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Refrigeration units, ubiquitous in various industrial applications, necessitate refrigerants
for effective heat transfer. The end of service life for these agents, predominantly
fluorocarbon-based, poses significant environmental hazards, necessitating safer
alternatives. To mitigate fluorine-based environmental pollution, several solutions are
under exploration, with a key proposal being the utilization of natural substances, such as
carbon dioxide (R744), as refrigerants. This study introduces a novel design for a
refrigeration unit operating on carbon dioxide. Distinctively, the proposed unit incorporates
a series of nozzles in the refrigerator compartment that spray the refrigerant directly onto
the food items, thereby expediting the cooling process. The operation principle of this unit,
based on direct contact between carbon dioxide and the food products, is its primary
novelty. A calculation technique is proposed for the selection of unit components,
enhancing the cooling efficiency by facilitating direct heat exchange between the
refrigerant and the product. The design includes a 3D model of the unit, developed in
accordance with the sizes of currently manufactured equipment, and a layout that ensures
mobility. The implementation of a recuperation principle in the unit allows a 20% reduction
in refrigerant mass consumption, while the direct contact method increases the freezing
rate by 30%. The proposed utilization of R744 as a refrigerant could significantly attenuate
the emission of ozone-depleting substances, thereby contributing positively to the current

environmental situation.

1. INTRODUCTION

Refrigeration units have become an indispensable part of
contemporary living, consistently leveraged in the
preservation, transportation, and storage of consumable
products [1]. A key parameter, maintained assiduously during
these processes, is temperature, modulated and controlled
within refrigeration units [2-4].

Acting as devices designed for the reduction and
maintenance of normalized temperatures, refrigeration units
operate through heat exchange between the object to be cooled
and the refrigerant. The majority of refrigerants currently
marketed are chlorofluorocarbon (CFC)-based, including R12,
R22, and R502. However, the long-term use of these CFC
refrigerants has posed significant safety concerns [2]. The
release of these gases into the atmosphere engenders a
greenhouse effect, leading to the degradation of Earth's 0zone
layer [5]. This damaging effect can be attributed to the chlorine
component of the refrigerants, which transforms ozone into
oxygen upon interaction [4, 6, 7].

In response to these challenges, the scientific community
has embarked on research aimed at preserving the Earth's
ozone layer, focusing on the replacement of existing chlorine-
based refrigerants with safer alternatives and the development
of compatible refrigeration units [3, 8, 9].

Hence, numerous low-temperature units utilizing carbon
dioxide as a refrigerant have been developed globally,
including in Russia. Generally, these systems are sealed and
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exhibit several drawbacks, such as elevated pressures of up to
8 mPa, increased equipment costs by a factor of 1.5, the
requirement for auxiliary equipment (e.g., high-pressure
vessels, emergency relief valves), and extended freezing
durations of up to 30% due to the absence of direct contact
with the material [10]. Units operating on CO>, based on the
principle of direct contact between the refrigerant and the
material, can mitigate some of these disadvantages. For
instance, high pressures, additional equipment, and freezing
time can be reduced, and a recirculation system can prevent
CO; emission into the atmosphere.

Consequently, there is a current demand for the
development of innovative cooling systems that operate using
environmentally friendly refrigerants. This study aims to
develop a novel refrigeration unit, providing a detailed
description of its design and operational principle, which is
premised on the direct contact of the refrigerant R744 with the
product.

The refrigeration unit under development is designed to
operate on carbon dioxide, a substance devoid of chlorine
atoms, thereby minimizing the potential for ozone depletion
(ODP) and global warming (GWP). This environmentally-
friendly unit aligns with contemporary standards and
requirements, making a significant contribution to the
mitigation of ozone layer destruction and greenhouse effect
exacerbation. Despite CO; being classified as a greenhouse
gas, its use as a refrigerant, in lieu of hydrofluorocarbons, is
projected to drastically decrease both direct greenhouse gas
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emissions due to leakage (given that HFCs possess a GWP
thousands of times greater than CO>) and indirect greenhouse
gas emissions resultant from electricity generation.

2. METHODS

A schematic solution for the carbon dioxide refrigeration
unit for contact freezing of products with CO. recirculation has
been developed at Kemerovo State University.

