.

Oil cooler heat exchanger surface:



40
A _ qmp+qn

M k, AT, ’

A =(554700+2919528)/(1000-12) =289.5 m’,
where AT - difference between the average temperature of oil and seawater in the
cooler, K (AT, = 12 K);
k — heat transfer coefficient, from 500 kJ/ (m*-hour-K) to 1000 kJ/ (m?-hour-K).
We assume k= 1000 kJ/ (m*-hour-K).

We install two coolers, each with a surface area of 60% of the total, i.e., 173.7 m?.
Based on the calculated heat transfer surface area of 173.7 m?, a Plate Heat Ex-
changer (PHE) was selected. For this capacity, a shell-and-tube heat exchanger would
be excessively large and heavy. A PHE offers a compact design, high heat transfer coef-
ficient, and ease of maintenance suitable for main engine lubrication systems. The
Hisaka Works, Ltd. (Series LX) heat exchanger was chosen.
Technical Specifications:
Manufacturer: Hisaka Works, Ltd. (Japan);
Type: Gasketed Plate Heat Exchanger;
Heat Transfer Area: 190.0 m?;
Hot Medium: Lubricating Oil;
Cooling Medium: Seawater;
Plate Material: Titanium;
Gasket Material: NBR (Nitrile Butadiene Rubber), suitable for oil applications;
Design Pressure: 10 bar;
The plate design promotes turbulent flow, reducing fouling tendencies and maximiz-
ing thermal efficiency within a minimal footprint. The unit is designed for easy dis-

assembly for cleaning and inspection.

Lube oil transfer pump
The oil transfer pump capacity must be sufficient to transfer oil from the main

storage tanks to the circulation system within z,, from 0.5 to 1 hour:
QM.n = MC/ TM!
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Q,.»=16.70/1 =16.7 m*hour.

Oil should be supplied from the main storage tanks to the circulation system con-
tinuously. z,, = 1 hour.
The nominal power of the oil transfer pump drive is equal to:
P =(16.7-0.2)/(3.6:0.8) =1.2 KW.
P — PUMp delivery pressure, taken from 0.2 MPa to 0.3 MPa; We assume H,,, = 0.2
MPa.

We assume the efficiency of the oil transfer pump n=0.8.

2.4.3 Cooling system of the KOBE DIESEL-MITSUBISHI 7TUEC60LSE

engine

Sea water pumps

Sea water pumps are used to pump seawater through water coolers, oil coolers, and
charge air coolers. Seawater is used to dissipate frictional heat g,,,, heat transferred
through liners, covers q,, heat transferred from pistons q,, and the heat of the turbo-
charged air g,..

Heat transferred through liners and covers and cooled by fresh water:

0u= ay°0;
0,=0.11 - 58390560 = 6422961 kJ/hour;

where a, — part of the heat transferred from liners and covers; the value a, varies from
0.1to 0.14 for LSE.

Fresh water pump delivery:

9
Cn.e ) pn.e ’ ATn.e

Q.=

Q,. =6422961/(4.2-10-1000) = 160.6 m*/ hour,
where ¢, — heat capacity of fresh water, we assume 4.2 kJ/(kg-K);
p.— The density of fresh water is approximately equal to 1000 kg/ m?;

AT,  —the difference in temperature between the fresh water at the inlet and outlet
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of the engine, which is usually in the range of 6 to 10 K.

Nominal power of the fresh water countour water pump drive:
P=(Qus" Pus)/(3.6- M),
P=(160.6-0.3)/(3.6:0.9) =14.9 kW.
where p,,, — delivery pressure, assumed from 0.2 to 0.4 Mpa;
We assume p,; = 0.3 Mpa;
We assume the efficiency of the piston pump to be equal to » = 0.9.

The sea water pump delivery is determined by the formula:

o — %ty o+,
e 63.8 ) p3.8 .ATS’.(?

Q,, =(6422961+554700+(0.6-2919528)+2335622)/(4.2-11-1025) = 245.3

m°/hour.

wherec,, — heat capcity of seawater= 4.2 kJ/(kg-K);

p.. —density of seawater, assumed 1025 kg/m®;

AT, —the difference in temperature between the fresh water at the inlet and outlet
of the engine, from 10 K to 15 K; we assume AT, =11 K.

r — coefficient, assumed for turbochargers from 0.5 (with deep utilization), to 1
(without utilization). We assume r = 0.6.
0v= an - q,
0,=0.04-58390560= 2335622 kJ/hour,
where a, — The coefficient, during cooling of the pistons with fresh water, lies in the
range from 0.03 to 0.05; we assume a, = 0.04.
0n=an-q,
0,=0.05-58390560=2919528 kJ/hour,
where a, — the proportion of fuel heat removed by cooling water in air coolers.
We assume ps = 0.3 Mpa and a,, = 0.05.
We verify the correctness of the calculation of the sea water pump delivery using

an approximate relationship:
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?\1 =(0,035...0,045),

e

QN_ _245.3/8600 =0.029.

e

That is, the value obtained satisfies the above dependence. The calculation of the
seawater pump delivery is correct.

Nominal power of the sea water pump drive:

P = (245.3-0.2)/(3.6:0.9) = 15.1 kW

where p., — pup delivery pressure, from 0.2 to 0.4 MPa;

We assume p,, = 0.2 Mpa;

We assume the efficiency of the piston pump to be equal to » = 0.9.

Water cooler

The surface area of a water cooler is calculated using the formula:

Ao = Oyl (K, AT),
A = 6422961/(5000-15) =85.6 m.

where AT, — difference between the average temperature of fresh water and sea water in
the cooler, K;

k, — heat transfer coefficient, we assume 5000 kJ/(m?-hour-K).

We choose a water cooler for the surface plane.

AT, =T, - Ty, K.

T, — feed water temperature, accepted from 310 K to 350 K;

We assume T, = 320 K.

T,, — temperature of sea water, assumed 7, = 305 K.

AT, = 320-305 = 15 K.

2.4.4 Compressed air system
The system provides compressed air at specific pressure for starting and reversing

the main engine KOBE DIESEL-MITSUBISHI 7UEC60LSE and starting auxiliary

diesel engines. The system includes starting air compressors and starting air cylinders.
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Amount of compessed air Vg for n, engine starts:

Vs =n,bg 2V,
Vg=12-5-4.74=284.86 m’,

where n,, — minimum number of consecutive starts in forward and reverse that the
system must provide; accepted for reversible motors n, > 12.

bg — specific consumption of free air per 1 m° cylinder’s volume; assumed for LSE
from 4 to 6, we assume bg = 5.

2 Vs — working volume of the engine's starter cylinders.

The working volume of the engine cylinders is calculated using the following
formula:

V= (n-d* s -n,)l4,
YVe=(3.14 - 0.6°- 2.4 7)/4=4.74 m°,

where D — cylinder’s diameter, m;

S — piston stroke, m;

N — number of cylinders.

Total volume of air cylinders:

2V5=\Ng * po/(Dax = Pain)
>V =284.86-0.1013/(3.0-1.0) = 14.281 m’,

where p,,.. — maximum air pressure in the cylinder, from 2.5 MPa to 3.0 MPa; we as-
sume p,... =3.0 MPa.

Pyin — Minimum air pressure at which the engine can be started, from 1.0 MPa to
1.5 MPa; we assume p,i» = 1.0 MPa;

pe — free air pressure; we assume pg =0.1013 MPa.

At least two standard air cylinders must have a total volume close to XV, we as-
sume XV;=14.3 m’.

The selection of air cylinders for a diesel generator is done in a similar manner.

The total output of the compressors must ensure that the cylinders are filled in 1
hour, starting from atmospheric pressure to the pressure p,..

QK: Z11/6(p/\4ax' PMin)/PBa
Q.= 14.3 - (3.0-1.0)/0.1013 = 282.33 m*hourr.
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If it is necessary to ensure that the vessel's horn operates for at least 6 minutes

while maintaining the ability to perform 12 consecutive starts, the cylinder volumes are

increased accordingly.
2.4.5 Gas release system

The system includes an exhaust pipe, muffler, spark arrestor, and waste heat boiler.
Amount of gases emitted from the engine:
Q.=10'N,,
Q.=10 - 13200 = 132000 »°/00,
where N, — effective power of the main engine, KW.
Exhaust pipes are made separately for each engine. The diameter of the pipes is
determined based on the speed of the exhaust gases.

For two-stroke internal combustion engines, the diameter of the pipes is equal to:

d,, =12-|N, .

dras = 12 -4/13200= 1380 mm.
2.5 Mechanisms and devices of general ship systems
2.5.1 Firefighting system MV HORIZON HIGHWAY
The total flow rate £Q of stationary fire pumps must be at least:

0=k -m
¥Q = 0.008 - 220.43% = 388.71 m*/hour.

m=168- /L, (B, +H,)+25,
m=1.68-V (199-(38+30))+25=220.43,
where L. — ship length, m,
B. — ship width, m,
Hg — height of the side to the bulkhead deck at midship, m,
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k — coefficient, for MV HORIZON HIGHWAY, we take k = 0.008.

Nominal power of the fire pump drive:

P= (20 - p)/(3.6'n)I2,
P=(388.71-1.0)/(3.6-0.93)/2= 53.89 kW

where p — pump delivery pressure, accepted in accordance with the requirements of the
Register, MPa;

n — Pump efficiency, we assume equal 0.93.

There are two stationary fire pumps. The pressure at the location of any hydrant is
assumed to be p = 0.30 MPa.

Fire pumps can be sanitary, ballast, bilge, and seawater pumps, provided that their
flow rate and pressure meet the design requirements. These pumps cannot be used to

pump petroleum products, oil, or other flammable liquids.

2.5.2 Bilge system MV HORIZON HIGHWAY

Bilge system pumps are used to remove water from the engine room bilges,
propeller shaft corridors, cargo hold bilges, and can also be used to pump ballast from
the aft peak and forepeak.

