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INFLUENCE OF A LOW-TEMPERATURE
REFRIGERATOR SCHEME SOLUTION BASED

ON ENVIRONMENTALLY FRIENDLY REFRIGERANTS
ON THE ENERGY EFFICIENCY OF THE CYCLE

Introduction. Artificial cold at temperatures of -40 °C and below is widely used in various electrotech-
nological processes. At the same time, the choice of refrigerant and the configuration of the refrigeration
cycle determine not only energy efficiency, but also the environmental safety of the system.

Problem Statement. For deep-cold conditions, multi-stage or cascade circuits are typically applied,
with a rational selection of refrigerant pairs to ensure high efficiency.

Purpose. To assess the influence of the circuit design — given the environmental characteristics of
refrigerants — on the energy efficiency of a low-temperature refrigeration cycle using the coefficient of
performance (COP) and exergy efficiency (¢), and to provide practical recommendations for selecting
both the circuit type and the refrigerants.

Materials and Methods. A thermodynamic and exergetic comparative analysis of theoretical low-tem-
perature refrigeration cycles has been performed. Numerical modeling has been carried out in REFPROP
for specified temperatures (t, = 45 °C; t, = =45 °C). The analyzed schemes include: a two-stage vapor-
compression refrigeration machine (VCRM) with an intermediate tank and coil; cascade systems for the
refrigerant pairs R717/R13, R717/R23, R717/R290, R717/R744, and R717/R32; a modified cascade
cycle; and a three-stage VCRM.

Results. The highest energy efficiency (COP = 2.22; ¢ = 0.372) has been achieved using a three-stage
R717 VCRM. Among conventional cascade refrigeration cycles, R717/R290 has been identified as the most
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energy-efficient (COP = 2.00) and environmentally acceptable pair. The modified cascade cycle has demonstrated
higher efficiency (COP = 2.07) than conventional cascade schemes, and its implementation has enabled a notable reduc-
tion in thermomechanical parameters, positively affecting compressor service life.

Conclusions. For low-temperature applications, multi-stage R717 VCRM systems should be preferred, as they have pro-
ven more energy-efficient than cascade circuits. When installation reliability is of primary importance, a modified cascade
cycle with R717/R290 is advisable. For such a cycle, a rule for selecting the intermediate temperature has been proposed.

Keywords: energy efficiency, exergy efficiency, energy saving, electrical technology, environmental friendliness, refri-
geration machine, cascade refrigeration cycle, multi-stage refrigeration cycle.

Artificial cold has become one of the main indi-
cators of the level of technical and cultural deve-
lopment of any country. The current stage of de-
velopment of the refrigeration industry is charac-
terised by the widest use of cold in all sectors of
the economy. In fact, there are no industries where
cold is not used [1]. Many technological proces-
ses require the use of low temperatures (no higher
than -40 °C), which can be created and main-
tained with the help of low-temperature refrigera-
tion machines as a type of electrical process. At the
same time, they must have high energy efficiency,
which is not achieved with conventional single-
stage vapour compression refrigeration machines
(VCRM). Therefore, it is necessary to apply other
scheme solutions where multi-stage and cascade
refrigeration machines are used.

However, starting with the Vienna Convention
for the Preservation of the Ozone Layer in 1985,
the Montreal Protocol on Substances that Deplete
the Earth’s Ozone Layer (1987), and including sub-
sequent agreements in London, Copenhagen, Vien-
na and Montreal, the programme for the preserva-
tion of ozone in the Earth’s stratosphere was laun-
ched, aimed primarily at creating refrigerants
alternative to ozone-depleting ones, new types of
refrigeration equipment, polymers, aerosols, etc.

Therefore, in addition to energy efficiency, mo-
dern refrigeration machines also meet stringent
environmental safety requirements, which are
assessed by such indicators as LCCP, ODP and
GWP. At present, the use of natural refrigerants
(ammonia, carbon dioxide) and refrigerants that
do not contain chlorine atoms in their molecules
is promising. Hydrocarbons, which are part of
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natural gas, have become particularly popular.
These include propane, butane, pentane and their
isomers, etc.

SCHEMATIC SOLUTIONS

FOR LOW-TEMPERATURE
REFRIGERATORS AND EVALUATION
OF THEIR EFFICIENCY

Achieving low temperatures (below -25 °C) requi-
res the use of special refrigeration machines based
on two- and multi-stage, as well as cascade refri-
geration cycles [2—4]. This is due to a significant
reduction in the compressor’s delivery ratio and a
significant increase in its size, an increase in the
temperature of the refrigerant and lubricant, which
can cause the formation of carbon deposits on the
inner surface of the compressor cylinder, as well
as spontaneous combustion and self-decay of the
refrigeration oil. There may be operating modes
when moisture can form in the refrigerant during
compression, which can lead to a hydraulic shock.
To prevent this, a significant overheating of the
refrigerant is created at the compressor suction,
which leads to additional irreversible energy los-
ses when it is supplied at low temperatures. Ano-
ther negative circumstance of a low-temperature
cycle using a single-stage refrigeration machine
or parallel throttling schemes is the relatively
high degree of dryness of the vapour after throt-
tling to the boiling point. This additionally re-
quires a higher mass flow rate of refrigerant, both
in the first stage and in the subsequent stages. All
of these factors have a negative impact on the
energy efficiency of the cycle, which is usually as-
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sessed by the COP, or thermo-economic analysis
methods can be used to determine the exergy ef-
ficiency of the cycle.