The project of the refrigeration unit has been developed
taking into account modern requirements for the design of
refrigeration systems and following the design specification,
current norms, rules, and State Standards of the Russian
Federation (RF): PB 03-592-03 GOST 33662.2-2015 (ISO
5149-2:2014), GOST P 54381-2011, GOST EN 378-1-2014,
GOST 32968-2014 [11, 12].

The program for the selection of Danfoss heat exchangers
(Danfoss Heat Exchanger Calculation Tool) was used, and the
dimensions of refrigeration equipment were taken from the
official websites of manufacturers such as Bitzer, Emerson,
Frigopoint, Cold Stream, and Polair.

The development of a schematic solution for a carbon
dioxide refrigeration unit included the following stages:

The first stage of the work consisted of the development of
the cycle of a three-stage refrigeration unit. In the next stage,
the calculation and selection of refrigeration equipment were
carried out using generally accepted methods, as well as
modern software for the design of 2D and 3D refrigeration
system models. At the next stage, a layout of a three-stage
refrigeration unit for contact freezing with carbon dioxide
recirculation was developed. In the following stage, a 3D
model of the refrigeration unit was developed. At the final
stage of the design, complex automation of the system was
carried out, which allows for increasing the level of safety,
energy efficiency, and optimization, as well as reducing the
participation of people in the maintenance of the unit.

When developing 3D models of the refrigeration unit, we
used AutoCAD three-dimensional computer-aided design and
drawing systems. This program was chosen for system design
because of its fairly informative interface and ability to
develop 3D models that allow one to effectively work out the
layout of the components of the designed installation.

3. EXPERIMENTAL PART

The first stage of the work consisted of the development of
the cycle of a three-stage refrigeration unit. The main
difference in the schematic diagram of the refrigeration unit is
the use of the direct contact cycle of CO, with the product
supplied for freezing. The essence of the device functionality
is as follows: the refrigerating agent that circulates in the
system, unlike existing closed-type systems, will interact with
the product directly. After passing through the collector, CO;
is fed into a series of nozzles and sprayed in the chamber,
forming a snow-like layer on the product. Heat exchange with
the product in the chamber is carried out through this layer.
Snow-like carbon dioxide takes heat from the product,
sublimates, and is sucked out by the compressor. The process
is cyclical.

Since the cycle implies contact of the refrigerating agent
with the product, this creates two radical design differences in
the layout compared to the existing circuits. Firstly, there is no
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evaporator in the circuit. Secondly, a chamber capable of
withstanding high pressure in the range of 4 to 5 MPa is needed.

The initial data for the design of the refrigeration unit were:
Working substance (R744); Cooling capacity Qo: (8.64) kW,
Condensation temperature Ti: (25)°C; Boiling point To: (-
45)°C.

When constructing a refrigeration unit cycle, intermediate
pressures are selected so that the degree of pressure increase
in the stages is equal [1, 5].

In the next stage, the calculation and selection of
refrigeration equipment were carried out using generally
accepted methods, as well as modern software for the design
of 2D and 3D refrigeration system models. We also used:

ANSYS Fluent: Software for numerical modeling and
simulation of various physical phenomena, including heat
transfer and fluid dynamics. It can be used for the design and
analysis of low-temperature plants.

Aspen HYSYS: Software for modeling and optimizing
processes, including the design of chemical plants. It can be
used for the development and optimization of low-temperature
plants using safe refrigerants.

The results of the selection of equipment are summarized in
Table 1.

Table 1. Explication of refrigeration equipment
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Emerson ZO104KCE compressor
Copeland ZO38AG compressor
Bitzer KO83RN heat exchanger

FP-OS(HP130)-5 oil separator

K073HP(P) shell-and-tube capacitor
FP-AS(HP90)-3 liquid separator
CS-LRH-25.0 receiver
Cold chamber
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At the next stage, a layout of a three-stage refrigeration unit
for contact freezing with carbon dioxide recirculation was
developed, which is shown in Figure 1(a).

