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Introduction. Artifi cial 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 confi guration of the refrigeration 
cycle determine not only energy effi  ciency, 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 effi  ciency.

Purpose. To assess the infl uence of the circuit design — given the environmental characteristics of 
refrigerants — on the energy effi  ciency of a low-temperature refrigeration cycle using the coeffi  cient of 
performance (COP) and exergy effi  ciency (ε), 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 specifi ed temperatures (tc = 45 C; tb = –45 C). Th e 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 modifi ed cascade 
cycle; and a three-stage VCRM.

Results. Th e highest energy effi  ciency (COP = 2.22; ε = 0.372) has been achieved using a three-stage 
R717 VCRM. Among conventional cascade refrigeration cycles, R717/R290 has been identifi ed as the most 
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energy-effi  cient (COP ≈ 2.00) and environmentally acceptable pair. Th e modifi ed cascade cycle has de monstrated 
higher effi  ciency (COP ≈ 2.07) than conventional cascade schemes, and its implementation has enabled a notable reduc-
tion in thermomechanical parameters, positively aff ecting compressor service life.

Conclusions. For low-temperature applications, multi-stage R717 VCRM systems should be preferred, as they have pro-
ven more energy-effi  cient than cascade circuits. When installation reliability is of primary importance, a modifi ed cascade 
cycle with R717/R290 is advisable. For such a cycle, a rule for selecting the intermediate temperature has been proposed.
Keywords: energy effi  ciency, exergy effi  ciency, 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 effici ency, 
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 la un-
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 
en vironmental safety requirements, which are 
 as ses  sed 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 pro mising. Hydrocarbons, which are part of 

natural gas, have become particularly popular. 
These inc lu  de 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 paral lel throttling schemes is the relatively 
high degree of dryness of the vapour after throt-
tling to the boi ling 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 
ener gy efficiency of the cyc le, which is usually as-
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sessed by the COP, or ther mo-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 refri gerant. This is due to the complete interme-
diate coo ling of the refrigerant at the suction side 
of the se cond stage of the compressor, as well as 
the more complete subcooling of the condensate 
in the intermediate vessel in combination with pa-
 ral lel throttling. 

Another way to improve the energy efficiency 
of a low-temperature refrigeration cycle is to use 
cas cade schemes. The most common sche mes con-
sist of two cascades: upper and lower. In fact, a 
cascade cycle combines two single-stage va pour-
compression refrigeration machines. The lo wer and 
upper stages interact through a special heat ex-
changer called an evaporator-condenser.

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 ari se 
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 coefficient of thermal transfor-
mation COP. This value is determined regardless 
of the ty pe of cycle according to a well-known re-
lationship: 





0COP ,
c

Q
N                          

 (1)

where  0Q  is the cooling capacity of the refrigera-
tion cycle;  cN  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 
sche matic diagram and theoretical cycle of a three-
sta ge 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 pro perly implemented, eliminates addi-
tional energy losses due to under-recovery of the 
flow in the coil.
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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 la yer. 
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 analy se 
the energy efficiency of refrigeration cycles ba sed 
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 

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 (evaporati on), 
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.

Table 1. Characteristics of Refrigerants [5—7]

No. Refri-
gerant

Chemical 
formula

Critical parameters Normal boiling 
point tb, C

ODP GWP LCCP Flamma-
bility Toxicity

pressure pcr, Pa temperature tcr, C

1 R717 NH3 11.333 132.2 –33.3 0 0 0.25 + +
2 R13 CClF3   3.879   28.8 –81.5 1.0 14400 130 – +
3 R23 CHF3   4.832   26.1 –82.0 0.0004 14310 270 – –
4 R290 C3H8   4.240   96.7 –44.0 0 3 0.041 + –
5 R744 CO2   7.377   31.0 –78.4 0 1 120 – –
6 R32 CH2F2   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 (coefficient of 
thermal transformation COP).

For all cases, the following conditions are set:
 boiling point  45 °C;bt
 condensing temperature (upper cascade for cas-

cade chillers)  45 °C;ct
 theoretical cycle: adiabatic compressor efficien-

cy  1,s  no pressure losses in the refrigeration 
machine elements;

 there are no heat losses to the environment 
from the devices and other elements of the re-
frigeration machine.

For a cascade refrigeration machine, the conden-
sing temperature of the lower stage refrigerant is 

 0 °C.cLt
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  0 5 °C;ht

b) cascade refrigeration machine: for all cases — 
upper stage VCRM with condensate intercooler; 
R717 refrigerant; of the refrigerant in the inter-
cooler   5 °C;cut  overheating during suction 
 0 5 °C;ht  under-recovery in the evaporator-
con denser   3 °C;ur

E Ct
b.1) VCRM with regenerative heat exchanger 

(RHE); lower stage: R13 refrigerant; superheat on 
suction  0 10 °C;ht

b.2) VCRM with RHE; lower stage: R23 refri-
gerant; suction overheating  0 10 °C;ht

b.3) VCRM with RHE; lower stage: R290 refri-
gerant; suction overheating  0 10 °C;ht

b.4) VCRM with RHE; lower stage: R744 refri-
gerant; suction overheating  0 10 °C;ht

b.5) VCRM with RHE; lower stage: R32 refri-
gerant; suction overheating  0 10 °C;ht

c) three-stage VCRM; R717 refrigerant; over-
heating on the first stage suction  0 5 °C.ht

