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Sammanfattning

Projektet “Effektivare mjolkkylning” har genomforts av Energi & Kylanalys tillsammans med
Wedholms AB och Danfoss. Storsta finansiar ar Kylbranschens Samarbetsstiftelse, KYS, tillsammans
med Wedholms och Danfoss. Projektet &r en fortsattning pa en tidigare projektfas dar
kapacitetsreglerade kompressorer i mjolkkylning studerats. | denna fas har en battre avpassad
kompressor anvants och varmeatervinningsfunktionen med och utan kapacitetsreglering har
utvdrderats i detalj.

Mijolkkylning ar energikravande da mjolken ska kylas fran ca 35°C till under 4°C inom 3 timmar.
Samtidigt finns hoga krav pa hygien da det ar livsmedel som hanteras sa diskning ar frekvent bade av
tanken i sig men inte minst av eventuella mjolkrobotar. Det senare indikerar att varmeatervinnig fran
kylprocessen fér varmning av detta vatten torde vara intressant. Av det skdlet utrustas idag de flesta
nya mjolkkyltankar med just en varmeatervinningsfunktion.

En laboratoriebaserad testutrustning ar uppbyggd hos Wedholms for att testa en 5000 |
mjolkkyltank. Till denna har ett system for att simulera robotmjolkning byggts upp. | detta fall tillférs
tanken 16 liter varmt (35°C) vatten, vilket simulerar mjolken, 5 ganger i timmen. Energier, floden,
temperaturer och annat av intresse mats och loggas for att kunna utvardera tankens och
kylsystemets prestanda.

En forsta testserie utvarderade referenslaget for systemet vad galler energianvandning, funktion,
reglering och varmeatervinningskapacitet. Ett nyckeltal som anvands frekvent for att bedéma och
jamfoéra energianvandningen ar “kWh,,/100 liter mj6lk”. Detta har anvénts for ett pa en 6vergripande
niva jamfora de olika utvecklingsstegen. Referenssystemet anvander ca 2 kWh/100 | mjolk och
testerna har visat pa god repeterbarhet vad galler testsystemets reglering och erhallna resultat.
Den forsta andringen som gjordes var att kondenseringstemperaturen tillats flyta med hjalp av
justerad flaktstyrning. | och med dndringen sa kunde kondenseringstemperaturen sankas fran
ursprungliga 42°C till ca 35°C. Detta gjorde att den energianvandningen sanktes till ca 1.7 kWh/100 |
genom anpassningen av de befintliga flaktarna vilket motsvarar ca 15 %. Kylsystemet behévde dock
kompletteras med en receiver for att sakerstalla funktionen. Vidare sa genomfordes
varmeatervinningstester for att bestdmma prestandan och vid laddning av en 300 | acktank utan
tappning uppnaddes 45°C inom 12 timmar och ndarmare 55°C efter 48 timmar. En testprocedur for
regelbunden tappning utvarderades ocksa.

Kylsystemet uppgraderades med en varvtalsstyrd kompressor vilken anpassades vad géller styr- och
reglerstrategi for att uppfylla kraven vad géller t ex temperaturnivaer. Processen ar reglermassigt
komplicerad men ett bra resultat erhélls. Energianvandningen kom ned till ca 1.4 kwWh/100 liter vilket
motsvarar en besparing pa sa mycket som dryga 30 %. Denna besparing betyder ca 5000 kWh per ar
for tanken vid verklig anvandning vilket 6vertraffade de hogt stallda forvantningarna. Vad géller
varmeatervinningens funktion sa jamnas varmeavgivningen ut da kyleffekten férdelas ut 6ver langre
gangtider. Detta gor for det aktuella systemet att den atervunna temperaturen sjunker nagot och
framforallt fordrojs uppvarmningen jamfort med referenstesterna. Detta kan i ndgon man
kompenseras om reglersystemet kompletteras och utvecklas vidare, vilket sannolikt blir fallet om
konceptet gar i produktion.