The principle of operation of the refrigeration unit is as
follows: the first stage compressor unit (1) (ZO104KCE) sucks
vapors from the liquid separator (12) (FP-AS(HP90)-3) and
compresses the gas to the first intermediate pressure, which is
equal to 2.57 MPa. The gas enters the heat exchanger (4)
(K083PH), where its temperature drops to -15°C, after which
it enters the compressor of the second stage (2) (ZO104KCE),
where the gas is compressed to the second intermediate
pressure (4.3 MPa). After that, the refrigerant moves to the
heat exchanger (5) (KO83PH), and then to the compressor of
the third stage (3) (ZO38AG), where the gas is compressed to
the condensation pressure. The superheated steam is sent to the
oil separator (6) (FP-OS(HP130)-5), where the oil is separated
from the vapors. The oil is separated and distributed between
three compressors, having previously passed through oil filters.
The hot vapors enter the water cooling condenser 7, where the
vapors condense and the resulting liquid enters the liquid
separator (8) (FP-AS(HP90)-3). The gaseous refrigerant is
sent back to the compressor of the third stage (3). After that,
the liquid refrigerant enters the liquid separator (9) (FP-
AS(HP90)-3), where a similar process takes place. The liquid
refrigerant enters the linear receiver (10) (FP-LR(HP90)-50),
then enters the chamber (11), the process of throttling into the
snow-like and gaseous phase and feeding into the cooled
object takes place in the nozzles, the snow-like carbon dioxide
sublimates into a gaseous state and is sucked by the
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compressor through filters and the liquid separator (12) (FP-
AS(HP90)-3).

Since the principle of operation of the proposed
refrigerating machine consists of direct contact of the
refrigerating agent with the product, and the industry does not
produce standard chambers for the implementation of the
proposed principle, it was decided to design a refrigerating
chamber capable of withstanding pressures in the range from
4 to 5 MPa.

Figure 1(b) shows the isometric projection of the
refrigeration unit chamber. The chamber has a cylindrical
shape and a diameter (D) of 430 mm (1). A window with
D=300 mm is installed in the end wall for loading and
unloading products (2). Clutches (3) are provided for attaching
the chamber to the frame in the device. In the upper part of the
chamber, there is a pipe with a D=20 mm (4), through which
the refrigerating agent enters the inner volume of the chamber
through nozzles (5) in the amount of 8 pieces with a D=10 mm.
A perforated tray (6) is installed in the lower part of the
chamber for the product to be put in for freezing. The tray is
perforated because as a result of sublimation, the refrigerating
agent settles at the bottom of the chamber. In the lower part of
the chamber, there is a nozzle for receiving carbon dioxide gas
(7) and feeding it to the compressor of the first stage. To

reduce heat flows, thermal insulation (8) made of Penoplex
polystyrene with a thickness of 40 mm is applied to the
chamber.

In the next stage, a 3D model of the refrigeration unit was
developed. Isometric projections of the 3D model are shown in
Figures 1(c) and 1(d). Stainless steel was used as a material for
the manufacture of nozzles and manifolds installed in the
chamber to reduce the risk of material corrosion. The chamber
must be sealed at a maximum pressure of 5 MPa. The
installation should be as compact as possible, with the ability to
be moved around production sites.

AutoCAD multifunctional software for creating 2D and 3D
models was used in the design.

The requirement for the design of the refrigeration unit was
to make it as compact as possible, for subsequent unhindered
transportation inside industrial premises. This requirement is
determined by the customer’s technical specifications because
technological lines are located in different rooms and their
operating principle is cyclical. However, the location of the
equipment should allow the operation of the refrigeration unit
and ensure its safety by reducing the amount of refrigerant
charged into the system, as well as increasing sealing, which
was achieved by the compact arrangement of the refrigeration
equipment on a welded frame.
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Note: (1: first-stage compressor, 2: second-stage compressor, 3: third-stage compressor, 4: heat exchanger, 5: heat exchanger, 6: oil separator, 7: shell-and-tube
condenser, 8 and 9: liquid separator, 10: linear receiver, 11: chamber, 12: liquid separator.

Source of the layout: [13].

Figure 1. a) Layout of a three-stage refrigeration unit running on carbon dioxide; b) Isometric projection of the refrigeration unit
chamber; ¢) Isometric projection of a 3D model of the refrigeration unit (view 1); d) Isometric projection of a 3D model of the
refrigeration unit (view 2)



Special attention was also paid when designing the pipelines
of the system. The presence of a large number of turns leads
to an increase in hydraulic losses. Therefore, their number was
reduced as much as possible. Hydraulic losses are also affected
by the length of the pipeline, which was assumed to be
minimal. It is worth noting the location of the refrigerator.
Placing the chamber on the upper part of the frame allowed us
to reduce the overall dimensions of the unit [8, 14].

At the final stage of the design, complex automation of the
system was carried out, which allows for increasing the level
of safety, energy efficiency, and optimization, as well as
reducing the participation of people in the maintenance of the
unit.