Energy-efficient design solutions should inclu-
de full use of two- and multi-stage refrigeration
schemes with full interstage refrigerant cooling in
intermediate vessels, maximum use of ambient
cold, minimum overheating of the refrigerant in
the suction at the first stage of the compressor,
maximum subcooling of the refrigerant after the
condenser, use of sequential throttling, etc. Most
of these requirements are met by a two-stage coo-
ling cycle with full intermediate cooling and se-
quential throttling. However, the implementation
of such a scheme solution is complicated by the
problem of separating and removing refrigera-
tion oil from the intermediate vessel, which en-
ters it after the first stage compressor and through
the throttle valve to the evaporator, significantly
reducing the refrigeration capacity of the refrige-
ration machine. The solution to this problem was
to use automatic monitoring and control devices
or another less energy-efficient but more reliable
scheme solution using parallel throttling and
a coil in the intermediate vessel. The schematic
diagram and theoretical cycle of a two-stage
VCRM with an intermediate vessel and coil can
be found in [5].

Studies have shown that this chiller has one of the
best energy efficiency ratings compared to other
two-stage schemes, even when using ammonia as
a refrigerant. This is due to the complete interme-
diate cooling of the refrigerant at the suction side
of the second stage of the compressor, as well as
the more complete subcooling of the condensate
in the intermediate vessel in combination with pa-
rallel throttling.

Another way to improve the energy efficiency
of a low-temperature refrigeration cycle is to use
cascade schemes. The most common schemes con-
sist of two cascades: upper and lower. In fact, a
cascade cycle combines two single-stage vapour-
compression refrigeration machines. The lower and
upper stages interact through a special heat ex-
changer called an evaporator-condenser.
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When CFCs are used in one of the cascades, a
regenerative heat exchanger is used, and when am-
monia is used, a supercooler is used.

The schematic diagram and theoretical cycle of a
cascade refrigeration machine can be found in [5].

For the calculation of the lower stage cycle, we
assume that it is formed by the more energy-effi-
cient VCRM scheme with a regenerative heat ex-
changer. When calculating the upper stage cycle,
we assume that it is formed by a VCRM cycle with
a condensate supercooler, since the refrigerant used
is ammonia (R717).

When using a cascade cycle, two problems arise
that are investigated in this paper, namely: the choice
of refrigerant for the lower and upper cascade, and
the choice of the temperature of the intermediate
phase transition in the condenser-evaporator.

We compare the energy efficiency of cycles by
determining the coeflicient of thermal transfor-
mation COP. This value is determined regardless
of the type of cycle according to a well-known re-
lationship:

Q
2N,
where Q, is the cooling capacity of the refrigera-
tion cycle; ZN . is the total capacity of the com-
pressors that ensure the cycle.

The schematic solution of a three-stage VCRM
is also known. The use of an additional third stage
compared to a two-stage scheme allows reducing
the degree of pressure increase in one stage, which
has a positive effect on the compressor’s flow rate,
its service life, final temperatures of the refriger-
ant after compression in the compressor, etc. The
schematic diagram and theoretical cycle of a three-
stage VCRM can be found in [5]. Compared to
the scheme of a two-stage VCRM with an inter-
mediate vessel and a coil, this scheme also allows
for complete interstage cooling of the refrigerant,
and, provided that the mechanism for removing
lubricant and refrigerant from intermediate ves-
sels is properly implemented, eliminates addi-
tional energy losses due to under-recovery of the
flow in the coil.

COP =

(1)
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REFRIGERANTS
AND THEIR PROPERTIES

In addition to energy efficiency, modern refrige-
ration machines also meet stringent environmen-
tal safety requirements for the refrigerants used
in them. They are assessed by such indicators as
LCCP, ODP and GWP. At present, the use of na-
tural refrigerants (ammonia, carbon dioxide) and
refrigerants that do not contain chlorine atoms in
their molecules is promising. Hydrocarbons, which
are part of natural gas, have become particularly
popular. These include propane, butane, pentane
and their isomers, etc.

The studied refrigerants, which can be used in
low-temperature refrigeration machines, have the
following main indicators, including environmen-
tal ones, which are given in Table 1.