Vad géller den ekonomiska fragan sa uppskattades merkostnaden for att introducera en
kapacitetsreglerad kompressor i applikationen. Det ar intressant att notera att ingaende ny
elektronik och funktion gor att en del komponenter i originalsystemet ocksa kan plockas bort.
Betraktas nettot vad géller komponentkostnader och arbete sa ar inte merkostnaden hogre an att
aterbetalningstiden blir ca 1.5-2 ar. Da kan ocksa nagra ytterligare mervarden laggas till som borde
gora detta till en mycket attraktiv 16sning.
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Abstract

Together with the companies Wedholms and Danfoss, Energi & Kylanalys has performed the project
“Energieffektivare mjolkkylning”’. The project was funded by Kylbranschens Samarbetstiftelse (KYS),
Wedholms and Danfoss. The aim was to study the energy saving potential using variable speed
compressors in a milk cooling application. Except for potential energy saving, the implications on
controllability and heat recovery should be studied.

To maintain its quality, milk must be cooled from about 35°C, when delivered from the cow, to 3-4°C
within 3 hours (Swedish standards institute) for safe milk storage. Milk is normally cooled by a
refrigeration unit that transfers heat from the milk to the ambient air.

Heat recovery systems do not change the basic configuration of the refrigeration cycle. The change is
only applied on the type and/or combination of condenser used to remove the heat. A heat
exchanger, normally a brazed plate heat exchanger, is installed just before the condenser for the
purpose of heat recovery. In this report, the heat recovery potential has been tested. Reference tests
have been made with “Interpac”’ (Wedholms’ heat recovery system) for the purpose to evaluate its
performance. The parameters in focus during the tests were the rotational pump speed on the heat
recovery hot water line and the valve that regulates the water flow controlling the condensing
pressure.

Recovering heat from the milk cooling process would be able to provide warm water for sanitary
usage, hot water for floor heating, and/or as a pre-heater for the water used to clean and rinse the
milk tank. Four tests were made with a different pump speed and valve control. The water
temperature in the accumulator tank reached between 50°C and 55°C for the different test
configuration during a 48 hours test period. Furthermore, the tests showed that a temperature of 45
9C was reached during the first 12 hours of testing independently from the pump speed and the valve
position.

The energy consumption per 100 litres was used in previous reports to evaluate the energy
consumption for the whole system. During these tests, the value of the energy consumption per 100
litres was about 2 kWh. As a part of this report, the impact of varying the condenser fan speed on the
condensing temperature and the total energy usage was examined. A reduction of 15% on the total
energy consumption was obtained when the fans ran at full speed. The energy consumption
decreased from 2 kWh/100 litres at normal speed to 1.7 kWh/100 litres at full speed. The average
condensing temperature decreased from 42°C to 35°C as well.

By using a capacity controlled compressor, it was possible to obtain smoother operation and longer
running times. The capacity control with a frequency converter resulted in improved performance
thus reducing the energy consumption. This technology also offers a great opportunity to exploit
heat recovery in the system while the relative running time is extended. The tests and measurements
showed a lower energy usage compared to the reference tests. The results show an energy saving of
about 30 % (1.4 kWh/100 litres) with adapted control. On the heat recovery side, the traditional
constant speed pump was replaced with a variable speed pump. The latter equipped with a PID
controller enabling control of water flow in a more effective way. This lowers the pump work and
results in an elevated water forward temperature.
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1 Introduction

Energy saving is a process for decreasing the amount of energy in use. It can be achieved either by
efficient energy use or by decreasing the consumption of energy services. By recovering waste heat
from the refrigeration cycle that cools the milk, the total energy efficiency increases.

Together with the company Wedholms AB, Energi & Kylanalys has implemented the project
Energieffektiv mjolkkylning”’. The project is mainly funded by Wedholms AB together with KYS as a
partly financier. The milk that comes from cows has a temperature around 35 °C. In order to ensure a
best milk quality, milk must be cooled then to around 4°C [1]. This large temperature difference
generates a considerable waste heat out of the cooling system. By using a well-designed heat
recovery system, a part of the waste heat can be recovered, which would make the process more
energy efficient.