The complex automation process included the following
aspects: temperature control in the chamber, protection of
compressors from low and high suction pressure, control of the
level of the refrigerating agent in liquid separators, control of
oil supply to compressors, as well as pressure and temperature
control on all equipment of the refrigeration system. The

elements included in complex automation are presented below.

1. TE temperature sensor. This temperature sensor is located
in the refrigeration chamber. When the temperature in the
chamber drops to the set value (-45°C), the sensor is triggered
and sends a signal to the compressor panel. The signal starts
the first-stage compressor and the refrigerant begins to be
sucked out of the chamber;

1°, 5%, 9. PSA low-pressure block of a two-block pressure
switch. Located on the suction pipe. Protects the compressor
from low suction pressure;

2, 6, 10. PSA high-pressure block of a two-block pressure
switch. Located on the discharge pipeline. Protects the
compressor from too high discharge pressure;

3, 7, 11. TI thermocouple. Located on the suction pipe.
Indicates the suction refrigerant temperature. Sends a signal to
the OVEN-PLK100 controller;

4, 8, 12. FSA flow meter Controls the flow of oil from the
oil separator to the compressor;

5. PE pressure sensor. This pressure sensor is located on the
suction pipe of the second-stage compressor. When the
pressure in the pipeline rises to a preset value (2.57 MPa), the
sensor is triggered and sends a signal to the compressor panel.
The signal starts the second stage compressor and the
refrigerant begins to be sucked out of the pipeline;

9’. PE pressure meter. This pressure sensor is located on the
suction pipe of the third-stage compressor. When the pressure
in the pipeline rises to a set value (4.28 MPa), the sensor is
triggered and sends a signal to the compressor panel. The
signal starts the third stage compressor and the refrigerant
begins to be sucked out of the pipeline;

13-19. TI thermocouple. Located on the suction pipe.
Indicates the suction refrigerant temperature. Sends a signal to
the OVEN-PLK100 controller;

19 OVEN-PLL100 controller. The controller receives the
signal from thermocouples of the refrigeration unit;

20, 21. LE level sensor. Located on the liquid separator.
When the liquid level in the liquid separator rises, a signal is
sent to the solenoid valve. The solenoid valve shuts off the
refrigerant supply to the liquid separator.

20, 21°. SV solenoid valve. When the liquid level in the
liquid separator rises, a signal is sent to the solenoid valve. The
solenoid valve shuts off the refrigerant supply to the liquid
separator.

22. TE temperature sensor. This temperature sensor is
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located in the refrigeration chamber. When the temperature in
the chamber drops to the set value (-45°C), the sensor is
triggered and sends a signal to the solenoid valve. The solenoid
valve shuts off the flow of refrigerant into the chamber;

22°. SV solenoid valve. When the temperature in the
chamber drops below the set value (-45°C), a signal is sent to
the solenoid valve. The solenoid valve shuts off the flow of
refrigerant into the chamber;

23. NS push-button starter. When the set temperature is
reached (-45°C), the temperature sensor sends a signal to the
compressor panel, the button starts the first-stage compressor;

24. NS push-button starter. When the set pressure (2.57
MPa) is reached, the pressure sensor sends a signal to the
compressor panel, the button starts the second-stage
compressor;

25. NS push-button starter. When the set pressure (4.28
MPa) is reached, the pressure sensor sends a signal to the
compressor panel, the button starts the third-stage compressor;

26, 27. TE temperature sensor. Located at the refrigerant
outlet from the heat exchanger. When the temperature drops
below the set value (-15°C), a signal is sent to the thermostatic
valve. The thermostatic valve, in turn, shuts off the cold-water
supply to the heat exchanger;

26, 27°. TDS thermostatic valve. Located on the cold-water
pipeline. Shuts off the cold-water supply when the temperature
of the refrigerant at the outlet of the heat exchanger drops
below the set value (-15°C);

28-38. PI monometer. Device indicating pressure;

39. PC pressure regulator “towards itself”. Controls the
pressure at the outlet of the refrigeration chamber. When the
set value is exceeded (4.28 MPa), the valve closes;

40. PI pressure gauge. Device indicating pressure. Located
on liquid separators;

41. Tl thermocouple. Located on the suction pipe. Indicates
the suction refrigerant temperature. Sends a signal to the
OVEN-PLK100 controller.

Table 2 presents installation automation elements.