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

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, 
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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 recommen ded 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 pro cess 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.

c) 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 st 2t 5t 9x COP

Unit measurement — C C — —
Value 5.75 76.6 121 0.134 2.07

Note:   / /st c i i bp p p p  is the degree of pressure increase in the compressor stage; 2 ,t 5t  are refrigerant tempera-
ture after theoretical compression in the first and second stages of the compressor, respectively; x9 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 U
st L

st 2 ,Ut  C 2 ,Lt  C 5Ux 5Lx COP

b.1 4.653 3.895 117 22.6 0.160 0.328 1.80
b.2 4.653 4.272 117 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:   / ,U
st cU bUp p    /L

st cL bLp p  are the degree of pressure increase in the upper and lower cascades, respecti vely; 
2 ,Ut  2Lt  are refrigerant temperature after theoretical compression in the upper and lower stages, respectively; 5 ,Ux  
5Lx  are the degree of dryness of the refrigerant before the evaporator in the upper and lower stages, respectively
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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:

COP = 
 
     

0

3 8

0 4 6

,L

cL U U
LPCU LPCU CL

U U U

q
q h hl l l
q h h

 (2)

where lLPCU = h2U – h1U is the specific work of the 
first stage compressor of the upper stage, kJ/kg; 
lHPCU = h5U – h4U is the specific work of the second 
stage compressor of the upper stage, kJ/kg; lCL = 
= h2L – h1L is the specific work of the downstream 
compressor, kJ/kg; q0U = h1U – h5U is the specific 
cooling capacity of the upper stage, kJ/kg; q0L = 
= h6L – h5L is the specific cooling capacity of the lo-
wer stage, kJ/kg; qcL = h2L – h3L is the specific heat 
load of the lower stage condenser, kJ/kg.

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 
sta ge 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-

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
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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 cas cade 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   20; 10; 10; 20 °C.cLt  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.cLt  
Given the condensation temperature of the upper 
stage  45 °CcUt  and the boiling point of the lo-
wer stage  45 °C,bLt  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

tcL = 0.5 ( ).bL cUt t                         (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 effici en-
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 U
st L

st 2Ut 5Ut 2Lt 5Ux 5Lx 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 st 2t 4t 7t 13x COP

Unit of measurement — C C C — —
Value 3.198 33 56 92 0.073 2.22

Note:    2 2 1 1/ / /st c i i i i bp p p p p p  is the degree of pressure increase in the compressor stage; 2 ,t  5 ,t  7t  are refrige-
rant temperature after theoretical compression in the first, second, and third stages of the compressor, respectively; 

13x  is the degree of dryness of the refrigerant before the evaporator
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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:

  


,p

f

E
E

                              (4)

where  pE  is the sum of the product’s energy flows; 
 fE  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” 

pass through the refrigeration scheme and corres-
pond to the purpose of the refrigeration machi ne. 
At the same time, their state changes from “1u” to 
“4u” and from “1c” to “2c”. Part of the exer gy flow 
in the amount of ED + L is lost.

The general expression of the fuel flows in a re-
frigeration machine will look like this

 fE N                            (5)
and for the product flow we get

  2 1 .p c cE E E                       (6)
The flow of product  pE  is determined by exp-

ression (12) regardless of the refrigeration machi-
ne’s scheme design.

The calculation of fuel consumption  fE  de-
pends on the chosen scheme solution:
 single-stage VCRM:

     ;el el el
f C P FE N N N             (7)

 two-stage VCRM:
      ;el el el el

f HPC LPC P FE N N N N     (8)
 cascade VCRM:

      ;el el el el
f CL CU P FE N N N N       (9)

 modified cascade VCRM:

       ;el el el el el
f HPCU LPCU CL P FE N N N N N  (10)

 three-stage VCRM:

      1 2 3 .el el el el el
f SC SC SC P FE N N N N N  (11)

Here el
CN  is the electric power of the compres-

sor of the single-stage VCRM; ,el
HPCN  el

LPCN  are the 
electric power of the first and second stages of the 
compressor of the two-stage VCRM, respectively; 

,el
CLN  el

CUN  are the electrical power of the compres-
sors of the lower and upper stages of a cascade 
refrigeration machine, respectively; ,el

HPCUN  ,el
LPCUN  

el
CLN  are the electrical capacities of the high and 

low pressure compressors of the upper stage and 
the lower stage compressor of the modified casca de 
cycle, respectively; 1 ,el

SCN  2 ,el
SCN  3

el
SCN  are the elect ri-

cal capacities of 1—3 stages of the three-sta ge 
VCRM compressor;  el

PN  is the total elect ri cal po-
wer of the drives of pumps that pump liquid coo-

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

tcL, C –20 –10 0 10 20

COP 1.94 2.01 2.00 2.00 1.91

Fig. 2. Exergy flows in a refrigeration machine

E1U

E1C

Σ N

E4U

E2U

ED + L
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lants, such as water through a condenser;  el
FN  is 

the total electrical power of fans pumping gaseous 
coolants, such as air through an air cooler.

