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Abstract: A fundamental part of the electric consumption of the main industries of the food sector
comes from the refrigeration production, needed in all production phases. Therefore, every measure
that aims to optimize the electric consumption and increase the efficiency of centralized industrial
refrigeration systems will help the energetic waste of the company, improving reliability and
maintenance. Acting on the regulation of capacity of power compressors used can be a good way to
save energy. This article shows a case studied by the authors in an industrial company in the meat
industry in Spain, where the refrigeration systems have a great importance in the productive pro-
cess. It displays the methodology used, the description of the taken actions and the results obtained.
These combined measures brought about an improvement, with an energetic saving value reaching
400 MWHh per year, leading to an equivalent in CO2 emission reduction of 147.9 tons.

Keywords: industrial refrigeration plant; food industry; energy efficiency; refrigeration
compressors

1. Introduction

This work shows the potential opportunities for energy saving in a large industry in
its installations of industrial refrigeration, through combining the use of speed regulation
of the compressors with the slide control in big refrigerators” compressors. For this pur-
pose, refrigeration production has been studied, considering a large factory in the meat
industry situated in the Valencian Community (Spain) [1], analysing electric energy con-
sumption, suggesting the actions to be carried out and executing the necessary measures
to achieve maximum efficiency in the production of industrial refrigeration.

The energy consumption is considerable for this type of consumer, and the meat in-
dustry has been identified as one of the most suitable segments for the implementation of
actions to improve energy demand [2,3]. Heat, ventilation, and refrigeration are among
the largest amounts of energy consumed in processes in the meat industry [4]. Electricity
consumption is mainly used for cooling and ventilation, while fossil fuels such as natural
gas or diesel are generally used for process heating. In the meat industry, refrigeration
production and distribution constitute between 45% and 55% of the total final electricity
consumption on weekdays [4], making this process more energy intensive for most con-
sumers in this segment. In the meat industries, the energy demand to produce industrial
refrigeration can represent a very important percentage of the energy consumption, gen-
erally higher than 50%. There are studies that have been carried out [5-7] to evaluate the
response of the demand of different sectors (mainly for commercial and industrial sec-
tors), where flexibility has traditionally been related to the capacity of a system to adapt
itself to production changes [8,9] or it can absorb these changes depending on any of the
system entities or the external environment [10]. Optimizing and improving energy de-
mand in refrigeration can be an important point to achieve in this type of industry.
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Improving the energy efficiency of industrial refrigeration systems in the meat in-
dustry has been analysed from different aspects [11-15]. In this work, the results of the
improvement of a large industrial refrigeration system will be seen, describing a practical
case where measures have been implemented for the energy improvement of this system
by regulating the speed of electric motors in combination with the variation of the volu-
metric compression ratio by the physical regulation of the mechanical slide integrated in
the compressors, allowing one to evaluate the effectiveness of this technique in such a
promising sector as the meat industry.

This article analyses the study of a real case in a first level meat industry located in
Spain, where energy consumption in industrial refrigeration is 44.1% of the total. The
work is organized as follows: Section 2 describes the main characteristics of the company's
industrial refrigeration system. Later (Section 3) the measurements, carried out to estab-
lish the improvement process by combining the speed regulation with the mechanical
slide regulation of the compressors to adapt the system capacity, are exposed. Once the
capacity of the different refrigeration lines has been analysed, Section 4 shows the
measures adopted and the results obtained, which show significant energy savings in the
refrigeration plant, close to 400 MWh per year.

2. Improve of Regulation Capacity in Refrigeration Compressors. Case Study

The company studied is a large industry located in the Valencian Community in
Spain, where it has a complex consisting of a beef processing centre surrounded by the
attached facilities necessary for the proper functioning of the main activity. In this factory,
two work shifts of 8 hours each are executed daily, plus a third cleaning shift.

This factory was designed to operate with the greatest respect for the environment,
as well as to achieve the highest efficiency ratios in operation, having obtained important
national and international awards. Electric energy consumption can be seen in the graphs
in Figures 1 and 2, where the electricity consumption profile for different times of the year
is observed. Within the electrical energy consumption of the factory, the refrigeration sys-
tems account for a percentage of 44.1% of the total (Figure 3).
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Figure 1. Electricity consumption profile during average week in the factory.
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Figure 2. Electricity consumption profile in the factory during four periods.
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Figure 3. Sectorization of electricity consumption by main facilities.