As can be seen from Table 1, all refrigerants ex-
cept R13 have little or no impact on the ozone layer.
R13 is included only for the purpose of compa-
ring energy efficiency as a refrigerant that was pre-
viously widely used in the lower stages of refri-
geration machines.

Modern approaches of scientists [2—4] to the
choice of refrigerant are to use and further analyse
the energy efliciency of refrigeration cycles based
on natural substances that have the lowest LCCP,
ODP and GWP values. Among the refrigerants
listed in Table 1, special attention is paid to natu-
ral refrigerants, namely ammonia (R717), propa-
ne (R290) and carbon dioxide (R744) as the most
environmentally friendly. However, among the ref-
rigerants presented in Table 1, the main attention

Table 1. Characteristics of Refrigerants [5—7]

should be paid to ammonia (R717), as this study
involves analysing the energy efficiency of an in-
dustrial model of a refrigerator with an average
cooling capacity (at least 15 kW). Ammonia also
has a number of good environmental characteris-
tics and benefits:

+ low cost, which ensures relatively low capital
expenditure on the purchase and maintenance
of refrigeration equipment;

+ high intensity of heat exchange in the devices,
which ensures relatively small dimensions;

+ high density, which enables the use of smaller
pipelines;

+ high specific heat of condensation (evaporation),
which ensures the lowest refrigerant consump-
tion in the cycle;

+ low evaporation threshold, which allows even
the smallest refrigerant leaks to be detected even
without the use of special equipment.

The disadvantages of using ammonia as a refri-
gerant include its toxicity and flammability. Howe-
ver, with proper health and safety precautions and
the automation of the chiller, their harmful effects
can be significantly reduced or even eliminated.

As we can see, the advantages of using R717 as
a refrigerant are much greater than the disadvanta-
ges. Nevertheless, analysing numerous modern stu-
dies [2—4, 8—11], it is almost impossible to find
this substance in at least one of the refrigeration
schemes of cascade refrigeration cycles. That is why
the authors decided to take R717 as a basis and
select the best possible vapour for it in terms of
energy efficiency and environmental friendliness.

No. | Refri- | Chemical Critical parameters Norr.nal boiling oop | gwe |Lcep Flar.n.ma— Toxicity
gerant | formula pressure p,, Pa | temperature £, °C | Point 1 C bility
1 | R717 | NH, 11.333 132.2 -33.3 0 0 0.25 + +
2 | R13 | CCIF, 3.879 28.8 -81.5 1.0 |14400| 130 - +
3 | R23 CHF, 4.832 26.1 -82.0 0.0004 | 14310| 270 - -
4 | R290 | C,Hq 4.240 96.7 -44.0 0 3 0.041 + -
5 | R744 CO, 7.377 31.0 -78.4 0 1 120 - -
6 | R32 | CH,F, 5.782 78.1 -51.6 0 670 | 4.9 + +
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The aim of the study is to analyse existing sche-
matic solutions for low-temperature refrigeration
machines and the impact of refrigerant proper-
ties on environmental safety and energy efficien-
cy of the refrigeration cycle.

To achieve this goal, the following tasks are for-
mulated and solved:

+ analysis of existing scheme solutions for low-
temperature refrigeration machines;

+ analysis of the impact of refrigerant properties
on environmental safety and energy efficiency
of the refrigeration cycle;

+ developing recommendations for calculating the
cascade refrigeration cycle.

The objects of research are the scheme solutions of
low-temperature refrigeration machine cycles and
the properties of refrigerants used in such cycles.

The subject of the study is the energy efficiency
of a low-temperature refrigeration machine and
the influence of its scheme diagram and the ther-
modynamic and environmental properties of the
refrigerant.

The following methods were used to solve the
tasks: analysis of scientific and technical informa-
tion, numerical modelling using specialised soft-
ware products (Refprop [6], Coolpack [12]).

INPUT PARAMETERS
AND ASSUMPTIONS

To investigate the influence of the scheme solu-

tion of a low-temperature VCRM with medium

cooling capacity and the choice of refrigerant on
the energy efficiency of the cycle (coefhicient of
thermal transformation COP).

For all cases, the following conditions are set:

+ boiling point t, =—45 °C;

+ condensing temperature (upper cascade for cas-
cade chillers) t =45 °C;

+ theoretical cycle: adiabatic compressor efficien-
cy M, =1, no pressure losses in the refrigeration
machine elements;

o there are no heat losses to the environment
from the devices and other elements of the re-
frigeration machine.
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For a cascade refrigeration machine, the conden-
sing temperature of the lower stage refrigerant is
t, =0°C.