The numerical values of the powers  el
pN  and 

 el
fN  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.

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 

Table 7. Refrigeration Cycle Calculation Results 
(condensation temperature 45 C, boiling point –45 C; cooling capacity 100 kW)

Schematic solution N(cycle), kW 1 COP 1  ,fE  kW 2  ,pE  kW ε 2

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
Modifi ed cascade chiller (upper stage refrigerant R717; 
lower stage refrigerant R290) 48.31 2.07 74.024 24.454 0.330
Th ree-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 (htrm = 0.99 — compressor 
transmission efficiency; hmec = 0.92 — compressor mechanical efficiency; hs = 0.8 — compressor adiabatic effici en cy; 
hel = 0.94 — compressor electric drive efficiency; environmental parameters: pressure penv = 100 kPa; Tenv = 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 effici en-
cy (ε = 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-
li cations, 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 

been evaluated, the COP and ε have been at least 
by 7% lower as compared with the three-stage 
cycle. However, an assessment of intermediate 
ope rating parameters has indicated that the mod-
ified cascade refrigeration machine deserves pref-
erence, as it provides more favorable compressor 
operating conditions — namely, lower pressure 
ratios and lower final refrigerant temperatures af-
ter compression. These features reduce compres-
sor size and weight and have contributed to grea-
ter reliability and longer service intervals.

The study of lower-stage refrigerant options in 
terms of cycle energy efficiency has demonstrated 
for the first time that the combination of R717/
R290 has achieved the highest exergy efficiency. 
These refrigerants are environmentally friendly 
and fully satisfy application requirements. By cont-
rast, commonly used lower-stage refrigerants such 
as R13 and R23 have been found to be 11.1% less 
energy-efficient, with carbon dioxide showing an 
even lower efficiency (11.7% decrease).

The paper has also shown that when selecting 
the intermediate temperature of phase transition 
in a cascade cycle, the condensation temperature 
of the lower stage can be determined using exp-
ression (3 ).
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ВПЛИВ СХЕМНОГО РІШЕННЯ НИЗЬКОТЕМПЕРАТУРНОГО 
ХОЛОДИЛЬНОГО КОНТУРУ НА ОСНОВІ ЕКОЛОГІЧНО БЕЗПЕЧНИХ
ХОЛОДОАГЕНТІВ НА ЕНЕРГОЕФЕКТИВНІСТЬ ЦИКЛУ

Вступ. Штучний холод від –40 C і нижче широко використовують для різних електротехнологічних про-
цесів. Водночас від вибору холодильного агенту та схеми циклу залежить не лише енергетична ефектив-
ність, а й екологічна безпека холодильної установки.

Проблематика. Для умов глибокого холоду використовують багатоступеневі або каскадні схеми з раціо-
нальним підбором пар холодоагентів задля максимальної ефективності. 

Мета. Оцінити вплив схемного рішення з урахуванням екологічних властивостей холодоагентів на 
енергоефективність низькотемпературного холодильного циклу через коефіцієнт термотрансформації 
(СОР) та ексергетичний ККД (ε) й надати практичні рекомендації щодо вибору схеми і холодоагентів. 

Матеріали й методи. Застосовано термодинамічний та ексергетичний порівняльний аналіз теоретич-
них низькотемпературних холодильних циклів, виконано їх числове моделювання у Refprop відповідно до 
заданих температур (tконд = 45 С, tкип = –45 С). Як об’єкт використано двоступеневу парокомпресійну холо-
дильну машину (ПКХМ) з проміжною ємністю та змійовиком, каскадну холодильну машину для пар хо-
лодильних агентів R717/R13, R717/R23, R717/R290, R717/R744, R717/R32, модифікований каскадний цикл, 
триступеневу ПКХМ. 

Результати. Найбільшу енергоефективність (COP = 2,22; ε = 0,372) досягнуто для триступеневої ПКХМ 
на R717. Серед традиційних каскадних холодильних циклів найбільш енергоефективною (COP ≈ 2,00) та 
екологічною парою є R717/R290. Модифікований каскадний цикл перевершив за ефективністю традицій-
ні каскадні схеми (COP ≈ 2,07), а його застосування дозволяє суттєво зменшити термомеханічні параме-
три, що позитивно впливає на ресурс компресорів.

Висновки. Для низькотемпературних застосувань доцільно віддавати перевагу багатоступеневим 
ПКХМ на R717, які за ефективністю перевершують каскадні схеми. Якщо ключовим є підвищення надій-
ності установки, доцільно розглянути використання модифікованого каскадного циклу на R717/R290. Для 
такого циклу запропоновано правило вибору проміжної температури.
Ключові слова: енергетична ефективність, ексергетична ефективність, електротехнологія, енергозбереження, 
холодильна машина, екологічність, каскадний холодильний цикл, багатоступеневий холодильний цикл.