The factory's refrigeration plant (Figures 4 and 5) is made up of nine screw-type re-
frigeration compressors that use ammonia (NHs) as a refrigerant, which is distributed
through three main lines (Figure 4). Line N°1 at —40 °C of evaporation is associated with
the freezing tunnels, line N°2 at -33 °C of evaporation is for the meat treatment processes
and freezing chambers, and Line N°3 at —15 °C of evaporation is for chambers and the
heated meat processing areas (Figures 4 and 5). The compressors used in the industrial
refrigeration system have the technical characteristics of the equipment for the specific
operating data of the different operating refrigeration circuits, as described in Table 1.
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Figure 4. Refrigeration system main diagram.

Figure 5. View of industrial refrigeration compressor room under study.

The automatic regulation of the capacity of the refrigeration compressors is carried
out by means of an integrated PID (proportional, integral, derivative) function that mod-
ifies the location of the mechanical slide integrated in the compressor to adapt the volu-
metric compression ratio (Vi) to the existing working conditions (thermal load), that are
determined from the variation of the suction pressure (evaporation pressure) of the com-
pressors.

With the variation of the slide, the quantity of refrigerant gas driven is directly af-
fected by the recirculating part of the refrigerant sucked in before being compressed,
thereby significantly reducing the associated energy consumption.

With the installation of variable speed drives to the compressor motors, the necessary
frequency is delivered based on the suction pressure of the refrigeration system,; if it rises,
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the frequency and speed of rotation will rise, increasing the capacity of the compressor
until it reaches the pressure corresponding to the required evaporation temperature.

Table 1. Technical and operational characteristics of refrigeration equipment.

Designation Line Nominal Cold Nominal Absorbed Cosp V Average Annual Annual Working
(ID) Power (Kw) Power (Kw) Capacity (%) Hours (h)
A9/C9 347.2 394.3 0.84 408 749 4.318
Al/C1 NH3 227.8 268.5 091 408 82 85 8.428
A2/C2 -40 °C 227.8 268.5 091 408 84.5 1.931
A3/C3 NH3 110.4 88.6 0.77 408 759 77.5 3.630
A4/C4 -33 °C 110.4 88.6 0.77 408 74 3.062
A5/C5 1108.9 336 0.9 408 70.8 5.634
A6/C6 NH3 1108.9 336 0.89 408 62.92 61.3 3.342
A7/C7 -15°C 1108.9 336 0.89 408 55.8 3.254
A8/C8 1108.9 336 0.89 408 52.2 1.478

The voltage and power factor values have been extracted from the measurements
made during the data collection phase. The cooling capacity values have been obtained
from the compressor manufacturer's computer application for the average operating pres-
sure values of the different refrigeration circuits (Table 2):

Table 2. Average operating pressure values of the refrigeration circuits.

Paspiration Pcondensation
Circuit NHs —40 °C 0.61 bar 12.40 bar
Circuit NHs -33°C 1.20 bar 12.60 bar
Circuit NHs -15°C 2.35 bar 12.20 bar

3. Measurements

In Table 1, it can be seen how the work between the different compressors of the same
circuit is quite distributed. This fact, together with the number of annual working hours
that is limited since the facility works two shifts and not three, conditions the return on
investment for a general speed variation solution.

Figure 6 graphically shows the operating profile obtained from the different groups
of compressors in a typical summer week, during a few days of the first week of July. In
the same way, more detailed measurements were made for a typical winter day during
the month of February (Figure 7).
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Figure 6. Operation profile of the different groups of compressors in the summer period.
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Figure 7. Operation profile for a typical day in February.

The data in Figures 6 and 7 obtained from the operation measurements of the factory
facilities control system help to visualize the operation mode and the average capacity
level of the facility. With the capacity analysis, it was possible to measure the percentage
of time (in a period of 30 days) for a certain level of capacity for each of the three refriger-
ation circuits (Figure 8).
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Figure 8. Capacity analysis for refrigeration circuits.

A greater detail of the independent capacity analysis for each of the lines shows the
results for each of the lines: the line for the —40 °C circuit formed by three compressors
(A1, A2 and A9) (Figure 9); the line for the 33 °C circuit formed by two compressors (A3
and A4) (Figure 10); the line for the -15 °C circuit formed by four compressors (A5, A6,
A7 and A8) (Figure 11).
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Figure 9. Capacity analysis for the —40 °C circuit.

In Figure 9, the red columns indicate the percentage of time it is at a certain percent-
age (of capacity) over the nominal revolutions of the compressor, unlike the rest of the
columns that the joint capacity axis indicates the average position in which the slide is
located and therefore the average load percentage of the compressor.