Table 2. Explication of refrigeration unit automation devices

Designation Name Quantity
Temperature sensor
122 NTCO15HP0O !
, s ) Double block pressure switch

1°,2,5,6,9°, 10 PSO-A7A 3
33 V316,41 | Thermocouple TP-A-4001 13
4,8, 12 Flow meter VS1340G21WO 3
509 Pressure sensor PT5-150D 1
19 Controller OVEN-PLK 100 1
20,21 Level sensor HBLT-A1 2
20°,21°,22’ Solenoid valve SV1078/4 3
23,24,25 Push-type starter PNVS-10 3
26, 27 Temperature sensor EKS211 2
26,27 Thermostatic valve TE5-55 2
28-38, 40 Pressure gauge TM 350 P 12
39 Pressure regulator “towards 1

itself” CVP-HP

4. RESULTS AND DISCUSSION

Table 3 presents the comparative characteristics of carbon
dioxide with the most common freon refrigerants [15].



Table 3. Comparative characteristics of carbon dioxide with freon refrigerants

Indirect Impact on Total Impact
kWh/year kWh/Year Impact on Global on Glok?al
Refrigerant COP (Fixed (Floating Global Warming at Warmina. k
Condensation) Condensation)  Warming, kg Full Leakage, of Cogl g
of CO» kg of CO» 2
MT 2.31 582,911 231,369
R404A LT 119 315.673 171,480 281,713 2,203,500 2,485,213
MT 2.37 568,154 225,511
R448A LT 117 321,070 174412 279,666 748,015 1,027,681
MT 2.07 650,495 258,194
R404A (LT EVI) LT 158 237754 129153 270,872 1,792,500 2,063,372
MT 2.1 641,202 254,506
R448A (LT EVI) LT 141 266,419 144725 279,182 608,494 887,676
R744 (transcritical MT 1.79 900,469 398,770
flow) LT 3.86 77,161 77,161 332,819 758 333,577

Note: COP: coefficient of performance, MT: medium temperature, LT: low temperature

Table 3 shows that in terms of environmental safety, carbon
dioxide is the most promising refrigerant. Despite the fact that
CO- is a greenhouse gas (the greenhouse effect of CO; is taken
as a unit of GWP), its use as a refrigerant instead of
hydrofluorocarbons (HFCs) can significantly reduce both
direct greenhouse emissions due to leakage (HFCs have a
GWP a thousand times the GWP of CO;) and indirect
greenhouse emissions due to electricity generation (many CO;
store refrigeration systems are more energy efficient than HFC
systems of similar capacity).

Figure 2 shows comparative data on the capital costs of
designing systems based on traditional refrigerants and carbon
dioxide [16].

180000

160000

140000

120000

R744

100000 W R448a EVI

R404a EVI

80000 -

60000 - W R448a

R404a
40000 + =

20000 -

a -

Note: 1: refrigerating machine, 2: condensers (gas coolers), 3: pipelines, 4:
automation, 5: refrigerant, 6: installation), in rubles at the rate of $1 = 76 rubles

Figure 2. Comparative data on capital expenditures for the
design of systems based on traditional refrigerants and
carbon dioxide

Despite the positive data on the environmental side, the
design of systems based on carbon dioxide is more expensive
than the design of refrigerating machines running on most
other refrigerants.

Analysis of the consumer refrigeration market shows that
despite the high cost of production of refrigerating machines
based on carbon dioxide, as well as due to the restrictions of
the world environmental oversight organizations, the
popularity of CO- as a refrigerant is increasing every year [17,
18].

The European and American markets for the production and
consumption of refrigeration actively use carbon dioxide as an
alternative to traditional refrigerating agents. The demand for
CO; cooling systems based on transcritical cycles has been
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very significant in the retail sector and public catering [19, 20].

Due to the tightening of measures to control emissions of
environmental pollutants into the atmosphere, carbon dioxide
is actively attracting the attention of advanced industrial
refrigeration enterprises in the world [16]. In particular,
subcritical cascade refrigerating machines are being actively
put into operation, the lower cooling circuit of which operates
based on carbon dioxide.