Heat/energy is removed from the milk during cooling. The heat is normally rejected from an air-
cooled condenser, but it is also possible to recover the heat before it reached the condenser. Tests
with different configurations have been made in order to optimize the energy recovery from a
specific milk cooling application.

1.1 Background

A large amount of energy is wasted when cooling milk. Different processes and methods have been
used to either decrease the energy consumption or recover energy from the refrigeration process.
Wedholms have developed their own heat recovery system called "Interpac’”” to recover energy and
use it in to produce hot water which makes the whole process of milk cooling more energy efficient.

By using a capacity controlled compressor, it is possible to obtain smoother operation and running
time. The capacity control with a frequency converter potentially results in improved performance,
thereby reducing the energy consumption. This technology also offers an opportunity to exploit
continuous heat recovery in the system while the relative running time becomes longer.

1.2 Objectives

The project had an objective to show the potential of energy saving while recovering heat from the
refrigeration system installed on milk tanks to cool the milk. This potential was evaluated for both
cooling system equipped with standard on/off compressors and speed controlled compressors.

The purpose of the made tests was to illustrate how much energy can be recovered as hot water
from the refrigeration system. This effect was evaluated by measuring the water temperature in an
accumulator tank. It was also important to monitor the relationship between the heat recovery
process and the total energy consumption. Another part of this project was to examine the effect of
varying the fan speed on the condensing temperature and the total energy consumption.
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1.3 Methodology

By monitoring the energy consumption of the cooling system and measuring the water temperature
in the accumulator tank, the essential data to evaluate the different tests could be collected. Each
test started by supplying the tank with water at 35°C before starting the refrigeration system. A
supply water heating tank was available to ensure the consistency of water — simulating warm milk.
This procedure was carefully executed in order to make the tests as close to reality as possible. It was
of importance to show repeatability during the different tests in order to be able to compare the
results. ClimaCheck system and Agilent logger were used to log and collect data for further analysis.
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2 Testprocedure

The main goal with the tests was to optimize the energy consumption from the process of milk
cooling. To simulate this sequence, a test system was designed with its associated equipment for
measuring the energy consumption for each test item.

The testing procedure was prepared with the aim to simulate an automatic milking process, known
as robotic milking. In order to simulate robotic milking, a system was designed in which hot water
(35°C) was supplied to the milk tank instead of milk itself. Water and milk have very similar physical
properties in the temperature interval used in these tests. Water was supplied to the milk tank at
intervals of 16 litres per minute, 5 times per hour. The hot water was then cooled to a temperature
of 3-4°C (see figure below).

Hot water

- 16 liter/minute
("milk”) 35°C —

5 Times/h)

Cold "milk” 3-4 °C Cold water ~10

Figure 1: schematic of the test system design and the basics of the test method.

2.1 Milk tank and the cooling system

A milk cooling tank is used for cooling warm milk that cows produce and keep it cold until it is
discharged from the milk tank to a truck for commercial use or such. The milk tank is therefore
equipped by a cooling system that cools the milk from a temperature of about 35°C to 3°C - 4°C.

The milk tank used in the tests had a capacity of 5000 litres and was equipped with a standard
cooling system. Some changes were made to the cooling system, such as replacement of the
thermostatic expansion valve with an electronic expansion valve. A buffer tank was also connected
(see fig 2) to the system. The heat recovery system was a standard “Interpac” system developed by
Wedholms.
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Figure 2: milk cooling tank (to the right) and the cooling system (to the left).

2.2 System description and measuring equipment

The system was well equipped with instruments for measuring the pressure, temperature, flow,
energy and power. The closed water loop between the heat exchanger and the accumulator tank was
equipped with a flow meter and temperature sensors at the inlet/outlet to the heat exchanger
(Wedholm's Interpac) and the accumulator tank (see figure 2). For safety reasons, an expansion tank
was also installed in order to allow volume changes in the system due to temperature changes.

Figure 3: water flow meter (left side) and the piping system to the accumulator tank (right side).