Based on the results obtained, it is easy to see how only compressor A9 presents an
opportunity in terms of capacity regulation through speed variation (VSD), since the rest
of compressors, including compressor A1 which already has VSDs, are practically above
90% all the time or stopped, which greatly limits the return on the investment of a solution
of this type from the energy point of view.

It should be noted that during the analysis, it is seen that the capacity regulation in
compressor Al is carried out mainly by slide. As can be seen in Figure 9, the capacity
regulation by speed variation (red column) occurs in very punctually and in short periods
of time, with the result being that 95% of the time, the compressor is stopped or above
90% of the nominal revolutions of the compressor.

In the capacity analysis of the circuit at -33 °C (Figure 10) formed by two compressors
(A3 and A4), more than 20% of the time, the compressors in this circuit are at partial load,
which means that almost 60% of the time they are unemployed, which is why the capacity
regulation solution by speed variation is not economically viable from the point of view
of strictly energy saving. Despite this, there may be other technical reasons and reliability
that do justify it.
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Figure 10. Capacity analysis for the -33 °C circuit.

COMBINED CAPACITY (%)

For the circuit at -15 °C, the capacity analysis for the four compressors gives the re-
sults reflected in Figure 11.
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Figure 11. Capacity analysis for the —15 °C circuit.

As in the case of the compressor Al of the —40 °C circuit, the compressor A5 is
stopped for more than 85% of the time or operating above 90% (red columns) of the nom-
inal speed of the compressor (3,000 rpm). Despite this, in the same percentage of time, it
is between 50% and 90% the of capacity (brown columns), which indicates that the regu-
lation is carried out by the slider practically all the time, with the speed variation operating

in a timely manner. This last point indicates that probably, the variable speed drives in
both the Al and A5 cases seem to be programmed mainly for starts, and not to regulate

capacity according to energy efficiency criteria.
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The data to highlight are that the set of compressors is at an average of 70% of the
time between 50% and 90% of capacity, a fact that points to a clear opportunity for energy
saving for the proposed energy saving solution.

From this capacity analysis, energy efficiency measures can be established by means
of two speed regulation actions in compressors A6 and A9, in combination with capacity
regulation by the slide.

4. Improvement of Energy Efficiency by Speed Regulation in Compressors A6 and A9.
Results Obtained

To calculate energy savings for the speed variation solution in compressor number
6, the histogram in Figure 11 is considered to determine the number of hours it operates
at a certain degree of capacity as well as the COP values (Coefficient of Performance), for
the same percentages of capacity, obtained from the manufacturer's data, the result of
which can be seen in Table 3. The percentage of time is based on the maximum hours that
can be worked per year (8760 h).

Table 3. Energy saving results due to speed variation in compressor No. 6.

COMP.A6 Absorbed RefHBera ogp  ADS G goacific Estimated
tion Power
Capacity . Power Power VSD . Saving
%) Time (kW) (kW) (no VSD) (kW) (VSD)  Saving (KWh)
95-100 0.00% 313.20  1230.80 3.93 322.60 3.82 2.00% 0

90-95 9.97% 299.70 1144.40 3.82 299.52 3.79 0.69% 1.800
85-90 7.24% 290.40 1083.70 3.73 283.25 3.77 -0.98% -1.808
80-85 12.57%  281.30 1023.50 3.64 267.00 3.74 -2.78% -8.627
75-80 7.08% 272.20 963.20 3.54 250.70 3.71 ~-4.73% -7.992
70-75 5.99% 263.30 902.50 3.43 234.40 3.68 -6.94% -9.591
65-70 3.98% 254.30 840.90 3.31 218.15 3.65 -9.37% -8.301
60-65 2.92% 245.20 777.90 3.17 201.88 3.61 -12.10%  -7.580
55-60 2.42% 222.90 684.60 3.07 185.60 3.57 -13.85%  —6.554
50-55 3.90% 215.00 638.60 2.97 169.40 3.51 -15.48% -11.379
45-50 2.22%

40-45 1.32%

35-40 1.46%

30-35 1.40% 149.50 343.90 2.30 118.00 2.51 -8.37%  -12.408
25-30 1.31%

20-25 1.39%

15-20 1.09%

10-15 1.14%

0-10 32.61% 0.00 0.00 0.00 0.00 0.00 0.00 0.00

The energy saving result for this compressor is 72,440 kWh (sum of all the savings
obtained for each percentage of capacity). To estimate the total savings, we have obtained
the savings by adding the savings of the rest of the compressors in the circuit, since it is
assumed that the compressor with speed variation would remain in the queue, regulating
the capacity of the circuit and the rest could be kept at 100% capacity levels, maximizing
the COP of all compressors. In the same way, the savings analysis carried out for the rest
of the —15 °C line compressors is as follows: compressor A5: 62,865 kWh; compressor A6:
72,440 kWh; compressor A7: 45,804 kWh; compressor A8: 25,663 kWh.