Bilge pumps can serve as ballast pumps in cases specified by the Register's Rules.

Pipeline diameter d,. is calculated using the formula of Register:

d,, =168 /L, (B, +H,) +25,
d,. =1.68V (199-(38+30))+25= 220 mm,

where L. — ship length, m,

B, — ship width, m,

H; — height of the side to the bulkhead deck at midship, m,

The total flow rate of drainage pumps must be no less than the total flow rate of
fire pumps.

The flow rate of drainage pumps is calculated based on the flow velocity of fluid in
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the pipeline. v,, > 2 m/s.

2
n-d;

[

Q,, =3600-

Q., =3600 - (3.14-0.220%)/4 - 2 = 273.56 m*/hour.

Nominal power of the bilge pump drive:
Poc= (Qoc * Por)/(3.6°17),
Po= (273.56:0.3)/(3.6:0.9)= 25.33 kW,
where p,, — the pump delivery pressure is in the range from 0.2 MPa to 0.3 MPa; we as-
sume p,, = 0.3 MPag;
Pump efficiency n = 0.9.
The number of pumps shall be no less than two. A ballast pump or other pump

with the required flow rate may be used as one of the independent pumps.
2.5.3 Ballast water system MV HORIZON HIGHWAY

The system is designed to fill and drain ballast tanks.

The ballast pump delivery must be such that all ballast tanks are drained within 4
to 10 hours, depending on the size of the vessel.

According to the Register Rules, the internal diameter of the ballast pipeline doc is

calculated using the formula:
d, =18-3V, .
d_ =18 332258 =236 mm,
Where V_, - The volume of the largest ballast compartment is determined based on the
data of the prototype vessel. V_ = 2258 m®.

The flow rate of ballast pumps for a given pipe diameter is determined by the

speed of water flow in the pipeline. v;. > 2 m/s.

2
n.dﬁc

Q;, =3600- =,

C

Q. =3600-(3.14-0.2362)/4-2.5 = 394.0 m*/hour.



48
Where v;. — working flow speed.

For ballast water system v,. = 2.5 m/c.
Nominal power of ballast pump drive :
Ps.= Qs * ps)/(3.6'17),
Pox = (394.0-0.3)/(3.6-0.78)= 43.0 KW.

where p;, — pump delivery pressure, from 0.2 MPa to 0.3 MPa; we assume p;, = 0.3
MPa.

Pump efficiency equals to » = 0.78.

Reserve cooling pumps, fire pumps, and drainage pumps can be used as ballast

pumps.

2.6 Ventilation system MV HORIZON HIGHWAY

The supply of air blowers that provide ventilation of living quarters is calculated
based on the condition of supplying each crew member or passenger with 33 m*/hour to
50 m*/hour of air.

The ventilation system for the engine room is designed to ensure the operation of
the main engines in storm conditions with the engine room closed.

According to the prototype, the ship has 21 crew berths and 2 spare berths. Thus,
to ensure full human occupancy of the ship with a total of 23 crew berths, the total air
supply is equal to:

Q. =40 - 23 =920.0 m*/hour.
Air supply required for the operation of machines and mechanisms in the engine
room:
Quo=ag - Go - Q.lps,
Quo=2.5-14- 920.0 /1.29 = 24961 m*/hour.
Where a4 — air residue coefficient during fuel combustion in the engine. For the KOBE
DIESEL-MITSUBISHI 7TUEC60LSE engine, we assume ag = 2.5,
Go — mass air flow per 1 kg of fuel,

pg — air density at barometric pressure.
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2.7 Sanitary systems

2.7.1 Drinking water system MV HORIZON HIGHWAY

Drinking water is stored in reserve tanks located outside the double bottom. Water
is pumped from the reserve tanks to the hydrophores. The volume of the pressure tank is
assumed to be 0.2 times the daily consumption.

The drinking water pump supply is determined based on the calculation of
consumption per person per day from 10 | to 40 | of drinking water.

Thus, based on the maximum human capacity of the vessel, the daily consumption
from the drinking water tank is equal to:

Quus = (23 - 40) - 02=1.84 m°.
Nominal power of the drinking water system pump drive:
Pus= (Quus * D)/ (3.6°17),
P..= (1.84-0.7)/(3.6-0.75) = 0.48 KW.
Where p,, — pump delivery pressure, from 0.5 MPa to 0.7 MPa; we assume p,, = 0.7
MPa
Pump efficiency equals to n = 0.75.

2.7.2 MV HORIZON HIGHWAY water system for sanitary and domestic

needs

Water consumption for sanitary and domestic needs averages between 100 and 200
liters per person per day. Determining the water supply for sanitary and domestic needs
Is similar to the previous calculation.

Vs = Quus = (200 - 23) - 0.2 = 9.20 m°,

Nominal power of the pump drive:

Peun=(9.20-0.7)/(3.6-0.7) = 2.56 kW,

where p.,., — pump delivery pressure, from 0.5 MPa to 0.7 MPa; we assume p,, = 0.7
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MPa;

Pump efficiency equals to » = 0.7.

2.7.3 Seawater system for sanitary and technical needs MV HORIZON
HIGHWAY

To calculate the pump flow rate, the water consumption for sanitary and technical
needs is taken as 20-30 liters per person per day. The pump flow rate is determined in
the same way as in the previous calculation.

Vs = Quss = (30 - 23) - 0.65 = 4.49 m”.
Nominal power of the pump drive:
Pn=(4.49-0.7)/(3.6-0.74) = 11.78 kW.
where p.,.. pump delivery pressure, from 0.5 MPa to 0.7 MPa; we assume p,,, = 0.7
MPa;
Pump efficiency equals to = 0.74.
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3. ANALYSIS OF THE EFFICIENCY OF REFRIGERATION MACHINE

FOR SHIP AIR CONDITIONING SYSTEM OPERATING ALTERNATIVE
REFRIGERANTS

3.1 Diagram and operating principle of refrigeration machine for ship air

conditioning system

A typical marine air conditioner manufactured by HI AIR KOREA Co., Ltd.,
which uses R404A as a refrigerant, was selected as the object of analysis (baseline op-
tion). The global warming potential (GWP) for R404A is 3920, which is sufficiently
high, so it will need to be replaced with an alternative refrigerant in the future. The ship
air conditioner diagram and its specifications are shown in Figures 3.1 and 3.2.

Main characteristics of the air conditioning system:

- Cooling system - direct evaporation of R404A refrigerant in air coolers (without
intermediate coolant);

- Condenser cooling with fresh water at a temperature not exceeding +60°C;

- Electrical sources: Main circuit 3 x 440 Volt 60 Hz, control circuit 1 x 220 Volt
60 Hz

System operation

Compressor capacity is regulated by suction pressure. An OT-1 pressure sensor in
the suction line controls the compressor cylinders' start-up and shutdown using three-
way solenoid valves. A horizontal shell-and-tube condenser condenses the compressed
refrigerant using water. The suction line for the refrigerant vapor into the compressor is
located in the lower part of the condenser below the pipes. This design protects the
compressor from refrigerant vapor containing moisture droplets and at the same time
reduces the need for external liquid supercooling. The space between the suction gas
heat exchanger tubes and the condenser tubes acts as a receiver.

Two solenoid valves are located in the liquid line before the air cooler, and a tem-
perature sensor is located on the fresh air supply. When the cooled air temperature is

reached, the sensor will signal the solenoid valve to shut off the liquid refrigerant supply
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through the throttle valve to the air cooler, and then the low pressure relay will stop the

Compressor.
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Figure 3.2 - General specifications for ship air conditioning

Air conditioning unit specifications

Single-stage compressor operating on R404A refrigerant, with the following
specifications:

* Model — SM028

* Number of cylinders — 8

* Piston diameter — 70 mm

* Piston stroke — 70 mm

* Rotation speed — 1410 rpm

* Refrigerant condensation temperature — 42.0 °C

* Refrigerant evaporation temperature — 7.0 °C

* Cooling capacity — 174.1 kW.

Based on the geometric characteristics of the compressor and the rotation
speed, the volume described by the compressor pistons (the volumetric capacity

of the compressor) was determined. V,, = 0.0507 m*/s;
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All the information provided was used in the further calculation of the refrigeration

cycle and determination of the air conditioner's efficiency parameters.

The following operating parameters of the air conditioning system's refrigeration
machine were adopted for the energy analysis (according to the manual):

- boiling temperature of the refrigerant in the evaporator t,= +7 °C;

- superheating of vapors after the evaporator by 10 °C due to regenerative heat eX-
change;

- condensation temperature t,=42.0 °C;

- supercooling after the condenser due to regenerative heat exchange, where At is

determined from the heat balance equation.

3.2 Methodology for calculating the energy characteristics of a refrigeration

machine

A schematic diagram of the cycle of a single-stage vapor compression refrigeration ma-
chine, which is used in ship air conditioning refrigeration units, is shown in Fig. 3.3.

4

h

Fig. 3.3 - Cycle of a single-stage vapor compression refrigeration machine in a p-h dia-
gram: process 1-2' — adiabatic (ideal) compression of refrigerant vapor in the compres-
sor (s=const); process 1-2 — actual compression of refrigerant in the compressor; pro-
cess 2-3 — cooling of refrigerant vapor in the condenser (p=const); process 3-4 — con-

densation of refrigerant vapor in the condenser (p=const); process 4-5 — supercooling of
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liquid refrigerant in the condenser or in the regenerative heat exchanger (p=const); pro-

cess 5-6 - expansion of the refrigerant (h=const); process 6-7 - evaporation of the refrig-
erant in the evaporators (p=const); process 7-1 - superheating of the refrigerant vapors

In the regenerative heat exchanger (p=const)

The enthalpy at point 5 is determined as follows:

hs=h4-(h;-hy).

After plotting the cycle in the p-h diagram of the refrigerant, we find the enthalpy
at the cycle nodes using the diagram or the RefProp program [16].