A ClimaCheck performance analyser was connected to the cooling system in order to monitor the
performance of the refrigeration process during the various tests. The performance analyser from
ClimaCheck made it possible to visualize the entire cooling process and to collect data for further
analysis.
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Figure 4: the cooling system equipped with ClimaCheck

The ClimaCheck system contains different sensors to measure the pressure, temperature and the
power input to the compressor. Figure 4 shows a part of the system, where temperature sensors and
one pressure transducer were installed on the ClimaCheck system.

2.3 Frequency controlled compressor

Process control and energy conservation are the two primary reasons for using a variable speed drive
compressor. Historically, adjustable speed drives were developed for process control, but energy
conservation has emerged as an equally important objective. This type of compressor uses a special
drive to control the speed (RPM) of the unit, which in turn saves energy compared to a fixed speed
equivalent.

Figure 5: compressors drive (Danfoss) and the variable speed compressor (to the right).

After the reference tests have been completed, the control and cooling system were upgraded and a
frequency controlled compressor was used. A frequency inverter allows the compressor to adapt its
capacity and thus adjust the cooling capacity for the current need. The result should be a smoother
operation, which ultimately leads to less energy consumption. The low pressure transducer in the
system was used as a control signal to the drive which in turns converts pressure to temperature so
one can control the system operation by the evaporating temperature.
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3 Results

This chapter presents the results obtained from the different tests and measurements. The emphasis
is on presenting the results of the fan speed variation tests, the heat recovery tests with their
different set ups and requirements and finally the results of the tests using a variable speed
compressor.

3.1 The effect of the fan speed variation on the condensing temperature and the
total energy usage

3.1.1 Objective

Tests have been made in order to investigate the effect of controlling the fan speed on the
condensing temperature. Does it really save energy if the energy usage for the whole system is
considered?

3.1.2 General description

The test aimed to check the condensing temperature effect that is related to the fans speed. Three
different tests were made. In the first test, which was a reference test, the condenser fans were
operated with a reference speed, N1. During the second test, the fan speed increased by regulating
the condenser's pressure to N2. In the third test, the fans were running at full speed, N3.

Figure 6: Condenser fans.
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Table 1: Test configuration and results

Test 1 Test 2 Test 3
Fan speed N1 N2 N3 (Full speed)
Ambient temperature 19 °C °C 22.5°C 19 °C
Condensing temperature 41.7 37 °C 35 °C
Water volume in tank 3845 | 3729 | 3976 |
Milk temperature 3.2°C 3.1°C 3.2°C
Total energy usage 75.37 kWh 69 kWh 68 kWh
Energy/100 litres 1.96 kWh 1.85 kWh 1.71 kWh
% energy savings (compared to - 5.6% 13%
test 1)

Figure 7 and 9 show the repeatability of the tests by plotting the average milk temperature in the

tank and the ambient air temperature. Figure 8 and 10 show the tests results that consist of the

different forms of energy consumption and the condensing temperature.

i5

2.5

"C
Pt

1.5

oy

0.5

Test1 Test 2

Figure 7: Milk temperature in the milk tank.

Test 3

H Milk temperature

The purpose of showing the milk temperature in the milk tank was to illustrate the repeatability
through the different tests that were made. In figure 7 the milk temperature seems to be stable at a

value a slightly above 3°C.
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25

-13 %
15

H Energy usage-fans

kwh /100 |

B Energy usage-Rest

05 -~

Test 1 Test 2 Test 3

Figure 8: total and fans energy consumption.

The total energy consumption of the cooling system and the fans energy consumption were
measured separately. Figure 8 shows how the fan energy consumption increased when the fan speed
increased and that is an obvious result. On the other hand, the energy usage of the cooling system,
excluding the fans, decreased which also decreased the total energy consumption. Compared to test
1, the total energy consumption in test 2 and test 3 decreased by 6% and 13% respectively. The
amount of energy used by the fans is relatively small compared to the compressor energy usage. This
means that even if larger fans with higher energy consumptions are to be used, the total energy
consumption may still decrease.