The total annual energy saving with the measurements carried out in the A6 com-
pressor, regulating the capacity of the —15 °C circuit, is 206,772 kWh.

Although, as previously mentioned, the number of operating hours is a limiting fac-
tor, it is possible to keep a compressor operating for several hours to maximize energy
savings.
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Based on the capacity analysis carried out, it was proposed to optimize the capacity
management of the A6 compressor of the ammonia circuit at =15 °C, integrating a speed
variator and managing the slide regulation in conjunction with the speed variation as a
function of the suction pressure (evaporation) so that the system can operate according to
the graph in Figure 12 extracted from the characteristics provided by the manufacturer of
the refrigeration compressors.

Diagram N. 3-Suggestion capacity regulation for screw
compressor MYCOM 250 vs actual regulation
140
*= vso pdischarge=12,5 bara
—®— SUDE Psuction=1,3 bara
~—dr— V5D+SLIDE subcooling=5,00 K
120 Superheat=5,00 K
1.00
[+ 4
¢ el
Oom =
o - PARTIAL RELATIVE RELATIVE DIFFERENTIA SAVINGS
> - - / RATE POWER POWER i %)
> - CHARGE VS0 SUDE
gow = ox | o
W " ] 100% 1,00 1.00 0.0
o 88% 0.90 0.94 45
040 — 7% 0.80 089 9.8
T 85% 0.70 0.83 157
54% 0.60 0.78 227
4% 0.50 0.72 31.0
020 4% 0.45 0.68 34,1
20% 0.40 064 370
20% 0.37 0.61 0.24 30,5
15% 0.34 0.58 0.24 418
0.00 - - - - - -
o% 10% 20% 0% 40% 0% 0% 70% 0% 90% 100% 110% 120% 130%
PARTIAL CHARGE RATE (%)

Figure 12. Integration graph of slide regulation with speed variation in compressor No. 6 and 9.

As can be seen in the data in Figure 12, throughout the regulation range (100% to
44%), limits imposed by the working conditions of the motor/compressor (lubrication and
ventilation) established by the manufacturer regarding the spin speed (2950 rpm to 1475
rpm), savings of up to 31% can be achieved. It is also worth noting that for the upper
regulation range (100% to 80%), the capacity control by means of the slide acts in a similar
way to the speed variation conditions, with the consequent reduction in energy saving
opportunities.

Another aspect to note is that with the speed variation option, the working range can
be extended to reach the maximum rotation speed allowed by the manufacturer (mechan-
ical considerations) of 3,540 rpm, and in this way the compressors could expand their the-
oretical cooling capacity to 120% of the nominal. This possibility cannot be realized by
means of mechanical slide control.

The variable speed drives will be those appropriate to the power of the compressor
motor. It will involve integrating input/output signals to regulate the electronics of the
compressors, PLC (Programmable Logic Controller) programming integrating the control
ramp, as well as a new electrical installation to integrate cabinets with variable speed
drives and new electrical wiring with the required technical condition for this type of fa-
cility.

In the case of the —40 °C line, for the savings calculation for the speed variation solu-
tion in compressor number 9, the histogram of Figure 9 is considered to determine the
number of hours it operates at a determined degree of capacity, as well as the COP values
for the same capacity percentages obtained from the manufacturer's computer applica-
tion, the result is shown in Table 4. The percentage of time is based on the maximum hours
that can be worked per year (8760 h).
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Table 4. Energy saving results due to speed variation in compressor N2. 9.

COMP.A Ab- Refr.lgera- COP Abs.Power COP  Specific Estimated
9 sorbed  tion
Cagz;“y Time P";"Ve)r(k P(E;"Ve)r ‘;;‘]03) VSD (kW) (VSD) saving  saving (kWh)
95-100 13.53% 270.10  403.90 1.5 278.20 1.45 2.00% 6.404
90-95 498%  259.00  354.90 1.37 248.84 1.43 -3.92% -4.429
85-90  4.31% 251.80  323.50 1.28 230.30 14 -8.54% -8.125
80-85 3.89% 24540  294.80 1.2 213.31 1.38 -13.08% -10.929
75-80  3.40% 23950  268.40 1.12 197.55 136  -17.52% -12.513
70-75 2.86%  234.00 243.90 1.04 182.82 1.33 -21.87% -12.809
65-70 2.44%  229.00 221.10 0.97 169.23 1.31 -26.10% -12.765
60-65  2.84% 22430  199.50 0.89 156.04 128  -30.43% -16.979
55-60 2.84% 207.60  164.00 0.79 136.06 1.21 -34.46% -17.787
50-55 7.07% 204.70  152.10 0.74 131.84 1.15 -35.59% -45.119