The energy characteristics of the refrigeration machine of the vessel air condition-
ing system were calculated using the standard method described in [17], taking into ac-
count the internal irreversibility of the refrigerant compression process in the compres-
sor, the mechanical and electrical efficiency of the compressor, and the compressor's de-
livery ratio.

Specific cooling capacity (kJ/kg):

do=(h7—he). (3.2)
Specific adiabatic compression work (kJ/kg):

la=(h, -hy). (3.3)
Theoretical refrigeration coefficient:

erzop =qof .. (34)

The compressor delivery coefficient (taking into account the reduction in actual
compressor delivery compared to theoretical delivery) can be approximately calculated
using the following formula:

=25 A (3.5)

Heating coefficient

Jw =Tol T, (3.6)
where T, and Ty are the boiling and condensation temperatures, K.

Coefficient of volumetric losses in the compressor:

A = (po—Ach)—c(m;MpH —po+Ach)’ (3.7)
0
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where Appc - is the pressure drop at the compressor inlet, which can be taken as

Appc=0.005 MPa; Apy - pressure drop at the discharge, can be taken as Ap;=0.01 MPa;
¢ - relative dead space in the compressor, can be taken as ¢=0.03.

The compressor's indicator efficiency, which takes into account the difference be-
tween the actual working process and the theoretical (isentropic) one — the deviation of
processes 1-2 and 1-2' in Fig. 3.3, approximately for fluorocarbon refrigerants (freons),
can be calculated using the empirical formula:

7i=/w+0.00251,, (3.8)

The total efficiency of the compressor:

N=1i" Mex” M Moy (3.9)
where #; - compressor's indicator efficiency; 7,.. - compressor's mechanical efficiency,
which takes into account losses caused by friction; #, - is the transmission efficiency; #,
- is the efficiency of the compressor motor. For approximate calculations, the following
values can be assumed: #,,.. =0.8-0.9, ,=0.95, 5, = 0.95.

Mass flow rate of refrigerant in a refrigeration machine (kg/s):

G=1-V,-pq, (3.10)
where A - is the compressor delivery coefficient; Vy, - is the volume characterized by the
compressor pistons (compressor volumetric capacity), which for the air conditioning
system analyzed in the work is equal to 0.0507 m®/s; p, - is the density of refrigerant
vapors at the compressor inlet (at point 1 of the cycle).

Cooling capacity (kW):

Qo=0o G. (3.11)
Actual power consumed by the refrigeration machine compressor (kW):
N = laf, (3.12)

The temperature of the refrigerant at the compressor outlet is determined taking in-

to account the indicator efficiency:

lg _ har—hy

i L, hy—hy'

(3.13)

The expression above is used to determine h2, and t2 is determined from the dia-

gram based on the found values of enthalpy and condensation pressure.
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Actual refrigeration coefficient

g =2, (3.14)

3.3 Determination of energy characteristics of air conditioning systems oper-

ating on different refrigerants

A diagram of refrigerant R404A showing the ideal (adiabatic compression in the
compressor) cycle of a marine air conditioner is shown in Fig. 3.4. Based on the param-
eters taken from this diagram and the methodology described above, it is possible to de-
termine the actual refrigeration coefficient when operating an air conditioner refrigera-
tion machine on R404A. Similarly, it is possible to evaluate the efficiency of this refrig-
eration machine when operating on different refrigerants.

To simplify the analysis, we will use CoolTools v1.1.1 software, which is available
for free and can be downloaded from the official  website.

https://www.ipu.dk/products/cooltools/ [18].

Below is an example of a calculation using CoolTools v1.1.1 for refrigerant
R404A (as a base for comparison).
After launching the program, the following image will appear on the computer

screen:

Fig. 3.5 Screenshot of the software CoolTools v1.1.1 interface


https://www.ipu.dk/products/cooltools/
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)

Next, select Lonestagenx| ang Cydle Specifications | the window, enter the fol-

lowing data (according to the operating parameters of the air conditioner refrigeration
machine): refrigerant boiling temperature to= +7 °C; condensation temperature t;=42.0
°C; vapor superheat after the evaporator 10 °C due to regenerative heat exchange, how-
ever, this software does not specify the superheat temperature, but rather the efficiency
of regenerative heat exchange, which we accept according to the recommendations of
CoolTools v1.1.1 as equal to 0.3 (which will approximately correspond to a superheat
degree of 10 K); compressor volumetric capacity V,, = 0.0507 m3/s = 182.5 m3/h. All
these input data are marked in orange in Fig. 3.6.

At the same time, select additional input data (marked in blue in Fig. 3.6).

ATsy - refrigerant superheat in the evaporator, with a regenerative heat exchanger
ATsy = 0 K (superheat occurs in the regenerative heat exchanger, not in the evaporator).

ATcc - refrigerant supercooling in the condenser, with a regenerative heat ex-
changer ATcc = 0 K (supercooling occurs in the regenerative heat exchanger, not in the

condenser).

Home Cydle Spedfications Auxiliary

Temperature Levels Pressure Losses Suction Gas-Hewt-Exchangsr, Refrigerant

T=[*C]: 7,00 + AT [K]! . Ap= [K] @ 5 | Thermal effidency [-1 Bl |coclPrap
TOC: 42,00 0 e ﬂTsc[K Ape K 0,50 z 0,30 : [R404A

Cycle Capacity

[volume flow rate Imam]l =4 182,50 = Q-[kW]: 252.8 Vs [m3h]: 182.5

Compressor Performance

|1sentropic effidency [ >{ 0,70 = nis [t 0.7 @

L

Compressor Heat Loss

|Heat loss factor [%] ~{ 10,00 = fol%]: 10 T:[*Cl: 62.46 Quees [KW]: 5,146

Suction Line

|Unuseful superheat K] i 1,00 21 Qu[w]: 23324 T=[C]: & ATz [K]: 1

Cycle Perfor
( COP []: 3.9682 ) COP=[]: 4.3749 COPoanor [0 8.0043 Nessor [ 0,54657

Fig. 3.6 Screenshot of the software CoolTools v1.1.1 interface at input of initial data

Isentropic efficiency — isentropic efficiency of the refrigerant compression process
in the compressor, determines internal energy losses during refrigerant compression in
real conditions; The calculation is performed for a value of 0.7 (approximate value),

since it depends little on the type of refrigerant and depends on the type of compressor
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and the compression ratio.
Heat loss factor — the proportion of heat loss in the compressor; assumed to be

10%.

Unusual superheat — overheating in the suction line before the compressor, i.e.,
cold loss on suction without cold production. Here we take ATSH,SL=1 K as the rec-
ommended CoolTools v1.1.1 value.

Aps. and App, — pressure losses on the suction line and discharge line of the com-
pressor. We assume these pressure losses to be equal to the drop in refrigerant tempera-
ture in the saturated state by 0.5 K.

The values obtained from the calculation results in Fig. 3.6 are marked in green.
We write them down:

- cooling capacity Qe=204.2 kW,

- mass flow rate of refrigerant m=1.756 kg/s;

- power consumption of the compressor W=51.46 kW,
- coefficient of performance COP=3.9682.

Additionally, you can switch to "™ (upper right corner of the program win-

dow) and view all characteristic points of the cycle and state parameters at these points,

based on which the COP refrigeration coefficient was calculated — Fig. 3.7.

Home Cycle Specifications Auxiliary
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Fig. 3.7 Screenshot of the software CoolTools v1.1.1 interface with refrigeration cycle

parameters
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Here we can obtain the refrigerant state parameters at the cycle nodes in the fol-
lowing sequence: temperature, pressure, enthalpy, entropy, density:

State 1: T= 18.36 °C, p= 7.346 bar, h=381.11 kl/kg, s= 1.6473 kJ/kg/K, m_dot=1.7562 kg/s
State 2: T= 62.46 °C, p= 19.420 bar, h=407.48 kJ/kg, s= 1.6649 klJ/kg/K, m dot=1.7562 kg/s
State 3: T=62.13 °C, p=19.190 bar, h=407.48 kJ/kg, s= 1.6656 kJ/kg/K, m_dot=1.7562 kg/s
State 4: T=42.00 °C, p=19.190 bar, h=263.51 kJ/kg, s= 1.2116 kJ/kg/K, m_dot= 1.7562 kg/s
State 5: T=35.75 °C, p=19.190 bar, h=252.93 kJ/kg, s= 1.1776 kl/kg/K, m dot=1.7562 kg/s
State 6: T= 6.65 °C, p= 7.458 bar, h=252.93 kJ/kg, s= 1.1891 kJ/kg/K, m_dot= 1.7562 kg/s
State 7: T=7.00 °C, p= 7.458 bar, h=369.19 klJ/kg, s= 1.6045 kJ/kg/K, m dot=1.7562 kg/s
State 8: T= 8.00 °C, p= 7.346 bar, h=370.52 kJ/kg, s= 1.6103 kJ/kg/K, m dot= 1.7562 kg/s

3.4 High-potential refrigerants

R404A is a hydrofluorocarbon (HFC) blend with a very high GWP (approx. 3922).
In this work, it serves as the baseline refrigerant for low-temperature provision cham-
bers. (And also could used in AC systems for utilization of only one refrigerant
onboard). For decades, R404A was the industry standard for freezer applications. Cal-
culations confirm it is energetically inefficient: it shows the lowest COP (3.968) (ex-
cluding R407C) and requires the highest compressor power (42.66 kW) among the main
HFC/HFO analogs. Its use in new equipment and for service is banned in the EU by the
F-Gas Regulation.

R134a is a pure HFC refrigerant with a medium GWP (approx. 1430). In this
work, it serves as the baseline refrigerant for air conditioning (AC) systems.

This was the standard for automotive and marine AC systems. Calculations show it
has very good efficiency, demonstrating a high COP (4.462) and significantly lower
power consumption (37.94 kW) than R404A. Despite its good performance, it is also
being phased down under the Kigali Amendment and F-Gas Regulation due to its GWP.