Consider the cycles and calculate the COP ac-
cording to the procedure below:

a) two-stage VCRM with an intermediate ves-
sel and coil; R717 refrigerant; overheating at the
suction of the first stage is At,, =5 °C;

b) cascade refrigeration machine: for all cases —
upper stage VCRM with condensate intercooler;
R717 refrigerant; of the refrigerant in the inter-
cooler At, =5°C; overheating during suction
At,, =5 °C; under-recovery in the evaporator-
condenser At . =3°C;

b.1) VCRM with regenerative heat exchanger
(RHE); lower stage: R13 refrigerant; superheat on
suction Af,, =10 °C;

b.2) VCRM with RHE; lower stage: R23 refri-
gerant; suction overheating At,, =10 °C;

b.3) VCRM with RHE; lower stage: R290 refri-
gerant; suction overheating At, =10 °C;

b.4) VCRM with RHE; lower stage: R744 refri-
gerant; suction overheating At,, =10 °C;

b.5) VCRM with RHE; lower stage: R32 refri-
gerant; suction overheating At =10 °C;

c) three-stage VCRM; R717 refrigerant; over-
heating on the first stage suction At =5 °C.

For a cascade refrigeration machine with max-
imum COBP, investigate the choice of the optimal
condensing temperature of the lower scheme ref-
rigerant ¢, .

RESULTS OF CALCULATIONS

a) Two-stage VCRM with intermediate vessel and
coil. A summary of the calculations is presented
in Table 2.

b) Cascade refrigeration machine. The sum-
mary of the results of the calculations for items
b.1—b. 5 is presented in Table 3.

Thus, based on the results of the calculations
(see Table 3), the following conclusion can be ma-
de: the best value of the thermal transformation
coefficient was obtained for the ratio of refrige-
rants: upper stage — R717, lower stage — R290,

ISSN 2409-9066. Sci. innov. 2026. 22(1)



Influence of a Low-Temperature Refrigerator Scheme Solution Based on Environmentally Friendly Refrigerants

which was 2.00. Carbon dioxide did not show suf-
ficient efficiency as a lower-cycle refrigerant, al-
though the R717/R744 pair is the most well-
known and studied and, according to [13—16],
can be used in cascade refrigeration machines of
high cooling capacity at temperatures in the
cooled objects not exceeding -30 °C. In [17, 18],
which deals with cascade cycles of low-tempera-
ture refrigeration machines, R744 is recommend-
ed to be used in the upper cascade with a transc-
ritical cycle. This will indeed ensure environmen-
tal safety, in contrast to the use of R23 in the
lower cascade recommended by the same authors,
which can cause global warming (see Table 1). It
is also difficult to agree with the authors” opinion
that the result will be a refrigeration machine
with minimal weight and dimensions, because at
least the ultra-high pressures of R744 in the up-
per stage will require the use of thick-walled mas-
sive pipes, the isobaric process of heat removal in
the R744 cooler will lead to a decrease in the tem-
perature head and heat transfer coefficient of this

apparatus, and therefore to an increase in its sur-
face area, and, accordingly, in its weight and di-
mensions.

Nevertheless, the value obtained is lower than
the thermal transformation coefficient obtained
in the calculation of a two-stage refrigeration ma-
chine with an intermediate vessel and coil, which
was 2.07. Therefore, in order to identify possible
ways to increase the COP of the cascade cycle, the
effect of the intermediate temperature of the cycle
will be investigated.

¢) Modified cascade refrigeration cycle. Calcu-
lations were performed for a modified cascade cyc-
le consisting of a combination of a two-stage refri-
geration machine with full intermediate cooling,
parallel throttling and a coil in the intermediate
vessel for the upper stage and a single-stage vapour
compression refrigeration machine with a regene-
rative heat exchanger in the lower stage. The upper
stage refrigerant is ammonia, and the lower stage
refrigerant is the refrigerant that has the highest
COP among the refrigerants studied (R13, R23,

Table 2. Summary Results of Calculation of a Two-Stage VCRM with an Intermediate Vessel and a Coil

Parameter

T

st

t

t

Xy

COP

Unit measurement
Value

5.75

°C
76.6

°C
121

0.134

2.07

Note:m, = p_/ p, = p, ! p,is the degree of pressure increase in the compressor stage; t,, t, are refrigerant tempera-
ture after theoretical compression in the first and second stages of the compressor, respectively; x, is the degree of

dryness of the refrigerant before the evaporator

Table 3. Summary Results of the Calculation of a Cascade Refrigeration Machine

Item of the VCRM scheme T, - t,y» °C t,,, °C Xy X, COP
b.1 4.653 3.895 117 22.6 0.160 0.328 1.80
b.2 4.653 4272 117 41.0 0.160 0.288 1.80
b.3 4.653 5.326 117 23.8 0.160 0.290 2.00
b.4 4.653 4.194 117 63.4 0.160 0.260 1.79
b.5 4.653 5.807 117 66.0 0.160 0.176 1.94

