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Abstract 
Our research objective through the current paper was to develop a methodology for the study of energy-saving lines 
for processing agricultural products, to justify the parameters and energy-efficient modes of heat and cold supply 
equipment operation using natural cold, the energy characteristics of the freezing battery, and determine the range of 
variation of energy flows revenues and expenditures, receipt and processing of information for the development of 
cooling systems.  
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Introduction 
Due to the low technological level of most livestock farms and the lack of modern equipment, the quality of milk 
produced on farms is still unsatisfactory, and its processing is an energy-intensive and time-consuming process. In 
Russia as a whole, energy costs for processing 1 ton of milk average 33 kWh [1, 5-13]. 
The development and implementation of integrated energy-saving equipment and heat and cold supply units using 
natural cold, which reduce the energy intensity of the agricultural products processing. 
 
Research Objective  
To develop a methodology for the study of energy-saving lines for processing agricultural products, to justify the 
parameters and energy-efficient modes of heat and cold supply equipment operation using natural cold in order to 
analyse the energy and material balance of the lines, the energy characteristics of the freezing battery, and determine 
the range of variation of energy flows revenues and expenditures, receipt and processing of information for the de-
velopment of flexible cooling systems. 

 
Results and Discussion  
It has been established that the operating time of each link in the production line in the work cycle is a random variable 
distributed according to a law close to normal [6–13]. 
The energy flows and the energy balance of an agricultural processing line are analysed. Figure 1 shows the energy-
saving process line for processing milk for farms using natural cold (Option of heat and cold supply equipment is 
applied). 
Milk through the milk pipe 1 enters the air separator (releaser jar) 2, from where it is pumped through the milk pump 
3 and the milk meter 4 to the current milk cooler 5, where it is cooled and enters thermos tanks 6, from where it is 
dispensed by the milk pump 3 through the milk counter 4 to the milk tank vehicle. 
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Fig. 1: Automated Energy-Saving Milk Processing Line Using Natural Cold 
1 - Milk line; 2 - Milk collector-air separator (releaser jar); 3 - Milk pump; 4 - Milk counter; 5 - Current cooler; 6 - Reservoir-thermos; 7 - 
Capacity for cooling the condenser of the cooling unit; 8.9 - First and second stage heat exchangers; 10 - Warm water reservoir; 11 - Water 
heater; 12 - Water pump; 13 - Natural and artificial cold accumulator (NACA); 14 - Evaporator of the cooling unit; 15 - Coolant pump; 16 - 

Cooling unit compressor; 17 - Condenser of the cooling unit; 18 - Cooling system pump of the cooling unit condenser (cooling tower 
pump); 19 - Natural cold sectional accumulator (NCSA)  

 
A quantitative assessment of the energy flows of the energy-saving process line considered as a single autonomous 
system was performed on the basis of the energy balance equation [5-7].  
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  (1) 

Where Wl is the amount of energy supplied to the i-th device of the m-th machine of the j-th link; lW  - the amount 

of energy spent by the i-th device of the m-th machine of the j-th link to perform useful work; lW  - the amount 

of energy lost by the i-th device of the m-th  machine of the j-th link; M - the number of j-th links in the process 
line; K is the number of the m-th machines in the j-th link of the process line of the m-th machines in the j-th link 
of the process line; n is the number of devices consuming energy in the m-th machine. 
Thus, the proposed system on farms with pre-cooling of milk from 35 ° C to 15 ° C will allow for the regeneration 
and use in the process of about 720 kWh electricity that can be used for technological needs [1, 5-13]. 
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Table 1: Characteristics and Operating Modes of the Links of Milk Processing Lines Connected to the 
Central Dairy Point 

 
 

Table 2: Energy Flows of a Process Line with Energy-Saving Technology 
Warm period Cold period 

Energy input, kWh  Energy consumed, kWh Energy input, kWh  Energy consumed, kWh 
Designation Value Designation Value Designation Value Designation Value 