R1234yf is a hydrofluoroolefin (HFO) and a "new generation™ refrigerant with an
ultra-low GWP (<10). It was designed as the primary replacement for R134a in car air
conditioning. Calculations show it has a good COP (4.316). Its main drawback for ma-

rine applications is its A2L safety class (lower flammability), which requires additional



62
safety measures onboard and complicates system design compared to non-flammable

Al refrigerants. It is also a key component in modern blends like R449A.

R407C is a zeotropic HFC blend (R32/R125/R134a) that was one of the first "tran-
sitional™ refrigerants to replace R22 in air conditioning systems. This refrigerant has a
GWP (approx. 1774) that is now considered high. Calculations clearly demonstrate its
main flaw: it has the lowest COP (3.663) and the highest power consumption (46.22
kW) of the entire group. This makes it a highly undesirable option from an energy effi-
ciency standpoint (and consequently, for the ship's CllI rating).

R290 (Propane) is a natural refrigerant (Hydrocarbon, HC) with excellent thermo-
dynamic properties and a negligible GWP (approx. 3). The calculations show its high
efficiency (COP 4.382) and very low mass flow rate (0.588 kg/s). Its use on ships is ex-
tremely limited due to its A3 safety class (highly flammable). SOLAS and classification
society rules place strict restrictions on using highly flammable substances in accom-
modation and machinery spaces, making its practical use in provision plants or AC very
difficult.

R1233zd(E) is an HFO refrigerant with an ultra-low GWP designed for low-
pressure applications. This refrigerant is primarily used in large centrifugal chillers (as a
replacement for R123). The calculations show its unique feature: the lowest compressor
power consumption (35.58 kW) of the entire group. It is also one of the few "new gen-
eration” refrigerants with an Al safety class (non-flammable). This makes it very prom-
ising, but mainly for large chiller applications, not the direct expansion (DX) systems
we are analyzing.

R1234ze(E) is another HFO with an ultra-low GWP (<10), similar to R1234yf.
The calculations show this to be the most energy-efficient refrigerant in this specific
analysis, with the highest COP (4.487) and very low power consumption (37.73 kW).
Like R1234yf, its main barrier to widespread adoption on ships is its A2L safety class
(lower flammability).

R32 is a pure HFC refrigerant with a medium GWP (approx. 675). R32 is itself an
A2L refrigerant and is popular in residential air conditioning. In the context of our

work, it Is most important as a key component in A1 non-flammable blends like R448A
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and R449A. Manufacturers use R32 in these blends to boost their performance and effi-

ciency, balancing its flammability with other non-flammable components

3.5 Energy efficiency parameters of ship air conditioners operating on differ-

ent refrigerants

Using these parameters and the methodology described above, it is possible to cal-
culate the refrigeration coefficient of the cycle under consideration. We perform the
calculation in the same way for all refrigerants selected for analysis and enter the data
obtained in Table 3.1.

Table 3.1 - Results of calculating the energy characteristics of ship air conditioners op-

erating on different refrigerants

. . | Mass flow | Compressor .
Cooling capaci- Cooling
: rate of re- | power con- ..
Cooling agent ty . . coefficient
Q4. KW frigerant sumption CoP
® m, kg/s W, kW

R404A 204.2 1.756 51.46 3.968
R134a 204.2 1.338 45.76 4.462
R1234yf 204.2 1.706 47.31 4.316
R407C 204.2 1.283 55.75 3.663
R290 204.2 0.71 46.6 4.382
R1233zd(E) 204.2 1.233 42.91 4.758
R1234ze(E) 204.2 1.455 45.51 4.487
R32 204.2 0.818 48.9 4.176
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Fig. 3.7 Compressor power consumption when the air conditioner is operating on dif-

ferent refrigerants
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Fig. 3.8 COP refrigeration coefficient values when the air conditioner is operating on

different refrigerants

An analysis of the coefficient of performance (COP) values for ship air
conditioners operating on different refrigerants shows that R1233zd(E) provides the
highest energy efficiency, confirming its suitability for use in modern ship air
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conditioning systems. R134a, R1234ze(E), and R290 also have fairly high COP values,

indicating their good energy performance. The lowest COP is observed for R407C,
making it the least efficient of the refrigerants considered. Refrigerants R404A and R32
occupy an intermediate position in terms of energy efficiency. Thus, from the point of
view of energy consumption, it is advisable to orient new marine air conditioners
towards the use of R1233zd(E), R1234ze(E) or R290, taking into account safety

requirements and regulatory restrictions.

3.6 Environmental impact of ship air conditioners operating on different

refrigerants

The purpose of this stage of the master's research was to conduct an ecological and
energy analysis [19] of air conditioner operation on board ships using different refrig-
erants. The analysis consisted of calculating the total impact of refrigeration equipment
operation on global warming over a certain period of its operation — TEWI (Total
Equivalent Warming Impact)

When calculating TEWI for the analysis of ship air conditioners, the following
contributions should be taken into account:

— indirect CO2 emissions caused by electricity consumption during the operation
of ship air conditioners;

— direct GHG emissions caused by refrigerant leaks.

TEWI = Ng - gp - CF - Tp, + Mg * Lonnyar - GWP - T4y (3.15)

where N,; - power consumed by the air conditioner compressor, kW; g — specific fuel
consumption of diesel generator, kg (kW-h)™; CF — fuel mass conversion factors CO,, (t
of CO,)-(t of fuel™®); t;, — calculation period in hours (for calculation purposes, we as-
sume 1 year = 8760 hours); my — mass of refrigerant charged into the refrigeration sys-
tem, Kg; Lgnnuar — @nnual refrigerant leaks during the operation of refrigeration equip-
ment as a percentage of my; GWP — global warming potential of refrigerants, (kg

CO,)/kg; t,4,— calculation period in years (we assume 1 year for the calculation)
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The specific fuel consumption of a diesel generator depends on many factors (generator

power, load), but for comparative analysis, we can assume gr=0.23 kg-(kW-hour)™ as
an average value for generators with a capacity of 500 to 3000 kW [20].

The CF value for heavy fuel is 3.114 (t CO2)-(t fuel)™, for diesel fuel — 3.206 (t
CO2)(t fuel)™ [21, 22].

The proportion of refrigerant leaks from ship refrigeration equipment during opera-
tion is the highest of all types of refrigeration systems, accounting for 20 to 40% of the
annual charge. [23, 25]. In [4] high variability in individual refrigerant losses for each
vessel analyzed was noted — from 1% to 62%.

The global warming potential of refrigerants (GWP) can be found in many sources,
for example [17].

The analysis should be performed in specific units (the calculations show that
when switching to a new refrigerant, the cooling capacity changes). The specific CO2
emissions for a given period of operation of a ship refrigeration system, relative to 1
kWh of cooling produced on board the ship, can be used to compare ship refrigeration

systems and air conditioning systems with different cooling capacities:

My fy = ? (kg CO,)/KJ, (3.15)

where Qq — cooling capacity of the system, KW; z — equipment operating time in se-
conds (assumed to be 1 year = 31.536-10°s).

Below are the results of a comparison of specific CO2 emissions per 1 kWh of arti-
ficial cooling. em,.; during operation of the ship's air conditioning system, which oper-
ates on selected refrigerants.

Some input data for the environmental and energy analysis are given in Table 3.1.
The electrical power for the air conditioner's refrigeration machine when operating on
the specified refrigerants at t=42 °C and t,=7 °C accepted based on the results of pre-

liminary calculations. The same table shows the results of TEWI calculations.



Table 3.2 — Results of the ecological and energy analysis of the refrigeration

machine of a ship air conditioner
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R1233z | R1234z
Parameter R404A | R134a |R1234yf| R407C | R290 R32
dE) | e(E)
Cooling capacity Q,,
204.2 | 204.2 | 204.2 | 204.2 | 204.2 | 204.2 | 204.2 | 204.2
kW
Compessor power
51.46 | 45.76 | 47.31 | 55.75 | 46.6 | 42.91 | 45.51 | 48.9
consumed N,;, KW
Refrigerant charge
30 kg
mass mg
GWP of refrigerant
3940 | 1300 4 1774 3 1 1-7 | 675
(kg CO2)/kg
CF for heavy fuel 3.206
gr, kg-(kW-hour)™* 0.23
Lannual 0.3
TEWL. ka CO 358 {298 296 | 365 | 292 | 286 | 286 | 313
RERAS 10°  |110° 10° | 10° | 10 | -10° | 10° | -10°
em,.rr, (kg CO;)/k] | 555 | 4.62 |4.59 567 | 453 | 444 | 444 | 4.86
of cold 10° | -10®° |-10° | -10° | -10®° | -10° | -10® | -10°
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em,, kg CO,/kJ of cold

R404A
R134a
R1234yf
R407C
R290
R32

R12332d(E)
R1234z¢(E)

Fig. 3.9 Comparison of the environmental performance of a marine air conditioner

refrigeration machine when operating on different refrigerants.

Fig. 3.9 shows the results of a comparative assessment of specific CO2 emissions
per 1 kJ of cooling produced for a marine air conditioner using different refrigerants.

Analysis of the data shows that the highest specific CO: emissions are
characteristic of refrigerants R407C and R404A, which is due to both the lower energy
performance of the refrigeration machine and the high global warming potential (GWP)
of these substances.

The lowest specific CO2 emissions are observed for R1233zd(E), R1234ze(E), and
R290, confirming their high environmental benefits and compliance with current IMO
requirements and regulations on limiting the use of refrigerants with high GWP.

The refrigerants R134a, R1234yf, and R32 occupy an intermediate position in
terms of environmental impact, combining acceptable energy performance with

moderate CO: equivalent emissions.
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4 ANALYSIS OF THE EFFICIENCY OF THE SHIP REFRIGERATION PLANT

OF PROVISION CHAMBERS OPERATING ALTERNATIVE REFRIGERANTS

4.1 Diagram and operating principle of ship refrigeration plant for provision

chambers

The subject of analysis is a marine refrigeration unit designed to serve storage
chambers, the diagram and specifications of which are shown in the figure. This unit is
a compact condenser unit (6) assembled on a single frame, specially designed for ma-
rine operation. The system operates on the principle of direct expansion (DX) and is de-
signed to work with the high-potential (in the context of GWP) hydrofluorocarbon
(HFC) refrigerant R-404A.