Note: T, = p., | Pyu> T, =P, | p,, are the degree of pressure increase in the upper and lower cascades, respectively;
t,;» t,; are refrigerant temperature after theoretical compression in the upper and lower stages, respectively; x,;;,
x,, are the degree of dryness of the refrigerant before the evaporator in the upper and lower stages, respectively

ISSN 2409-9066. Sci. innov. 2026. 22(1)
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Fig. 1. Schematic diagram (a) and theoretical cycle (b) in the p-h diagram of the modified cascade cycle: upper
stage — two-stage VCRM with an intermediate vessel and coil, lower stage — single-stage VCRM with RHE:
LPCU — low pressure compressor (first stage of the upper stage) of the upper stage; HPCU — high pressure com-
pressor (second stage of the upper stage) of the upper stage; HEU — heat exchanger of the upper stage; IVU — in-
termediate vessel of the upper stage; C — condenser; TV1U, TV2U — throttle valves of the upper stage; CP — coil;
TVL — throttle valve of lower stage; RHEL — regenerative heat exchanger of the lower stage; CL — compressor of
the lower stage; E — evaporator; E - C — evaporator-condenser

R290, R744, R32) for a conventional cascade cy-
cle, namely propane R290.

Figure 1 shows the schematic diagram of the
modified cascade refrigeration machine and its
cycle in p-h diagram.

The thermal transformation coefficient of the
modified cascade cycle is determined by the for-
mula:

9or

COP = N N
q. -
: '[ZLPCU +3 * 'lLPCUj"'lCL

ou h4U - th

where [,y = h,y — hyy is the specific work of the
first stage compressor of the upper stage, kJ/kg;
Lipcu = hsy — hyy s the specific work of the second
stage compressor of the upper stage, kj/kg; I, =
= h,, - h,; is the specific work of the downstream
compressor, kJ/kg; gy, = h,y - hsy is the specific
cooling capacity of the upper stage, kj/kg; g, =
= hg, - hy, is the specific cooling capacity of the lo-
wer stage, kJ/kg; q., = h,, - h, is the specific heat
load of the lower stage condenser, k]J/kg.

100

» (2)

The summary results of the calculations are
shown in Table 4.

As can be seen from the calculation results (see
Table 4), the use of a two-stage cycle in the upper
stage did not lead to an increase in the energy effi-
ciency of the refrigeration cycle as a whole and can-
not be unequivocally recommended for implemen-
tation due to its significant complexity. On the other
hand, the obvious advantages of this cycle include
a significant reduction in refrigerant tempera-
tures after compression and pressure boost stages
in each stage of the upper stage compressor. This
increases the compressor’s capacity factor, redu-
ces its weight and size, and extends its service life.

Three-stage VCRM. The coefficient of thermal
transformation of the three-stage cycle of VCRM
is determined by expression (1). The summary re-
sults of the calculations are given in Table 5.

As can be seen from the calculation results (see
Table 9), the use of a three-stage VCRM allows
increasing the COP by 7.2 % compared to a two-

ISSN 2409-9066. Sci. innov. 2026. 22(1)



Influence of a Low-Temperature Refrigerator Scheme Solution Based on Environmentally Friendly Refrigerants

stage refrigeration machine or a modified cascade
refrigeration machine. However, after compres-
sion at the third stage, the refrigerant tempera-
ture rises to 92 °C compared to 75 °C in the mo-
dified cascade cycle, which increases the require-
ments for the properties of refrigeration oil and
also leads to an increase in irreversible losses due
to non-isothermal heat removal in the condenser.

d) Investigation of the influence of the lower
stage refrigerant condensation temperature on
the energy efficiency of the cascade cycle. For
a cascade refrigeration machine with maximum
COP, we investigate the choice of the optimal con-
densation temperature of the lower stage refrige-
rant. To perform the numerical study, we set the
values of the condensation temperatures of the lo-
wer stage refrigerant t , =—20;-10; 10; 20 °C. The
lower stage refrigerant is R290, the upper stage ref-
rigerant is R717.

The results of the calculations are summarised
in Table 6.

As can be seen from the calculation results (see
Table 6), the optimal range of condensation tem-
peratures of the lower stage is —10<¢, <10 °C.
Given the condensation temperature of the upper
stage t,, =45 °C and the boiling point of the lo-
wer stage t,, =—45°C, it can be concluded that

when calculating a cascade refrigeration machine
using ammonia in the upper stage and propane in
the lower stage, the condensation temperature of
the lower stage can be set as an arithmetic mean

£, =0.5(t, +1,). (3)

This will help to maintain maximum energy ef-
ficiency in the cascade cycle.

e) Thermo-economic analysis of refrigeration
cycles. As a rule, to assess the energy efficiency of
the refrigeration cycle, the coefficient of thermal
transformation COP is calculated [5] or entropy
analysis methods are used [19, 20]. However, it is
more correct to define another energy efficiency
indicator — exergy efficiency. It allows estimating
net energy losses that are called exergy.