W1 
 

Wv 
 

Wc 
 

Wk 
 

Wo 
 

Wx 
 

Wm 
 

Wd 
 

Wп 
 

W5 
W6 

 
W7 

432,92 
 

20,4 
 

7,0 
 

101,7 
 

28,0 
 

11,1 
 

3,0 
 

2,0 
 

26,0 
 

301,22 
253,72 

 
39,36 

Wmv 

Wт 

Wv 

W
v 

W
с 

W
с 

Wк 

Wк 

Wо 

Wо 

Wх 

Wх 

Wm 

W
m 

W
d 

Wd 

Wп 

Wп 

W6 

W6к 

Wtn 

48,10 
60,13 
15,84 
4,56 
5,0 
2,0 

90,0 
11,7 
24,0 
4,0 
9,0 
2,1 
2,3 
0,7 

1,54 
0,46 
22,5 
3,5 

 
46,52 
279,12 
593,34 

W1 
 

Wv 
 

Wc 
 

Wx 
 

Wm 
 

Wd 
 

Wп 
W5 
W6 

 
W7 

204,65 
 

19,3 
 

5,5 
 

11,7 
 

3,0 
 

0,93 
 

26,0 
159,56 
258,1 

 
34,98 

Wmv 

Wт 

Wv 

W
v 

W
с 

W
с 

Wх 

Wх 

Wm 

Wm 

Wd 

Wd 

Wп 

W
п 

W
6 

W6к 

Wtn 

22,74 
45,48 
15,0 
4.3 

4,13 
1,37 
9,0 
2,1 
2,3 
0,7 

0,72 
0,21 
22,5 
3,5 

46,52 
279,12 
263,43 

 
For convenience of analysis, the energy balance components (energy flows) are grouped by type of energy re-
ceived from external sources and spent on technological operations (Fig. 2) [6-13]. 
The first group includes thermal energy contained in milk, which is supplied to the production line W1  

1 1 АВW W W    , (2) 

Where 1W   – energy losses during milk cooling in pipelines and when it is delivered to a milk tanker vehicle; 

авW  - milk energy transferred by the coolant to atmospheric air. 

The second group W2 includes the energy flows of the process line links (air-separation pumps Wv, transporting 
Wс, Wd and mixing pumps Wm, coolant pumps Wх and washing systems Wn), the energy operating modes of 
which practically do not change for any types of lines throughout the year and do not affect the energy balance 

Nen, Nen, Tav, Nen, Tav,

kW kW man / day kW man / day

Air separator pump 4 1,1 3,5 4 1,1 3,6 4 1,1 3,4

Milk pump 1 1,1 4,5 1 1,1 4,5 1 1,1 3,75

Refrigeration compressor 2 15 6,0 1 15,0 6,0 – – –

Coolant pump 2 1,5 6,0 1 1,5 6,0 1 1,5 6,0

Circulating water pump 2 4,0 6,0 – – – – – –

Cooling tower fan 2 1,5 6,0 – – – – – –

Thermos tank mixer 2 0,75 1,5 2 0,75 1,5 2 0,75 1,5

Milk delivery pump 1 0,75 1,5 1 1,1 1,4 1 1,1 0,65

Flushing pump 1 7,5 3,0 1 7,5 3,0 1 7,5 3,0

The name of the operating 
mechanisms of the process line 
links 

Typical processing line Process line with energy-saving technology

Number, pcs.
Tav,man  / 
day

Number, pcs. Number, pcs.
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2 2 2W W W     , (3)  

where 2W   is the energy spent by the links on the technological process: removing milk from the vacuum line 

вW  , moving milk through pipelines сW  , дW  , stirring it in tanks during storage мW  , moving coolant хW  , 

moving washing water and solutions through pipelines when washing technological equipment and the system as 

a whole пW  ; 2 в с м хW W W W W        ; - energy loss in the process of energy converting from 

electrical to mechanical type.  
 