In Russia, this field is just beginning to develop actively at
the time of 2022. Despite this, there are many Russian
companies offering products based on CO; in the market
providing services for the design and development of
refrigeration systems [21]. Thus, the pioneers in the direction
of subcritical carbon dioxide systems in the RF are such
trading giants as Lenta LLC and Zelgros LLC, and METRO
LLC is actively introducing transcritical cooling systems
running on carbon dioxide into its commercial refrigeration
units [21]. However, all these units are airtight and have
several disadvantages, such as high pressures in an airtight
system, increased cost of equipment, the use of additional
equipment in circuits, and a long duration of freezing, because
there is no direct contact with the material [5]. The developed
unit, which operates on the principle of direct contact of the
refrigerating agent with the product, avoids the described
disadvantages, and the recirculation system allows for
avoiding leaks of CO; into the atmosphere.

5. CONCLUSION

As a result of the design, a schematic solution of a
refrigeration unit for contact freezing with carbon dioxide
recirculation has been developed. Based on the performed
calculations, we made design decisions and selected modern
refrigeration equipment with its complex automation.

The design of this refrigeration unit in a three-dimensional
system made it possible to minimize the overall dimensions of
the system by up to 30% due to the competent layout of
refrigeration equipment through the use of 3D models of
equipment, which made it possible to assemble components in
real time and in the form of models.

The principle of recuperation implemented in the unit will
reduce the consumption of the refrigerating agent by up to
80% in contrast to similar installations, but without recovery,
and the principle of direct contact between carbon dioxide and
the product will increase the freezing rate by 30% due to heat
exchange intensification.



This study was limited to the use of R744 as a refrigerant.
The use of R744 reduces the concentration of emissions of
ozone-depleting refrigerants, having a beneficial effect on the
current environmental situation. In further research, it is
necessary to continue studying the use of various natural
substances as refrigerants.

ACKNOWLEDGMENTS

The project was carried out within the framework of the
complex scientific and technological program (CSTP) of the
full innovation cycle "Development and implementation of a
complex of technologies in the field of exploration and
extraction of solid minerals, industrial safety, bioremediation,
creation of new products of high-level processing from coal
raw materials with a consistent reduction of the environmental
burden on the environment and risks to the life of the
population”, government decree N1144-p dated 11.05.2022,
event 13 "Innovative technology of wastewater treatment at
open-pit coal mining enterprises™.

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

Antipov, A.V. (2012). Prospects of using CO; in
refrigeration equipment of food enterprises. Meat
technologies, 5(113): 50-53.

Barannik, V.P. (2003). Refrigerants of a new generation.
Refrigerating Equipment, 92(1): 14-15.
https://doi.org/10.17816/RF106117

Belozerov, G.A., Dibirasulaev, M.A., Koreshkov, V.N.,
Kolodyaznaya, V.S., Rumyantseva, O.N., Baranenko,
D.A. (2009). Modern technologies and equipment for
refrigerating processing and storage of food products.
Refrigerating Equipment, 98(4): 18-22.
https://doi.org/10.17816/RF97621

lodis, V.A., Saraikina, I.P., Shmelev, D.A. (2022).
Technical and economic analysis of industrial
installations for the production of dry ice. Technical
Operation of Water Transport: Problems and Ways of
Development, 3: 97-100.
https://cyberleninka.ru/article/n/tehniko-
ekonomicheskiy-analiz-promyshlennyh-ustanovok-
dlya-proizvodstva-suhogo-Ida.

Starovoitov, S.V., Sysoev, A.N. (2021). Prospects for the
use of ozone-safe CO; refrigerant in industrial
refrigeration equipment. Energetika transport. Actual
Problems and Tasks, 4: 73-79.

Loktionov, D.G. (2010). Autorefrigerator installations on
carbon dioxide. In: Belozerov, G.A. (ed) Scientific and
Technical Support of the Refrigeration Industry. All-
Russian Scientific Research Institute of the Refrigeration
Industry, Moscow, 92-95.

Maksimov, P., Nieminen, H., Laari, A., Koiranen, T.
(2022). Sorption enhanced carbon dioxide hydrogenation
to methanol: Process design and optimization. Chemical
Engineering Science, 252: 117498.
https://doi.org/10.1016/j.ces.2022.117498

Rogalev, A., Rogalev, N., Kindra, V., Komarov, I.,
Zlyvko, O. (2021). Research and development of the
oxy-fuel combustion power cycles with CO:
recirculation. Energies, 14(10): 2927.
https://doi.org/10.3390/en14102927