In this article, the thermo-economic analysis is
carried out using the postulates first proposed by
J. Tsatsaronis [21]. Such an approach to assessing
the energy efficiency of low-temperature refrige-
ration machines, including cascade ones, is nowa-
days increasingly widespread and is modern and
more correct, as it allows assesings the real efficien-
cy of any power plant regardless of its complexity.
For example, paper [8] deals with the exergy ana-
lysis of a cascade refrigeration cycle for the ratio
of R404A/R744 refrigerants, while paper [9] deals

Table 4. Summary Results of the Calculation of the Modified Cascade Cycle

(lower cascade R290, upper cascade R717)

Parameter TEZ cht tZU tSU t2L xSU xSL COP
Unit of measurement — — °C °C °C — — —
Value 2.157 5.326 55 75 24 0.10 0.213 2.07
Table 5. Summary Results of the Calculation of a Three-Stage VCRM (R717)

Parameter T, t t, t, X COP
Unit of measurement — °C °C °C — —
Value 3.198 33 56 92 0.073 2.22

Note:n, =p_/ p, =P,/ p, =P,/ p,is the degree of pressure increase in the compressor stage; t,, ¢,, t, are refrige-
rant temperature after theoretical compression in the first, second, and third stages of the compressor, respectively;
X,, is the degree of dryness of the refrigerant before the evaporator

ISSN 2409-9066. Sci. innov. 2026. 22(1)
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Fig. 2. Exergy flows in a refrigeration machine

with R1132a/R1234yf and 48 other refrigerant
groups. In [22], the authors analyse the exergy ef-
ficiency of the R404A/R744 vapour cascade cycle.
This method of analysis is also available in [10]
and others. The increasing use of this method
makes it possible to compare research results and
draw unambiguous conclusions and recommen-
dations that will contribute to the further develop-
ment of refrigeration technology in the world.
The exergy efficiency of a refrigeration machi-
ne, regardless of the scheme, is determined by the

formula:
_2E

2E

where Z E  is the sum of the product’s energy flows;

(4)

€

ZE ; is the sum of fuel exergy flows.

The refrigeration machine is considered by the
“black box” method (see Fig. 2). In general, the ref-
rigeration machine scheme is supplied with the
following: the exergy flow of the recycled medium
(index “u”) to the condenser, the exergy flow of
the cooled medium (index “c”) to the evaporator,
and the total electrical power of the compressor
motor drives. The flows with indices “u” and “c”

Table 6. Effect of the Upper Stage
Condensation Temperature on the Energy
Efficiency of the Cascade Cycle

t,°C | -20 -10 0 10 20

COP 1.94 2.01 2.00 2.00 1.91

102

pass through the refrigeration scheme and corres-
pond to the purpose of the refrigeration machine.
At the same time, their state changes from “1u” to
“4u” and from “1¢” to “2¢”. Part of the exergy flow
in the amount of E,, , | is lost.
The general expression of the fuel flows in a re-
frigeration machine will look like this
ZEf - ZN (5)
and for the product flow we get
DE,=E, —E,. (6)
The flow of product Z E, is determined by exp-
ression (12) regardless of the refrigeration machi-
ne’s scheme design.
The calculation of fuel consumption ZE ; de-

pends on the chosen scheme solution:
+ single-stage VCRM:

DE, =N{+Y Ny +D N (7)
* two-stage VCRM:

S~ N e N 4 NI A TN (9)
¢ cascade VCRM:

Y E =N& +N&, + Y Ni+ >N (9)
¢ modified cascade VCRM:

D E; =Nipoy + Nipoy + Ng + 2 Ny + Y N5 (10)
+ three-stage VCRM:

ZEf =N' + N+ N&. +ZN§} +ZN;}. (11)

Here N¢ is the electric power of the compres-
sor of the single-stage VCRM; N, N, are the
electric power of the first and second stages of the
compressor of the two-stage VCRM, respectively;
N, N¢, are the electrical power of the compres-
sors of the lower and upper stages of a cascade
refrigeration machine, respectively; N2, s Ny »
N¢ are the electrical capacities of the high and
low pressure compressors of the upper stage and
the lower stage compressor of the modified cascade
cycle, respectively; N'.., N%., N2 are the electri-
cal capacities of 1—3 stages of the three-stage
VCRM compressor; ZN ¢ is the total electrical po-

wer of the drives of pumps that pump liquid coo-
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lants, such as water through a condenser; ZN s
the total electrical power of fans pumping gaseous
coolants, such as air through an air cooler.

The numerical values of the powers ZN ;’ and
ZN ;l are close to zero compared to other values
of electric power, so these values are neglected
when performing calculations.