45-50 0.71%
40-45 0.75%
35-40 0.74%
30-35 0.86%  191.10 95.00 0.50 111.54 0.87 —-42.86% -49.471
25-30 0.86%
20-25 0.87%
15-20 0.84%
10-15 1.27%

0-10  44.95%  0.00 0.00 0.00 0.00 0.00 0.00 0.00

The energy saving result for this compressor is 184,522 kWh (sum of all the savings
obtained for each percentage of capacity). The total energy savings, considering the sav-
ings obtained by adding the savings of the rest of the compressors in the circuit with the
measurements made in the A9 compressor regulating the capacity of the —40 °C circuit, is
201,707 kWh.

In the same way as with the A6 compressor of the =15 °C circuit, and according to the
capacity analysis carried out, it was proposed to optimize the capacity management of the
compressor A9 of the ammonia circuit at —40 °C, integrating a speed variator and manag-
ing the slide regulation in together with the speed variation as a function of the suction
pressure (evaporation), so that the system can operate according to the graph in Figure
12.

5. Discussion

In view of the study to improve the energy efficiency of the industrial refrigeration
system for a meat processing factory, it has been observed that the combination of
measures by means of capacity variation by mechanical slide of the refrigeration compres-
sors together with speed variation actions produces better results that translate into a sub-
stantial improvement in combined energy efficiency.

The analysis should consider the whole of the entire refrigeration production system
considering the total number of operating hours; this makes the best decision to be made,
since it is not necessary to install speed regulation in all the electric motors of the com-
pressors, but rather in those that make the regulation of the industrial refrigeration system
more optimal to the joint capacity. This measure reduces the investment costs to be made
for the total improve of the system.

These combined measures improved on energy saving close to 400 MWh per year,
which entails an equivalent reduction of CO2 emissions of 147.9 tons.

Likewise, it has been found that after a period of application of the measures, there
are other advantages in addition to energy savings, such as improved maintainability due
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to a better distribution of capacity and preventing components from operating excessive
hours and others few. In the same way, the reliability of the system has increased due to
the reduction of failures due to the more efficient operation of the motors and the reduc-
tion of starts.

These collateral results are important in the operation and maintenance of this type
of industrial plant [1,16], being one of the areas of concern to achieve efficient industries
with respect to the environment [17-20]. With all this, the importance of combining dif-
ferent regulation systems in industrial refrigeration compressors is shown in order to im-
prove energy efficiency, so that it can be understood by professionals in the sector and
introduce new lines of research to improve the efficiency of these systems.

6. Conclusions

In large industrial refrigeration systems with capacity regulation by a mechanical
slide, it was interesting to carry out the study in combination with speed regulation to
optimize joint efficiency.

Obviously, given the complexity of the refrigeration facilities, the implementation of
energy improvements does not always result in significant savings, and in some cases,
they can have a direct impact on the reliability of the facilities, so carrying out technical
and economic viability studies is essential.

Itis important to note that, in addition to the economic savings and the use of variable
speed drives that will entail as capacity control in screw compressors, there are other con-
siderations that must be considered, such as the improvement in maintenance or the in-
crease in the reliability of the system.

The reduction in capacity due to speed variation will reduce wear and damage to the
compressor slide valves.

The stability of the suction pressures will be further optimized since the capacity con-
trol is direct.

Operating at reduced speed, if the load profile so requires, will reduce wear on the
mechanical elements of the compressor.

At an electrical level, the operation of the installation and the motors will improve,
since with the variable speed drives, the power factor will be constant closely to 1, so the
reactive energy and power of the installation will be reduced.

The combined measures improved the refrigeration system with an energy saving
close to 400 MWh per year.

The use of variable speed drives in standard motors should be studied in detail, since
the speed reduction implies a linear reduction in power (constant torque), so at low rotor
speeds, the level of cooling may not be adequate to extract the heat generated, causing
overheating problems. This situation is easily solved with the inclusion of a forced venti-
lation accessory, control of the winding temperature (thermal probes) or control of motor
overloads (drive control module).
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