A key feature of this design, dictated by the reliability requirements of marine reg-
istries, is 100% redundancy of the main components. As can be seen from the P&ID
schematic and confirmed in the technical description, the unit consists of two complete-
ly independent and parallel refrigeration circuits, each of which includes a compressor
and a 100% capacity condenser. In normal operation (temperature maintenance mode),
only one circuit (lead) is active, and its daily operation, according to the specification,
should not exceed 16 hours. The second circuit is in hot standby mode (lag). During the
initial cooling of loaded chambers (pull-down mode) or under extreme thermal loads,
both circuits can be activated simultaneously to achieve the set temperature within 24
hours.

The system uses “open” type compressors, which is visually confirmed in the dia-
gram by the presence of a separate Compressor (1) and Electric Motor (2) connected by
a drive shaft.

The refrigerant flow in each circuit is as follows: low-temperature, low-pressure
gaseous R-404A is sucked in and compressed in the compressor (1). The hot, high-
pressure gas enters the oil separator (4), which returns the compressor oil to the crank-
case. The gas then enters the condenser (3), which, as described, is cooled by fresh wa-

ter. This is a standard solution for marine vessels, where a central low-temperature fresh
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water circuit (LT FW) is used, which in turn is cooled by seawater through the main

heat exchanger. In the condenser, the refrigerant releases heat and condenses, turning
into a liquid phase. The high-pressure liquid refrigerant passes through the filter-dryer
(5), after which it enters the common liquid line and is distributed to consumers.

The storage chambers are cooled by Fan Coil Units (8, 9, 10), which are evapora-
tors with forced air circulation. The refrigerant supply to each evaporator is individually
regulated by evaporator control valves (15), which include a thermostatic valve
(TRV/TEV) and a solenoid valve. The system is fully automated: a digital temperature
controller (11) in each chamber monitors the temperature and sends a signal to open or
close the solenoid valve, thus maintaining the set temperature.

An automatic electric defrosting system is provided for low-temperature chambers
(meat, fish). The diagram on the evaporator (8) clearly shows the symbol for the electric
heating element. The technical description adds that heating elements are also installed
in the drain pan and drain pipe to prevent melt water from freezing during and after the
defrost cycle. The defrost cycle is controlled by a timer.

Control and safety of the entire unit is provided by the control panel (7), which, ac-
cording to the specifications, includes a high/low pressure controller (13) (pressure re-
lay) for emergency shutdown of the compressors, as well as a Panel with dial thermom-
eters (12) for visual monitoring of key system parameters.

The provided diagram (Figure 4.2) illustrates a common method for connecting
multiple evaporators operating at different evaporation temperatures to a single central-
ized compressor station (not shown). The diagram displays two air coolers: one low-
temperature (LT) unit (7) for a freezer room (operating at -18°C) and one medium-
temperature (MT) unit (8) for a chiller room (operating at 0°C). Both evaporators are
fed from a common liquid line (green) equipped with standard components for each cir-
cuit, including ball valves (1), a filter-drier (2), a sight glass (3), and a solenoid valve
(4). Refrigerant expansion into each evaporator is controlled by an individual thermo-

static expansion valve (TEV) (6).
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Figure 4.1 - Diagram of the refrigeration unit and location of the storage chambers

An example of connecting two evaporators at different evaporation temperatures (simi-

lar to the diagram of the refrigeration machine of the storage chamber) with Expansion

valve is shown in Fig. 4.2.
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Figure 4.2 Example of connecting two evaporators at different evaporation temper-
atures with Expansion valve [28]: 1. GBC ball valve; 2. DML/DCL filter-dryer; 3. SG
sight glass; 4. EVR solenoid valve; 5. Coil for solenoid valve; 6. TE thermostatic valve;
7. Low-temperature air cooler; 8. Medium-temperature air cooler; 9. EKS/AKS air tem-
perature sensor; 10. NRV check valve; 11. KVP boiling pressure regulator; 12. Electri-
cal panel with EKC 202X/ERC 2XX controllers

The key feature of this circuit is the method used to manage the different suction
pressures. The central compressor station will maintain a common suction pressure cor-
responding to the lowest required temperature (i.e., -18°C). To maintain a higher boiling
temperature (0°C) in the medium-temperature evaporator (8), a KVP boiling pressure
regulator (11) is installed on its outlet suction line. This valve throttles the flow, creat-
ing an artificial back-pressure to maintain the desired higher pressure (and thus 0°C
temperature) within the MT evaporator. To prevent reverse flow from the higher-
pressure MT line into the LT line during operation or defrost, a check valve (10) is in-
stalled on the outlet of the low-temperature evaporator (7). Temperature control for each
room is managed by electronic controllers (12), which receive input from temperature

sensors (9) and cycle the respective solenoid valves (4).
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4.2 Calculation of energy parameters of refrigeration machines for storage cham-

bers when operating on different refrigerants

The main parameters of the air in the storage chambers, as well as the operating
parameters of the refrigeration machine, are given below. All of the information below
was used in the subsequent calculation of the refrigeration cycle and determination of

the efficiency parameters of the refrigeration machine.

Table 4.1 — Air parameters in food storage chambers and volumes of these chambers

Chamber Volume, m° Temperature, °C
Meat 22,6 -18
Fish 12,5 -18
Vegetable 22,6 +4

Temperature of the ambient air: +35°C;

Temperature of the cooling water: +36°C.

After cooling the premises, the unit will be able to maintain the specified tempera-
ture:

- one compressor operates for all rooms approx. 18/24 hours

- One compressor as a backup

Table 4.2 - Compressor power and energy consumption under different operating modes

Cooling water tem- | Evaporation tem- Energy con-
Power, kW _
perature, °C perature, °C sumption, kW
+36 -10 9.7 4.9
+36 -26.9 4.4 3.5

The pressure in the evaporators is set so that the boiling temperature is 8-10 °C
lower than the temperature in the chamber. Therefore, the boiling temperature of the re-

frigerant in the evaporator of the medium-temperature chamber (vegetable room) is -5
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°C. The evaporation temperature of the refrigerant in the evaporator of the low-

temperature chamber (meat and fish rooms) is -23 °C.

The thermal expansion valve was adjusted so that the superheat was maintained in
the range of 8-10 °C for the specified design conditions.

The temperature difference of the water cooling the condenser between its inlet
and outlet must be maintained within the range of 3-5 °C.

The compressor delivery pressure must be within the range of 1.3-2.0 MPa during
normal operation.

The suction pressure of the compressor should be within 0.05-0.2 MPa during
normal operation.

For further plotting and calculation of the thermodynamic cycle, it is necessary to
find the mass ratios in which the liquid refrigerant flows are separated after the conden-
ser for further throttling to their boiling point.

The ratio between the refrigerant flows (approximately): 0.75 (low-temperature
chamber -18 °C) to 0.25 (medium-temperature chamber -5 °C).

That is, after the condenser, the refrigerant flow is divided, where 75% of the mass
flow goes to the thermal expansion valves of the chambers with a temperature of -18
°C, and 25% goes to the thermal expansion valves of the chamber with a temperature of
+4 °C.

A diagram of the R404A refrigerant showing the ideal (adiabatic compression in
the compressor) cycle of a cold storage chamber refrigeration machine is shown in Fig.
4.3.

To draw up the cycle, the following assumptions were made:

- evaporation point of the refrigerant in the evaporator of the chamber with a tem-
perature +4 °C — ty;= -5 °C, superheating of vapors in evaporators 1 °C;

- evaporation point of the refrigerant in the evaporator of the chamber with a tem-
perature -18 °C — tp,= -23 °C, superheating of vapors in evaporators 1 °C;

- condensation temperature t= 42 °C, supercooling calculated after the condenser

due to regenerative heat exchange from the heat balance.
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The calculation of the energy parameters of the refrigeration cycle, the results of

which are given below, are based on standard methods described in [25-27].

On the Fig. 4.3 process 1-2 — compression in the compressor (adiabatic); 2-3-4 —
cooling and condensation of the refrigerant in the condenser (isobaric); 4-5 — supercool-
ing of liquid refrigerant in a regenerative heat exchanger by heating refrigerant vapors
in process 9-1 (isobaric); 5-6 and 5-7 — throttling of the refrigerant in the control valve
to certain pressures in the condensers (isenthalpic); 6-11 — boiling of the refrigerant in
the evaporator of the high-temperature chamber (isobaric); 7-8 — boiling of the refriger-
ant in the evaporator of the low-temperature chamber (isobaric); 8-9 — superheating of
liquid refrigerant in the evaporator of the corresponding chamber (isobaric); 11-9 —
throttling of refrigerant in the boiling pressure regulator (isenthalpic); processes 11-9
and 8-9 — mixing of two refrigerant flows to obtain a flow whose state is characterized
by the parameters at point 10 (isobaric); 10-1 — superheating of refrigerant vapors in a
regenerative heat exchanger before suction into the compressor (isobaric).

After plotting the cycle, we write it out using the RefProp program [16] and at the
same time calculate the enthalpy at the cycle nodes using the diagrams in the Table 4.3.
In the process of determining the parameters, it is necessary to additionally find the en-
thalpy at points 10 and 1 from the heat balance equations.

The enthalpy at point 10 (the point that determines the state of the refrigerant after
mixing the refrigerant flows from different evaporators) is determined as follows:

h10=0.75hg+0.25hg. (4.1)

The enthalpy at point 1 is determined from the diagram when overheating relative
to the refrigerant parameters at point 10 by 10 °C.