W1    WI 

    W1 

 W2    W2 

    W2  

 W3    Wс 

    W3  

 W4    W4 

    W4  

 W5    W6 

W6    W6к  

W7    Wtn  

 
Fig. 2: The Energy Flow Scheme for the Farm Milk Processing Line with Energy-Saving Technology, tak-

ing into account the grouping of the Energy Balance Components  
The energy flows of the compressor Wк and the circulating water pump Wо are allocated into the third group 
W3, since their operating mode varies depending on the technology and type of the line during the year and 
affects the energy balance of the line  
W3 = W

3 + W
3 ,          (4) 

where W3 is the energy expended in compressing the coolant vapours W
к and moving the circulating water to 

cool the condenser of the cooling unit W
о; W

3 = W
к + W

о - energy losses in the process of converting energy 

from electrical to mechanical type. 
The fourth group of energy consumers includes the energy flows W4 of the cooling tower fans, since a cooling 

tower is not needed in the production line with energy-saving technology 

W4 = W
4 + W

4, (5) 

Where W4 4 is the total energy spent on moving air to cool the water in the tower; W4 - energy losses in the 
process of converting energy from an electrical form to a mechanical one. 
The fifth and sixth groups include the energy supplied to the line with water from the W5 farm's water supply 
sources and the energy spent on heating the water to flush the system W6  

W6 = W
6 + W

6к, (6) 

Where W
6 – the energy lost when cooling water in pipelines during flushing; W

6к - energy lost during the 

discharge of waste water into the sewer. 
For ease of presentation and further analysis of the energy balance equations for the process line, the individual 
loss components are grouped by type of energy: electrical and mechanical, lost in the electric motors of pumps 
and fans 
W

em1 = W
2 + W

4, (7) 

Thermal energy lost with water and milk 
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W
т1 = W

I + W
1 + W

6 + W
6к. (8) 

As a result, the energy balance equation of a typical production line taking into account expressions (2) ... (8) will 
have the following form 

W1 + W2 + W3 + W4 + W5 + W6 =  

W
2 + W

3 + W
3 + W

4 + W
эm1 + W

т1 (9) 

An analysis of the components of equation (9) shows that there are reserves for improving the energy character-
istics of milk processing lines. These reserves include the use of thermal energy of milk supplied to the processing 
W1 (an average of 318 kWh per day). A great reserve is also the use of the natural air and water cold to cool 

milk. This operation consumes an average of 282 kWh per day, or W3+ W4, which is 24% of the total amount 

of energy consumed by the line for processing the daily milk yield. 
In the cold season, the use of natural cold systems allows us to cool milk without the use of compressors Wk, 
circulating water pumps Wo and cooling tower fans W4. Therefore, the energy balance equations for the process 
line with energy-saving technology for the warm and cold seasons will differ significantly. 
For the warm season 

W1 + W2 + W3 + W5 + W6 + W7 = 

= 2 3 3 1 1эм т тн’W W W W W W              , (10) 

For the cold season 
W1 + W2 + W5 + W6 + W7 = 

= 2 1 1эм т тн’W W W W         , (11) 

Where W7 is the regenerated energy for preheating the water used to flush process equipment and the system as 
a whole; W

тн - energy of the water used for the technological needs of the farm. 

The regenerated heat energy Wр which is used to heat water for the needs of the farm and flush the system, is 

determined from the expression 

Wр = W7 + W
tn, (12) 

Required cooling capacity of the cooling unit for production lines with artificial cold accumulators [6-13]  

Nah = Tf (Nte – Qn) / Tts, (13) 

Where Nte is the required cooling capacity of the cooling unit in existing milk cooling systems, kW; Qn is the 
equivalent cooling capacity of the pre-cooling system, kW; Tf - the actual operating time of the cooling unit in 
existing (typical) cooling systems, h; Tts - time between milking cycles, hours 
A numerical analysis of the energy balance equations shows that due to the use of the milk thermal energy and 
the coolant condensation heat of the cooling unit, at least 456 kWh used for heating water can be regenerated per 
day 

7p тн’W W W   . (14) 

In a cold season, the use of units that accumulate natural cold for cooling milk on farms located in the latitude of 
Moscow and to the north allows working without cooling units for 5 ... 6 months a year or more, while saving at 
least 282 kW h of electric energy per day 
Wхv = (W3 + W4). (15) 

