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Abstract-

 

The entropic and statistical method of the analysis 
(ESMA) allows calculating losses in different refrigeration plant 
components and comparing them to define the elements that 
need measures to

 

increase their operation efficiency.This 
paper presents results of analysis of refrigeration plants at 
design stage to choose appropriated system at energy 
efficiency and ecological influence point of view. Refrigeration 
plant with three working temperature levels (evaporation 
temperature -10℃, -18℃, -32℃) for retail application was 
analyzed.The degree of thermodynamic efficiency was 
calculated.

 

This result could not be achieved using a 
traditional method of comparison refrigeration systems by 
using a coefficient of performance (COP) or seasonal 
efficiency as an only efficiency criterion. 

I.

 

Introduction

 
he entropic and statistical method of analysis 
allows determining work which is necessary to 
compensate entropy production because of 

irreversibility and disequilibrium of real processes in the 
system components in order to identify an element or 
process requiring an increase in efficiency.

 

The aim of the modernization of the existed 
refrigeration plant was to increase energy efficiency and 
to use refrigerant with less global warming potential 
(GWP).

 
II.

 

Entropic and

 

Statistical

 

Analysis

 
Refrigeration plant is located in Moscow and 

has three working temperature levels:

 
1.

 

Evaporation temperature -10 ℃, cooling capacity 
264.4 kW;

 

2.

 

Evaporation temperature -18 ℃, cooling capacity 
15.7 kW;

 

3.

 

Evaporation temperature -32 ℃, cooling capacity 
55.9 kW;

 
As a duty cycle, a single-stage compression 

cycle with a single throttle was used. One refrigeration 
unit for evaporation temperature -10 ℃

 

and one 
refrigeration unit for evaporation temperatures -18 ℃

 

and -32 ℃. The refrigerant was R404A.

 

For analysis, the following main dependencies 
were used:

 
1.

 

Specific mass cooling capacity at evaporation 
temperature

 

( )3

1
= ´å

=
totq q go oi ii

 (1) 

where qoi  - is the specific mass cooling capacity at the 

i temperature level; gi  - is the specific mass flow rate at 

the i temperature level. 
The specific mass flow rate at the i temperature 

level is defined as the ratio of the mass flow rate Gi  

[kg/s] at the i temperature level to the mass flow rate 
Gl  [kg/s] of the lowest temperature level. 

Gigi Gl
= (2) 

2. Minimum specific work which is necessary for cold 
generation (electric power) 

3
min min1

totl l giii
  
 

= ×∑
=

 (3) 

where minl
i

 - minimum specific work (electric power) 

for generating cold at i temperature level. 

3. Adiabatic compression work 

3

1
totl l gs s iii

  
 

= ×∑
=

 (4) 

where lsi
 - adiabatic compression work at i 

temperature level. 

4. Actual specific compression work 

3

1
totl l gcomp comp iii

  
 

= ×∑
=

 (5) 

where lcompi
 - actual specific compression work at i 

temperature level. 

5. Degree of thermodynamic efficiency 

min
totltot
tottherm lcomp

η = (6) 

T
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6. COP at adiabatic compression

totqtot о
s totls
ε = (7)

7. Actual value of COP

totqtot o
act totlcomp
ε = (8)

Part of compression work, which is necessary 
for entropy production compensation in condenser (if 
there are separate condenser for each operating 
temperature level):

3

1
totl l gicond cond ii

  
 

∆ = ∆ ×∑
=

(9)

where lcond i
∆ - actual specific work, which is 

necessary for entropy production compensation in 
condenser at i temperature level.

Part of compression work, which is necessary 
for entropy production compensation in throttling 
process.

3

1
totl l githr thrii

  
 

∆ = ∆ ×∑
=

(10)

where lthri
∆ - actual specific work, which is necessary 

for entropy production compensation in throttling 
process at i temperature level.

Part of compression work, which is necessary 
for compensation of entropy production in heat 
transferring processes from cooling object to refrigerant 
(evaporation):

3

1
totl l gevap evap iii

  
 

∆ = ∆ ×∑
=

(11)

where levapi
∆ - actual specific work, which is 

necessary for entropy production compensation in heat 
transferring processes at i temperature level.