Point 5 is determined from the heat balance of the regenerative heat exchanger:

h5=h4-h1+h10. (42)
Additionally, we have to write down the density of the refrigerant at point 1.— p;.
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Table 4.3 - Parameters at cycle nodes for refrigerant R404A (points correspond to

those marked in Fig. 4.3)

Point Temmperature, °C | Pressure, MPa Enthalpy, kJ/kg
1 -9.8910 0.27091 364.86
2 61.669 1.9115 407.04
3 42.164 1.9115 380.73
4 41.838 1.9115 263.26
5 36.693 1.9115 254.50
6 -5.1353 0.51482 254.50
7 -23.120 0.27091 254.50
8 -22.688 0.27091 353.65
9 -11.532 0.27091 363.42
10 -19.891 0.27090 356.10
11 -4.7313 0.51482 363.42

The method for determining the power consumed by the compressor is given be-

low.

Specific cooling capacity of the evaporator chamber at a temperature of +4 °C:

Qoa=h11 — he

(4.3)

Similarly, for the evaporator in a chamber with a temperature of -18 °C:

Specific adiabatic compression work of the compressor:

Qoz=hg — hs.

|a=h2 - hl-

Refrigeration coefficient (ideal):

&

a

_Y0tYe

(4.4)

(4.5)

(4.6)

Compressor delivery coefficient (takes into account the reduction in actual com-

pressor delivery compared to theoretical delivery):

A=A Aw.

Heating coefficient:

(4.7)
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A =Tol Ty, (4.8)

where Ty and T, - evaporation and condensation temperatures, K.

Volume loss coefficient in the compressor:

ﬂfl:(po—Ach)—C(pK+ApH—po+Ach)’ “9)

Po

Where Apc - compressor inlet depression, can be assumed Apz-=0.005 MPa; Apy -

compressor discharge depression, can be accepted Ap;=0.01 MPa; ¢ - relative dead
space in the compressor, can be assumed ¢=0.05.
Mass flow rate of refrigerant in a refrigeration machine
G=1-V, p, (4.10)
where A - compressor delivery ratio; Vv, - compressor volumetric capacity — specified in

the compressor's technical data; p; - density of refrigerant vapour at the compressor inlet
(at point 1 of the cycle).

Since the refrigerant is divided into several streams (25% goes to the medium-
temperature evaporator and 75% to the low-temperature evaporator), the refrigerant
flow rate through these evaporators and their cooling capacities are calculated separate-
ly.

Mass flow rate of refrigerant in the medium-temperature chamber evaporator:

G=0.25-G, kg/s.
Mass flow rate of refrigerant in the evaporator of a low-temperature chamber:
G,=0.75-G, kg/s.

Cooling capacity of the evaporator in the medium-temperature chamber Q,

Que =G qu1 (4.11)
Cooling capacity of the evaporator in a low-temperature chamber Qg
Qov =G, *qo2 (4.11)

Since the refrigeration machine has several evaporators with different temperature
levels, the cooling capacity is calculated separately for each of them, taking into account

the mass flow rate of the refrigerant through the evaporators.
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The indicator efficiency of the compressor, which takes into account the difference

between the actual working process and the theoretical (isentropic) one — the deviation
of processes 1-2 and 1-2' in Fig. 4.3, can be approximately calculated for fluorocarbon
refrigerants using the empirical formula
7i=/w+0.00251,, (4.12)
Total compressor efficiency
M= Naiex” " Mo (4.13)
where #; — indicator efficiency of the compressor; 7,.. — mechanical efficiency of the
compressor, which takes into account losses caused by friction; 7, - Transmission effi-
ciency; 5, - Compressor motor efficiency. For approximate calculations, the following
can be assumed: #,,. =0.8-0.9, ,=0.95; n, = 0.95.
Actual power consumed by the refrigeration machine compressor (kKW):

_L-G (4.14)

Komnp ’

n

Actual refrigeration coefficient

£, = (Qo. + QO%WW : (4.15)

The calculations were based on the volumetric capacity of the compressor, taking

into account the compressor parameters given in Table 4.4.

Table 4.4 - Technical specifications of the installed compressor

ONE-STAGE R-404A COMPRESSOR, pressure lubricated, marine type
Model SB022
Number of cylinders 2
Piston diameter, mm 60
Piston stroke, mm 57
RPM 1095
v, _314-006° 0.057-% -2=0.00588 ms,
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where 0.06 m — piston diameter, 0.057 m — piston stroke, 1095 RPM — pistons rotational

speed, 2 — number of cylinders.

Using the method described above, the parameters of the refrigeration cycle were
determined at constant boiling and condensation temperatures and using R404A as the
working fluid. In addition, the main energy characteristics of the refrigeration machine
were calculated. The calculation results are shown in Table 4.5.

The cycle of the refrigerating machine of the storage chamber, which was calculat-
ed using the above method, is quite specific (due to two evaporators with different boil-
ing temperatures). CoolTools v1.1.1 does not calculate such cycles. Manual calculation
of this cycle is quite complicated. If we analyze the calculated cycle with two evapora-
tors with different evaporation temperatures and take into account that the purpose of
the work is to compare the efficiency of different refrigerants, it can be replaced by a
simple regenerative cycle, where the lower evaporation temperature is taken for the
evaporator. The results of calculating such a cycle for a storage chamber using
CoolTools v1.1.1 are shown in Fig. 4.4. For the calculations, a condensation tempera-
ture of 42 °C (as for an air conditioner), a refrigerant boiling temperature in a low-
temperature evaporator of 23 °C, and a compressor volumetric capacity (of the com-
pressor described above) of 21.17 m3/h were assumed. All other data were taken simi-
larly to the calculation of the refrigeration machine of the air conditioning system, ex-
cept for the isothermal efficiency, which was taken to be lower — 0.6 (instead of 0.7 as
for the air conditioner) due to the significantly higher pressure drop in the compressor

of the refrigeration machine of the storage chambers.



Table 4.5 Results of calculating the energy characteristics of

a refrigeration machine

Cooling agent R404A
Compressor volumetric capacity Vy, , m* /s 0.00588
Adiabatic compression work |, , kJ/kg 42.18
Specific cooling capacity of the high-temperature chamber gy, , 108.62
kJ/kg

Specific cooling capacity of the low-temperature chamber q, , 09,15
kJ/kg

Heating coefficient 4, 0.794
Compressor volumetric loss coefficient /; 0.675
Compressor delivery coefficient 0.536
Total compressor efficiency 7 0.632
Mass flow rate of refrigerant G, kg/s 0.023
Actual compressor power Neomp , KW 1.535
Mass flow rate of refrigerant in the evaporator of the high- 0.0058
temperature chamber G, , kg/s

Mass flow rate of refrigerant in the evaporator of the low- 0.0172
temperature chamber G, , kg/s

Cooling capacity of the high-temperature chamber Q,, , kW 0.632
Cooling capacity of the low-temperature chamber Q,, , kW 1.705
Actual cooling coefficient 1.522
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Fig. 4.4 Screenshot of the software CoolTools v1.1.1 interface at input of initial data

Here we can obtain the refrigerant state parameters at the cycle nodes in the fol-

lowing sequence: temperature, pressure, enthalpy, entropy, density:

State 1: T=-2.82 °C, p=2.625 bar, h=371.22 kJ/kg, s= 1.6909 kJ/kg/K, m_dot= 0.0650 kg/s
State 2: T= 89.00 °C, p= 19.420 bar, h=438.85 kJ/kg, s= 1.7549 kJ/kg/K, m_dot= 0.0650 kg/s
State 3: T= 88.76 °C, p=19.190 bar, h=438.85 kJ/kg, s= 1.7557 kJ/kg/K, m_dot= 0.0650 kg/s
State 4: T=42.00 °C, p=19.190 bar, h=263.51 kJ/kg, s= 1.2116 kJ/kg/K, m_dot= 0.0650 kg/s
State 5: T=31.93 °C, p=19.190 bar, h=246.76 kl/kg, s= 1.1576 kJ/kg/K, m_dot= 0.0650 kg/s
State 6: T=-23.36 °C, p=2.677 bar, h=246.76 kJ/kg, s= 1.1939 kJ/kg/K, m_dot= 0.0650 kg/s
State 7: T=-23.00 °C, p=2.677 bar, h=353.44 kJ/kg, s= 1.6210 klJ/kg/K, m_dot= 0.0650 kg/s
State 8: T=-22.00 °C, p=2.625 bar, h=354.47 kl/kg, s= 1.6266 kJ/kg/K, m_dot= 0.0650 kg/s

The values obtained from the calculation results in Fig. 4.4 are marked in green.
We write them down:

- cooling capacity Qe=6.937 kW;

- mass flow rate of refrigerant m=0.065 kg/s;

- power consumption of the compressor W=4.887 kW,

- coefficient of performance COP=1.42.
As can be seen from the calculation results shown in the table and obtained using
CoolTools v1.1.1, the refrigeration coefficients are quite close: 1.522 and 1.42. This
confirms the possibility of using CoolTools v1.1.1 to calculate the efficiency of refrig-
eration machines in storage chambers using different refrigerants.

We perform the calculation in the same way for all refrigerants selected for anal-

ysis and enter the data obtained in Table 4.6.
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Table 4.6 - Results of calculating the energy characteristics of ship provision chambers

refrigeration mashine operating on different refrigerants

- : Compressor | Coefficient
Boiling |Cooling capac-| Mass flow rate press !
i . . power con- | of perfor-
Refrigerant | pressure, ity of refrigerant .
bar (abs) | Qq, KW m, kg/s sumption | mance
. ’ W, kW COP
R404A 2.667 6.937 0.065 4.887 1.420
R134a 1.164 6.937 0.049 4.27 1.625
R1234yf 1.335 6.937 0.065 4.523 1.534
R407C 1.891 6.937 0.046 4.924 1.409
R290 2.192 6.937 0.026 4.322 1.605
R1233zd(E) | 0.156 6.937 0.046 3.945 1.758
R1234ze(E) | 0.847 6.937 0.055 4.288 1.618
R32 3.618 6.937 0.028 4.525 1.533
z
g | I I I
"ées I
8

Fig. 4.5 Power consumption by the compressor during operation of the refrigeration

RA04A
R134a
R1234yf

R407C

R290
R1233zd(E)
R1234ze(E)

machine of storage chambers using different refrigerants
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Fig. 4.6 COP refrigeration coefficient values during operation of the refrigeration
machine of storage chambers using different refrigerants
An analysis of COP values for cold storage room refrigeration machines operating
on different refrigerants shows that R1233zd(E) provides the highest energy efficiency,
demonstrating its significant potential in terms of reducing energy consumption. R134a,
R290, and R1234ze(E) also have fairly high COP values, demonstrating stable and
energy-efficient operation in low-temperature modes. The lowest COP is observed for
R407C and R404A, confirming their energy inefficiency for modern marine
refrigeration systems. Refrigerants R1234yf and R32 occupy an intermediate position in

terms of energy efficiency.