Using the above expressions (4)—(11), the exer-
gy efficiency and its components are calculated
depending on the scheme solution. The results of
the calculations are presented in Table 7.

As can be seen from the results presented in
Table 7, the choice of a scheme solution affects the
energy efficiency of the cycle. As is well known,
for low-temperature refrigeration cycles, it is advi-
sable to use multi-stage or cascade refrigeration
cycles. However, the increase in energy efficiency of
a refrigeration machine is faster for multi-stage ma-
chines compared to cascade machines. For examp-
le, a one-stage increase when switching from a
one- to a two-stage refrigeration cycle results in a
21 % increase in both the thermal conversion fac-
tor and exergy efficiency, and a subsequent switch
from two-stage to three-stage compression results
in a 7 % increase in energy efficiency. It should be
borne in mind that such a transition also compli-
cates the scheme, potentially reducing its reliabil-
ity and increasing the cost of installation.

Table 7. Refrigeration Cycle Calculation Results

The use of cascade, including modified, refrige-
ration cycles, even with the use of environmen-
tally friendly and most energy-efficient refrigerants,
such as R290 (propane) as a lower stage refrige-
rant, results in lower efficiency indicators compa-
red to multi-stage refrigeration cycles using R717.
This can be explained by the lower thermody-
namic efficiency of other refrigerants compared
to ammonia, as well as the presence of additional
thermodynamic losses during heat transfer from
the lower to the upper stage in the evaporator-
condenser. At the same time, the use of a modi-
fied cascade refrigeration cycle made it possible
to obtain the lowest maximum refrigerant tem-
peratures and the lowest degree of pressure in-
crease in the upper stage. This is also confirmed
in [3], where a thorough similar numerical study
was performed. However, it does not analyse the
ratio of R717/R290 as refrigerants in the upper
and lower stages.

The article has examined approaches to imp-
roving the energy efficiency of a low-temperature
refrigeration machine while considering the en-
vironmental safety of refrigerants. Two principal
strategies have been analyzed: the selection of re-
frigerants or their combinations, and the choice
of the circuit configuration. Both traditional ther-
modynamic methods and modern exergy-based

(condensation temperature 45 °C, boiling point -45 °C; cooling capacity 100 kW)

Schematic solution Ny KW' | COP! ZE kW2 ZE o KW g?

Single-stage VCRM with condensate subcooler (R717) 58.48 1.71 85.254 24.454 | 0.287
Two-stage VCRM with intermediate vessel and coil (R717) 48.31 2.07 70.384 24.454 | 0.347
Cascade refrigerating machine (upper stage refrigerant

R717; lower stage refrigerant R290) 50.00 2.00 73.334 24.454 | 0.333
Modified cascade chiller (upper stage refrigerant R717;

lower stage refrigerant R290) 48.31 2.07 74.024 24.454 | 0.330
Three-stage VCRM with full interstage cooling and

sequential throttling (R717) 45.05 2.22 65.786 24.454 | 0.372

Note: 1 — internal capacity of the theoretical cycle; 2 — electrical power of the actual cycle (h

transmission efficiency; h

mec

=0.99 — compressor

trm

= 0.92 — compressor mechanical efficiency; h, = 0.8 — compressor adiabatic efficiency;

h,=0.94 — compressor electric drive efficiency; environmental parameters: pressure p,,, = 100 kPa; T,,, = 293 K
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approaches have been applied to evaluate the ener-
gy efficiency of the refrigeration cycle.

R717 has been used as the basis of the study
because it satisfies environmental and energy-ef-
ficiency requirements and, as the literature review
has shown, has been largely — and undeserved-
ly — overlooked due to its flammability and tox-
icity. Nevertheless, with the advancement of auto-
mation systems and adherence to safety standards,
the use of R717 in industrial refrigeration systems
is feasible and justified.

The numerical analysis of various schematic
solutions for refrigeration machines, summarized
in Table 7, has shown that the highest coefficient
of performance (COP = 2.22) and exergy efficien-
cy (e = 0.372) have been obtained for a three-sta-
ge refrigeration machine with full interstage coo-
ling and sequential throttling (refrigerant R717).
Therefore, for low-temperature refrigeration app-
lications, the use of multi-stage refrigeration cyc-
les has proven to be more effective than cascade
refrigeration circuits.