In a warm season, the energy consumption for milk cooling is reduced by 50 ... 65%, and the cooling capacity and 
installed capacity of cooling units are halved due to its pre-cooling. This saves at least 155 kWh of electricity per 
day. 
Wтv = W3 / 2 + W4. (16) 

The calculations of the energy balance equation components were carried out using materials from a statistical 
survey and characteristics of technological equipment for farms according to [5-13], table 1 and table 2. Compar-
ative energy characteristics of the production line with energy-saving technology are presented in table 3. 
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Table 3: Energy Flows of an Agricultural Product Processing Line with Energy-saving Technology 
Energy  Technology links  Designation 

of energy 
balance com-
ponents 

Average daily energy value, kWh, on the pro-
duction line 

Typical Energy-saving  

Per year Per year Warm  

period 

Cold  

period 

E N E R G Y  I N P U T  

Thermal energy with 
milk 

 W1M 318,78 318,78 432,92 204,65 

 
 
 
Electric energy 

Electric motors: milk, wa-
ter, coolant pumps, com-
pressors, fans, Electric heat-
ers 

W1E1 

 

 

 
79,7 

 
259,4 
23,4 

293, 1 

 
67,67 

 
64,85 

– 
255,9 

 
69,5 

 
129,7 

– 
253,7 

 
65,83 

 
– 
– 

258,1 

  Links of thermal action in-
cluding seasonal 

W1E2 
W1E3 

32,6 
293,08 

230,4 
255,91 

301,2 
253,72 

159,6 
258,1 

Thermal energy 
with water and air 

Electric water heater, heat 
exchanger, cold accumula-
tors. 

WV1 

W1vозd 

32,56 

– 

230,39 

37,17 

301,22 

39,36 

159,56 

34,98 

E N E R G Y  C O N S U M P T I O N  

Mechanical energy 

Thermal energy 

Milk, water, coolant 
pumps; compressors, re-
verse water pumps; cooling 
tower fans. Warm water 
reservoir  

W2V 

W2M 

W2E1 

W2E1 

64,3 
 

228,0 
 

18,0 
- 

54,92 
 

57,0 
 
– 

428,39  

56,18 
 

114,0 
 

– 
563,35 

53,65 
 

– 
 

– 
263,43 

E N E R G Y  L O S S E S  

Thermal energy 

 

Electro-mechanical 
energy 

Pipelines, reservoirs, milk 
tanker vehicles, etc. 

 

Electric motors: milk 
pumps, water pumps, com-
pressors, etc. 

W3Т1 
W3Т2 
W3Т3 
W3E1 
W3E2 
W3E2 

 

664,42 
 

20,8 
31,4 

 

413,86 
 

12,75 
7,85 

 

433,87 
 

13,32 
15,7 

 

393,86 
 

12,18 
- 
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An analysis of energy flows shows that the largest amount of energy when cooling agricultural products using 
natural cold is saved in the northern region of the country, the minimum amount is in the southern region (see 
diagram). 

Conclusions  
It has been established that due to the cold accumulation and the use of milk thermal energy and the condensation 
heat of a cooling unit’s coolant, a line with energy-saving technology regenerates 600 kWh of energy per day at 
an average in a warm period, and 290 kWh in a cold period that is used to heat the water that goes to the techno-
logical needs of the farm. In addition, in the cold season, the use of only seasonal type units that accumulate 
natural cold for cooling milk on farms located in the latitude of Moscow and to the north allows working without 
cooling units for 5 ... 6 months a year or more, which saves not less than 282 kWh of electricity per day. In the 
warm season, only due to pre-cooling of milk, the energy consumption for cooling is reduced by 50 ... 65%, and 
the cooling capacity and installed capacity of cooling units are 2 ... 2.5 times higher, which saves at least 155 kWh 
electricity per day. As a result, in the warm season, the energy consumption for cooling 1 ton of milk is 8 ... 13 
kW • h and 1.8 ... 4 kW • h in the cold season. 
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