4.3 Environmental impact of refrigeration machines in storage chambers us-

ing different refrigerants

The purpose of this stage of the master's research was to conduct an ecological and
energy analysis of the operation of a refrigeration machine for food storage chambers in
ship conditions using various refrigerants. The analysis was performed in a manner sim-
ilar to the approach described for ship air conditioners. Some of the input data for the

ecological and energy analysis are given in Table 4.6. The electrical power for the re-
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frigeration machine when operating on the specified refrigerants at t=42 °C and t,=-23

°C accepted based on the results of preliminary calculations. The same table shows the
results of TEWI calculations.

Fig. 4.7 shows the results of a comparative analysis of specific CO2 emissions per
1 kJ of cooling produced for a shipboard refrigeration machine for food storage rooms

using refrigerants.

Table 4.7 — Results of the ecological and energy analysis of the ship's refrigeration

machine for food storage chambers

R1234 R1233|R1234
Parameter R404A | R134a R407C| R290 R32

yf zd(E) | ze(E)

Cooling capacity Q,,
kW

Compressor power
consumption N, 4.887 | 4.27 | 4523 | 4.924 | 4.322 | 3.945 | 4.288 | 4.525
kW

Refrigerant  charge

6.937 | 6.937 | 6.937 | 6.937 | 6.937 | 6.937 | 6.937 | 6.937

8 k
mass mg g
GWP of refrigerant
3940 | 1300 4 1774 3 1 1-7 675
(kg CO,)/kg
CF for heavy fuel,
3.206
(t CO,):(t fuel)™*
gr, kg-(kW-hour)™* 0.23
Lannual 0.3
TEWI, kg CO, 401 | 299 | 283 | 351 | 271 | 247 | 269 | 300

-10° | -10® | -10° | -20® | -10° | -10° | -10° | -10°
eMyefr, 1.833 1.366 | 1.29 | 1.6 | 1.23 | 1.13 | 1.23 | 1.37
(kg CO,)/kJ of cold | -10° | -10° | -10° | -10° | -10° | -10° | -10° | ‘107
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The results show that the highest specific CO2 emissions are observed when using

R404A and R407C refrigerants, which is due to their high global warming potential and
less favorable energy characteristics of the refrigeration cycle.

The lowest specific CO: emissions are characteristic of refrigerants R1233zd(E), R290,
and R1234ze(E), which indicates their environmental advantages and high energy

efficiency when used in ship refrigeration machines for food storage rooms.

. kg CO,/kJ of cold

1,2
3 M
[+H]

0,2
0,1
0

Fig. 4.7. Comparison of the environmental performance of ship refrigeration

R404A
R134a
R1234yf
R407C
R290
31233zd(E)
R1234z¢(E)

machines for food storage rooms when operating on different refrigerants

Refrigerants R134a, R1234yf, and R32 occupy an intermediate position,
combining moderate CO: emissions with sufficiently high performance characteristics.

Thus, the results obtained confirm the feasibility of a gradual transition of ship
refrigeration units in food storage rooms to environmentally friendly refrigerants with
low GWP, primarily R1233zd(E), R1234ze(E), and natural refrigerant R290, in
accordance with current environmental legislation requirements and IMO

recommendations.
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5. ANALYSIS OF RESULTS AND FORMULATION OF

RECOMMENDATIONS FOR THE SELECTION OF REFRIGERANTS FOR
SHIP REFRIGERATION EQUIPMENT

5.1. Refrigerant selection for ship air conditioning

5.1.1. Energy performance

The research examined R404A, R134a, R1234yf, R407C, R290, R1233zd(E),
R1234ze(E), and R32. For a marine air conditioner in typical operating mode, it was
shown that:

- R134a has a high coefficient of performance (COP = 4.46) and lower compressor
power (= 37.9 kW) compared to R404A (= 51.5 kW).

- R407C has the lowest COP and the highest power consumption among the agents
considered, so it is undesirable from an energy point of view.

- R1234yf and R290 have a COP only slightly lower or close to that of R134a (a
moderate difference of a few percent), while having a significantly lower GWP.

- R1233zd(E) has the lowest compressor power (= 35.6 kW) among all options,
which provides the best conditions for energy saving.

Therefore, in terms of energy efficiency for air conditioning, R1233zd(E), R134a,
R290, R1234yf / R1234ze(E) are the most advantageous, while R404A and especially
R407C are the worst.

5.1.2. Environmental indicators

The results of calculating specific greenhouse gas emissions for ship air
conditioners are presented in Table 3.2. The following general conclusions can be
drawn from the results obtained:

- R404A has the highest GWP (~3920) and, accordingly, the highest TEWI and
specific CO: equivalent emissions.

- R134a reduces total emissions, but still has an average GWP (~1430) and is
subject to strict phase-out in the EU and under the Kigali Agreement.
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- HFO refrigerants R1234yf and R1234ze(E), as well as R1233zd(E), have ultra-

low GWP (<10 for R1234yf/ze, ~1-2 for R1233zd(E)), so their TEWI is significantly
lower even compared to R134a.

- R290 (GWP =3) has a very low TEWI, but belongs to class A3 (high
flammability).

- R32 has a moderate GWP (~675) and can be considered a transitional option, but

not an end goal in terms of future requirements (150...300).

5.1.3. Operational safety

R404A, R134a, R1233zd(E) — class Al, non-flammable. This is an important
advantage for shipboard conditions (especially for air conditioning in living quarters).

R1234yf, R1234ze(E), R32 — A2L (low to moderate flammability, low flame
spread rate). They require additional safety measures, but are considered acceptable for
modern systems with proper layout and additional safety measures.

R290 — A3 (high flammability), which significantly limits its use in residential air

conditioning systems on ships under SOLAS and classification society rules.

5.1.4. General conclusion on the choice of refrigerant for ship air conditioning

Taking into account all three groups of criteria (energy efficiency, ecology, and
safety), the following recommendations can be made for ship air conditioning:

Basic option for existing systems:

R134a — justified for existing systems, as long as it is permitted by legislation.
Provides high COP and significantly lower emissions than R404A, while being fully
compatible with the equipment. However, this is a transitional option, not a long-term
one.

Target low GWP options:

- R1233zd(E) — the most energy-efficient and non-flammable. Realistically, it is
the optimal candidate for marine chillers and centralized air conditioning systems where
large dimensions and low boiling pressures are acceptable.

- R1234ze(E) / R1234yf — promising for new systems with limited refilling and
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implemented safety measures (possible as working agents in chiller systems or as part

of mixtures).

Limitedly suitable options:

- R32 — can serve as an interim solution with reduced GWP and decent COP, but

requires A2L safety measures and does not meet long-term goals (GWP is still

significantly >150).

- R290 — thermodynamically very advantageous, but its use in air conditioning

systems for living quarters on large ships is only advisable in low-power systems (such

as split systems) manufactured in a factory and located outside the living quarters.

Not recommended options:
R404A and R407C — have the worst combination of “high TEWI + low COP”.

Their use in new ship air conditioners should be considered inadvisable.

Table 5.1 — Comparative characteristics of refrigerants for marine air conditioners

.| Environm
COPin ental
Refriger- GWP Safety | relation assessmen Advantages |Disadvantages
ant class to i
R134a (TEWI)
Very high
Fully GWP, low
R404A | Very high Al Lower | The worst | compatible with COP,

older systems | prohibited by

regulations

Iir?e?sreel- Better Solid energy, Phased

R134a | Average Al ativel than well-developed | restrictions
highy R404A equipment due to GWP

Significan| Low GWP, A2L, higher

R1234yf | Very low on Slightly | tly lower S|m|I§1r price, safety
lower than operating requirements

R134a parameters

. The Worse Transition agent LC.)W COP,
R407C High Al lowest than for R22 environmental

R134a ly outdated
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Continuation of Table 5.1

Close to Excellent : High
R290 Very low A3 R1343 Very low thermodyr_lamlc flammability
properties
Low
Non-flammable,
R12§)32d( Very low Al Higher | Very low | high energy prI(;erl;rre,
efficiency ge
proportions
R1234ze( Close to Energy/environ | A2L, more
E) Very low Azl R134a Very low ment balance expensive
Better High COP, jSbé?:r\llp_
R32 Average A2L | Higher than  |reduced charging g
term
R134a volume

requirements

5.2. Refrigerant selection for frigeration machine for storage chambers

For a two-chamber provision unit (medium- and low-temperature evaporators),

detailed energy and environmental indicators are given in the thesis (Tables 4.6, 4.7).

5.2.1. Energy analysis
The thesis examined R404A, R134a, R1234yf, R407C, R290, R1233zd(E),

R1234ze(E), and R32. For a ship refrigeration machine for food storage chambers under

typical operating conditions, it was shown that:
- The base agent R404A gives a COP of =~ 1.42.
- R1233zd(E) has the highest COP — = 1.76, which is = 24% higher than R404A.
- R134a, R290, and R1234ze(E) also provide a COP of 1.60—1.63, which is ~ 13—

15% higher than the base.