1156

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Gullo, P., Hafner, A., Banasiak, K., Minetto, S., Kriezi,
E.E. (2019). Multi-ejector concept: A comprehensive
review on its latest technological developments. Energies,
12(3): 406. https://doi.org/10.3390/en12030406
Neverov, E.N., Korotkiy, I.A., Plotnikov, I.B., Korotkih,
P.S., Kozhaev, A.A. (2020). Investigation of the
parameters of the heat exchange process during carbon
dioxide sublimation. Bulletin of KrasGAU, 6(159): 215-
222.  https://doi.org/10.36718/1819-4036-2020-6-215-
222

Tosato, G., Minetto, S., Hafner, A., Rossetti, A.,
Marinetti, S., Girotto, S. (2020). Field assessment of the
performance of a state-of-the-art CO; integrated system
for supermarket with distributed HVAC terminals in the
shopping area. In Proceedings of the 6th IIR Conference
on Sustainability and the Cold Chain, Nantes, France,
August 26-28, 2020.
https://doi.org/10.18462/iir.iccc.2020.292847

Minetto, S., Tosato, G., Rossetti, A., Marinetti, S.,
Girotto, S., Banasiak, K. (2019). Not-in-kind approach to
remote monitoring in CO. refrigeration systems. In
Proceedings of the 25th 1IR International Congress of
Refrigeration, Montréal, Canada.
https://doi.org/10.18462/iir.icr.2019.1266

Neverov, E.N., Korotkiy, I.A., Samar, S.A., Korotkih,
P.S. (2023). Schematic solution of a low-temperature
installation with carbon dioxide recirculation to reduce
the environmental burden on the environment.
Polzunovskiy Vestnik, 2: 166-173.
https://doi.org/10.25712/ASTU.2072-8921.2023.02.022
Pan&, M.R.O., Franco, P.A.G., Costa, J.J. (2020). Effect
of atomizer geometry on particle formation in dry-ice
sprays. International Journal of Multiphase Flow, 130:
103358.
https://doi.org/10.1016/j.ijmultiphaseflow.2020.103358
Gafurov, S.D., Karabaev, A.S. (2017). Prospects for the
use of gas in refrigerators. Young Scientist, 7(141): 46-
48. https://moluch.ru/archive/141/39627/.

Lepesh, G.V. (2022). Acceptable technologies of the oil
and gas industry as part of the development of a low-
carbon economy. Technical and Technological Problems
of Service, 4(62): 3-20.
https://cyberleninka.ru/article/n/priemlemye-tehnologii-
neftegazovoy-otrasli-v-ramkah-razvitiya-
nizkouglerodnoy-ekonomiki.

Ovsyannik, A.V. (2019). Carbon dioxide turbine
expander plant producing liquid and gaseous carbon
dioxide. ENERGETIKA. Proceedings of CIS Higher
Education Institutions and Power Engineering
Associations, 62(1): 77-87.
https://doi.org/10.21122/1029-7448-2019-62-1-77-87
Buyanov, O.N., Neverov, E.N. (2006). Application of
snow-like carbon dioxide for cooling poultry meat.
Bulletin of the International Academy of Cold, 4: 36-39.
https://cyberleninka.ru/article/n/primenenie-
snegoobraznogo-dioksida-ugleroda-dlya-ohlazhdeniya-
myasa-ptitsy/viewer.

van der Sluis, S.M. (2017). Performance indicators for
energy efficient supermarket buildings: Final report.
https://heatpumpingtechnologies.org/publications/perfor
mance-indicators-for-energy-efficient-supermarket-
buildings-final-report-2/.

Minetto, S., Marinetti, S., Saglia, P., Masson, N., Rossetti,
A. (2018). Non-technological barriers to the diffusion of


https://doi.org/10.36718/1819-4036-2020-6-215-222
https://doi.org/10.36718/1819-4036-2020-6-215-222
https://doi.org/10.25712/ASTU.2072-8921.2023.02.022

energy-efficient HYAC&R solutions in the food retail integrated refrigeration, heating and cooling systems for

sector. International Journal of Refrigeration, 86: 422- supermarkets. In Proceedings of the 14th IIR-Gustav
434. https://doi.org/10.1016/j.ijrefrig.2017.11.022 Lorentzen Conference on Natural Refrigerants (GL2020),
[21] Tosato, G., Minetto, S., Rossetti, A., Hafner, A, Kyoto, Japan. http://doi.org/10.18462/iir.gl.2020.1162

Schlemminger, C., Girotto, S. (2020). Field data of CO;

1157