When a two-stage VCRM with a coil-type inter-
mediate vessel and a modified cascade refrigera-
tion machine — a new design option considered
as a promising low-temperature solution — have
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BIUIMB CXEMHOTO PINIEHHA HU3bKOTEMITEPATYPHOT'O
XOJIOOMIIBHOI'O KOHTYPY HA OCHOBI EKOJIOTTYHO BE3ITEYHNX
XOJIOJOATEHTIB HA EHEPTOE®EKTVIBHICTD LIVIKITY

Bceryn. llTyannit xonox Bif —40 °C i HyKde IMPOKO BUKOPYCTOBYIOTD /1A Pi3HMX €/1eKTPOTeXHO/IOTiYHNIX IPO-
eciB. BogHouac Bif BMOOPY XOTOAVIIBHOTO areHTy Ta CXeMMU LUKy 3aJIe)KUTh He JIMIIe eHepreTnyHa epeKTB-
HICTB, a 11 eKoJoriyHa 6e3IeKa XOlIOANIbHOI YCTAaHOBKIL.

ITpo6nemaTuka. [Ij151 yMOB IMOOKOTO XOMOLY BUKOPMCTOBYIOTh O6araTocTyIeHeBi abo KacKafHi CXeMU 3 palio-
HaJIPHYUM I1iZ00POM Iap XO/IOf0AreHTiB 3a//1s1 MaKCUMaIbHOI e(DeKTUBHOCTI.

Merta. OLiHNUTY BIUIMB CXEMHOTO PillleHHA 3 YpaxXyBaHHAM €KOJIOTiYHMX BJIACTMBOCTEN XOJNOJ0AreHTiB Ha
eHeproeeKTVBHICTb HU3BKOTEMIIEPATYPHOTO XOJIOAV/IBHOIO LMKy 4depe3 KoedilieHT TepmorpaHcdopmanii
(COP) ra exceprernunnmit KK]I (e) it HajaTu npakTU4Hi peKoMeH/alil o710 BUOOPY cXeMU i XO/IOfj0areHTiB.

Martepiamm i1 MeTogu. 3aCTOCOBAaHO TePMOAVHAMIUHMII Ta eKCepreTMYHNUI NOPiBHANbHNIL aHAJIi3 TeopeTnd-
HJIX HU3DPKOTEMIIEPATyPHIX XOMOAMIbHYX LIMKIIiB, BUKOHAHO IX Y1C/I0BE MOZIETIOBAHH Y Refprop BifIOBifHO 10
3afaHux TeMneparyp (f,., = 45 °C, t,,, = —45 °C). Ik 06’eKT BUKOPUCTAHO ABOCTYIEHEBY TTAPOKOMITPECIIHY X070~
punbHy MaimHy (ITIKXM) 3 mpoMiDKHOI0 €MHICTIO Ta 3MilTOBMKOM, KaCKafHy XOJIOAMIbHY MAIINHY [JIS Iap XO-
nopuabHMX areHTiB R717/R13, R717/R23, R717/R290, R717/R744, R717/R32, mopyudikoBaHmit KacKaHUIT IMUKII,
tpuctyneneny ITIKXM.

Pesynprarn. Haii6inbury eneproepexrusnicts (COP = 2,22; € = 0,372) gocaruyTo ans tpuctyneresoi IIKXM
Ha R717. Cepeq TpaguuiiiHNX KacKaJHUX XOMOAWIbHNX IMKIIiB Haiibinbin eneproedexturow (COP = 2,00) ta
exosioriyHoo napor € R717/R290. MopydikoBaHmit KackaIHNUII MK IIepeBepLInB 3a e(peKTUBHICTIO TPayLIili-
Hi kackajHi cxemu (COP = 2,07), a 710ro 3aCTOCyBaHHs JJ03BOJIsIE CYTTEBO 3MEHIINTH TepMOMeXaHIuHI mapame-
TP, 1110 MIO3UTVUBHO BIUIMBAE HA peCypc KOMIIPeCOpiB.

BucHoBku. [I711 HU3bKOTEMIIEPaTYPHUX 3aCTOCYBaHb JOLIPHO BifilaBaTy HepeBary 6araToCTylneHeBUM
[TKXM Ha R717, siki 3a edeKTUBHICTIO IIepeBepIIyIOTh KacKafiHi cxeMu. SIKI0 K/TIOUOBMM € MiJBUIIEHHS Hafili-
HOCTI yCTaHOBKI, JOLI/IPHO PO3IJIAHY TV BUKOPUCTAaHHA MOoaM]ikoBaHOro KackagHoro uykry Ha R717/R290. [Ina
TAaKOTO LYIKJIY 3alIPOIIOHOBAHO IIPaBIIO BUOOPY IIPOMIXKHOI TeMIIepaTypu.

Kntouosi cnosa: enepreruyta ebeKTUBHICTD, eKcepreTnyHa e(eKTUBHICTD, eIEKTPOTEXHOTIOTIS, eHEPTro30epeXKeHH I,
XOJIOfjM/IbHA MalllVHa, €KOIOT1YHICTb, KACKaJHWII XOMOAM/ILHUI IVIK/T, 6araTOCTyIIeHeBUI XONMOAVIbHNIL LINKJL.
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