- R1234yf and R32 have a COP of around 1.53 (= +8% to the baseline).
- R407C has a COP very close to or even lower than R404A and has no significant

energy advantages.

5.2.2. Environmental analysis (TEWI and specific emissions)

The results of calculating specific greenhouse gas emissions for ship air
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conditioners are presented in Table 3.7. The following general conclusions can be

drawn from the results obtained:

- R404A: TEWI = 4.01-10° kg CO: and specific emissions of 1.83-10°¢ kg CO2/kJ
of cooling — the worst indicators.

- R407C: TEWI = 3.51-10° kg CO2 (only ~12% reduction compared to R404A)
and fairly high specific emissions — about 1.60-107¢ kg CO2/kWh.

- R134a / R32: TEWI = 2.99-3.00-10° kg CO: (approximately 25% less than
R404A), specific emissions are reduced by the same ~25%.

- R1234yf: TEWI = 2.83-10° kg CO2 (~29% compared to R404A).

- R290 and R1234ze(E): TEWI = 2.69-2.71-10° kg CO: (a reduction of 32-33%),
specific emissions are ~33% lower than for R404A.

- R1233zd(E): TEWI = 2.47-10° kg CO-, i.e. = 38 % less than R404A, specific
emissions are reduced by approximately 38 % as well.

Therefore, for a provisional installation, the combination of ‘“highest COP +
minimum environmental impact” is observed for R1233zd(E), followed by the R290 /

R1234ze(E) / R1234yf group.

5.2.3. Operational and safety aspects

According to the classification of refrigerants according to 1SO 817 and ASHRAE
34 standards, the working fluids considered belong to the following safety groups:

- R404A, R134a, R1233zd(E) — class Al, non-toxic and non-flammable;

- R1234yf, R1234ze(E) — class A2L, refrigerants with low explosion and fire
hazard and limited flammability;

- R290 — class A3, chemically safe, but with high flammability.

In refrigeration machines for storage chambers, compressor-condenser equipment
is usually located in the machine room or in a special compartment directly adjacent to
the food storage chambers. On the one hand, this allows the use of refrigerants with an
increased level of fire hazard, but on the other hand, it requires mandatory installation of
forced ventilation, gas control, emergency shut-off, explosion-proof fans, and electrical

equipment.
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At the same time, when choosing a refrigerant for food refrigeration machines, it is

necessary to take into account not only the COP and TEWI indicators, but also the
thermodynamic suitability of the agent for low-temperature modes. In particular, it has
been established that refrigerants R1233zd(E) and R1234ze(E) have a relatively high
normal boiling point, as a result of which, when operating in low-temperature
evaporators, the boiling pressure drops to values below atmospheric pressure, which
leads to:

- complications in compressor shaft sealing;

- an increased risk of air and moisture suction;

- deterioration of heat transfer stability and mode control;

- an increased likelihood of corrosion processes.

In this regard, R1233zd(E) and R1234ze(E) should be considered unsuitable for
refrigeration machines in storage chambers operating in the negative boiling
temperature range, despite their excellent environmental performance.

Based on practical experience in operating ship refrigeration systems and in
accordance with the requirements of classification societies, the following are currently
realistic areas for modernization:

- short-term solutions without major reconstruction — transition from R404A to
medium-GWP HFC/HFO blends (e.g., R448A, R449A) or use of R134a and R407F;

- medium- and long-term solutions — introduction of ultra-low-GWP refrigerants
that are thermodynamically suitable for low-temperature modes, in particular R290,

R1234yf, as well as new specialized HFO mixtures.

5.2.4. Recommendations for selecting refrigerants for cold storage
refrigeration machines

Taking into account the results of thermodynamic calculations, analysis of COP
and TEWI indicators, as well as operational and safety restrictions, the feasibility of
using refrigerants for ship refrigeration units in provision rooms can be summarized as
follows.

The best options based on a bunch of indicators
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R290 (propane) — gives a high COP, one of the lowest specific CO2 emissions,

and the lowest TEWI among those that are actually suitable for low-temperature
systems. Its use is technically feasible in systems with a small refrigerant charge,
hermetic factory units located outside residential premises and equipped with gas
control and emergency ventilation systems.

R1234yf is an environmentally friendly refrigerant with low GWP, acceptable
energy performance, and safety class A2L. It can be considered a promising alternative
for marine refrigeration machines, but only if that explosion and fire safety
requirements are met.

Acceptable but transitional options

R134a and R32 provide a significant reduction in TEWI compared to R404A and
an acceptable COP, but due to their relatively high GWP, they do not meet long-term
environmental goals and can only be considered as a temporary solution when
upgrading existing installations.

Inappropriate and limited options

R404A — has the worst combination of high specific CO: emissions and low
energy efficiency, currently is a subject to strict F-Gas regulations, and is not eligible
for further use in new installations.

R407C — does not provide a significant reduction in environmental impact
compared to R404A and is inferior to most modern alternatives in terms of energy
performance.

R1233zd(E) and R1234ze(E) — despite their extremely low GWP and TEWI
values, are not recommended for cold storage refrigeration machines due to their
unsuitability for low-temperature conditions and evaporator operation at sub-
atmospheric pressures. They should only be considered for chiller systems with a

secondary heat transfer medium in air conditioning systems.
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Table 5.2 — Comparative characteristics of refrigerants for cold storage refrigeration

machines
COP |Environm
Safety rela- | ental Disadvantages
Refrigerant| GWP class tively | assessme Advantages
to nt
R404A | (TEWI)
Widely used in
marine Very high GWP,
Base ) ) )
RAOAA Very Al line The high- |installations, worst TEWI,
high (=1.42) est compatible with |{low COP, F-Gas
o existing bans
equipment
Does not
~ the Transition agent |provide real
;ame / for R22, benefits in terms
R407C High Al . High compatible with |of COP and
slightly .
lovver part of existing TEWI,
systems environmentally
obsolete
Better COP and
) lower TEWI than |GWP is still
Higher R404A; non uite high; onl
R134a Average (Al by =15 |Average ’ d g , Oy
flammable, a transitional
% . )
established option
equipment
. Higher COP, 151 (limited
Higher reduced charge .
Moderat Average/ flammability),
R32 e AL Iby= moderate mass, lower GWP above
Y TEWI than target values
RA404A g
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Continuation of Table 5.2

Low GWP, A2L, higher
Higher significant cost, increased
R1234yf Very A2l |by~8 |Low reduction in sealing
COP, suitable for
HT mode
High boiling
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% environmental .
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CONCLUSION

The diploma research was devoted to the actual problem of reducing the impact
of ship refrigeration technology on the environment in the context of growing energy
efficiency requirements (EEXI/CII indices) and environmental responsibility of the
shipping industry. The main focus was on analyzing the use of the traditional refrigerant
R404A, which no longer meets modern standards due to its high global warming
potential (GWP=3922) and low energy efficiency.

The study considered alternative refrigerants to replace it, including R134a,

R407C, R1234yf, R1234ze(E), R1233zd(E), R32, and R290 (propane), in order to
determine the most optimal modernization option. The analysis was performed for two
key consumers: a marine air conditioner with a cooling capacity of 204.2 kW and a
refrigeration machine for food storage rooms with a cooling capacity of 6.9 kW.
The results of the energy analysis of the air conditioning system showed that the base
refrigerant R404A is the least efficient (COP=3.97). Switching to the standard
refrigerant R134a provides a 12.4% higher coefficient of performance (COP=4.46). The
lowest pressure refrigerant R1233zd(E) demonstrated the highest energy efficiency,
with a COP=4.76 (20% higher than R404A). However, the use of R1233zd(E) requires
a complete replacement of the compressor with a larger positive displacement unit due
to the specific nature of low suction pressure.

Particular attention was paid to environmental analysis using the TEWI (Total
Equivalent Warming Impact) value, which takes into account both direct (leaks) and
indirect (energy) greenhouse gas emissions. The results of the calculations showed that
HFO refrigerants (R1233zd(E) and R1234ze(E)) and natural R290 provide the lowest
TEWI values. Specific greenhouse gas emissions per unit of cooling produced are 28%
lower when using R1234ze(E) and 31% lower when using R1233zd(E) than for the base
refrigerant R404A.

Refrigerant R407C, which is often offered as a drop-in replacement, showed the
worst results in terms of both energy and environmental performance, so its use is

considered inadvisable.
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For a cold storage machine (low-temperature mode), analysis of refrigerant

properties revealed important technological limitations. Although R1233zd(E) showed
the highest theoretical COP (1.76), it proved to be technically unsuitable for freezers
because at a boiling temperature of -23°C, the pressure in the evaporator drops to a deep
vacuum (0.156 bar), creating an unacceptable risk of air suction. Therefore, based on a
combination of factors, R290 (propane) with a COP of 1.61 (13% higher than R404A)
and R134a with a COP of 1.63 (15% higher than R404A) were determined to be the
optimal options for this system.

The analysis showed that each of the proposed options has its own advantages
and limitations. Refrigerants R1234ze(E) and R1233zd(E) have the lowest GWP (<10),
making them ideal for the long term, but they require capital investment to upgrade
equipment due to their A2L (low flammability) safety class or design features. R290 is
thermodynamically excellent but requires strict safety measures (class A3). R134a
remains a reliable compromise for existing systems, providing efficiency gains without
design changes, but has a limited service life due to its GWP=1430.

From all of the above, we can conclude that for ship air conditioning systems, it is
most expedient to switch to HFO refrigerants (in particular, R1234ze), and for
provisioning units, to R290 or R134a. This transition will contribute to both energy
savings (reducing the load on diesel generators by 4-6 kW for each unit) and a 25-30%
reduction in total greenhouse gas emissions.

The results of the thesis research allow us to conclude that abandoning R404A in
favor of alternative refrigerants is not only environmentally necessary but also energy-
efficient. The proposed recommendations allow shipowners to choose a modernization
strategy that will ensure the ship's compliance with IMO requirements and reduce

operating costs.
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