Estimated value of the adiabatic compression 
work is calculated:

. min
tot tot tot tot tot totl l l l l levaps calc cond thr other= + ∆ + ∆ + ∆ + ∆ (12)

where totlother∆ - losses in other processes 

(overheating, mixing, etc.)

Energetic Losses in Compressor:

.
tot tot totl l lcomp comp s calc∆ = − (13)

Rated Compression Work:

. .
tot tot totl l lcompcomp calc s calc= + ∆ (14)

The results of the calculation of losses by 
system elements in percent (%) of the actual 
compression work expended are shown in Table 1. The 
results of the calculation of performance indicators are 
shown in Table 2.

Table 1: The Results of the Calculation of Losses by Elements of the System in % of the Actual Compression Work

System 1 System 2 System а 3 System 4
Compressor 31,45 30,04 36,41 35,89

Condenser 13,98 14,01 13,05 15,29

Throttling 24,82 18,77 15,17 14,62

Economizer - 1,98 - -

Evaporator-condenser - - 1,15 1,38

Evaporator 6,86 7,97 9,63 8,52
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Table 2: Performance Indicators of the Systems under Consideration

System 1 System 2 System 3 System 4
tot

thermη 0,23 0,27 0,25 0,25

tot
actε 1,74 1,97 2,49 2,50
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During the analysis of the existing refrigeration 
system (System 1), it turned out that part of 
compression work, which is necessary for entropy 
production compensation in throttling process is on 
second place after energetic losses in compressor.

To reduce losses during throttling, it was 
decided to use separate refrigeration units for 
evaporation temperatures -18 ℃ and -32 ℃. The 
operating cycle was also changed to a cycle with an 
economizer with R404A as refrigerant (System 2). These 
measures allowed to reduce losses during throttling by 
24.38%, increase the COP by 11.68% and the degree of 
thermodynamic efficiency by 14.81% (Table 2).

To reduce the negative impact to the 
environment, it was decided to use R744 as refrigerant. 

The most efficient cycle with R744 for similar 
applications is a cascade refrigeration system with 
R134a in the high cascade stage and R744 in the low 
cascade stage [2]. To increase efficiency, this unit was 
designed with separate compressors for evaporation 
temperatures of -18 ℃ and -32 ℃ (System 3). The 
schematic diagram of System 3 is shown on Fig. 1. The 
results of the analysis showed a decrease compression 
work which is necessary for entropy production 
compensation during throttling processes by 38.88% 
and an increase the COP by 30.12% compared to 
System 2.

Figure 1: Schematic diagram of the System 3. Comp1, Comp2, Comp3 - compressors; Evap1, Evap2, Evap3 -
evaporators; Cond - condenser, ThrV1, ThrV2, ThrV3, ThrV4 - throttle valves; Evap-Cond - evaporator-condenser.

To reduce negative impact to the environment it 
was offered to use R450A instead of the R134a (System 
4). According to the results of the analysis, the 
performance indicators of a cascade refrigeration plant 
with R450A in the high cascade stage are at a 
comparable level with System 3, and the GWP of the 
refrigerant R450A is lower than R134a (601 versus 
1300).
The results of the analysis are shown on Fig. 2.

III. Conclusions

1. The application of the entropic and statistical 
method of the analysis allows to determine 

energylosses in the elements of the system and 
take measures to increase the efficiency at the 
design stage;

2. To increase the efficiency of refrigeration systems, it 
is necessary to reduce part of compression work, 
which is necessary for entropy production 
compensation in throttling process, for example, by 
using cycle with an economizer, cascade cycle or 
alternative refrigerant;

3. The COP of a cascade refrigeration system with 
separate compressors for evaporation temperatures 
-18 ℃ and -32 ℃ exceeds COP of refrigeration 
system operating on a single-stage compression 
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cycle with a single throttling and two refrigeration 
units (one unit for evaporation temperature -18 ℃, 
one for evaporation temperature  -18 ℃ and -32 ℃) 
by 30.4%, the degree of thermodynamic efficiency 
exceeds the same value by 8%;

4. R450A refrigerant is a full replacement of R134a 
refrigerant in the high cascade stage due to 
comparable performance indicators (COP and 
degree of thermodynamic efficiency) and a lower 
value of the GWP.

Figure 2: Comparison of Energy Losses by System Components in % of the Actual Compression Work Expended.
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