Surrounding air temperature
25 -
20 -

15

“C

o Surrounding air

10 temperature

i

Test1 Test 2 Test3

Figure 9: Ambient air temperature.
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The surrounding air temperature for test 1 and test 3 was around 20°C. It increased to 23 °C in test 2.
This temperature difference was taken into consideration in the further analysis.

Condensing temperature

50 * Condensing temp
417
40
¥ 50 = Condensing temp
il condesing % 37
20 temperature -
» Condensing temp
10 « 35
0 . .
Test 1 Test 2 Test 3

Figure 10: Condensing temperature.

The condensing temperature had a decreasing trend. In test 1, the condensing temperature was
41.7°C. The condensing temperature decreased when the fan speed increased. It was measured to
be 37°C during test 2 and 35°C during test 3, in which the fans ran at full speed.

3.1.3 Conclusion

When the fan’s speed was adjusted to full speed, the condensing temperature decreased to
35°C.This had a decreasing effect on the total energy usage to produce 100 litres of milk. The total
energy consumption decreased 13 % compared to the first test.

It is no doubt that the fan energy usage should increase when increasing the fan speed. But from the
energy perspective and considering the whole system, the total energy usage decreases when
increasing the fan speed. (From 75 kWh to 68 kWh)

It is always recommended to have a low condensing temperature that can make it possible to save
more energy and money. The temperature difference between the condensing temperature and the
ambient temperature was still large. There is a big energy saving potential if one decides to save
more energy. If so, two solutions are proposed: either a larger condenser or larger fans should be
used.
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3.2 Heatrecovery-reference tests

3.2.1 Overview and description
Four tests were made with a standard milk tank in order to ensure repeatability during the test
sequence regarding the energy consumption. The results from different tests showed that the milk
tank used an average of 1.9 kWh/100 litres milk. The tests configurations and results are compiled in

table 2.

Table 2: Tests results

Reference tank Test 1 Test 2 Test 3 Test 4
Pump rotational speed | 2 (1950 RPM) 1(1250 RPM) 3 (2350 RPM) 3 (2350 RPM)
Valve configuration 26 mm 32 mm 32 mm 26 mm
Test running time 48 h 42 h 28 h 24 h
Volume in tank 3968 litre 3477 litre 2281 litre 1996 litre
Total electrical energy 75.75 kWh 66.8 kWh 43.6 kWh 39.92 kWh
kWh/100 litre 1.91 1.89 1.91 1.89

For the energy recovery tests, two parameters were adjusted through the testing sequence:

e Pump rotational speed.

e Valve regulation that controls the water flow depending on the condenser pressure.

\P 42, CLF
PN 10

G/ARD

OF DENMARK

1~ 230V

50 Hz
TF 110

Figure 11: Different pump speed (to the left) and water flow regulating valve (to the right).

To evaluate the performance of the heat recovery process, the water temperature in the
accumulator tank was measured by means of two temperature sensors; one in the upper part and

one on the lower part.

Energy efficient milk cooling
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Figure 12: Heating water tank (to the right) and the hot water accumulator tank (to the left).

The results were then analysed and evaluated in order to find the reliable pump and valve
configuration that could achieve higher energy recovery efficiency and decrease the energy costs.

Different tests were made in which the pump rotational speed and the pressure valve configuration
were the configurable parameters. The pump available at Wedholms is a variable speed pump that
can be regulated between three different speeds; 1, 2 and 3 corresponding respectively to 1250
RPM, 1950 RPM and 2350 RPM. The pressure regulating valve can also be configured and adjusted
within a scale from 1 to 5 (see figure 11). A measuring scale was implemented and used in order to
achieve more precise values when adjusting the valve (mm scale). The scale origin was the lower
base of the valve.

3.2.2 Testrepeatability

To be able to analyse and fairly compare these tests, repeatability should be a factor taken into
consideration. To ensure test repeatability, some important test “inputs” should not fluctuate from
one test configuration to another. The milk temperature in the milk tank and the temperature of the
milk supplied to the milk tank as well as the heat available from the cooling system are the most
important parameters that can ensure test repeatability. Figure 13 shows how these parameters
fluctuated from test to test.
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Figure 13: different milk temperature showing tests repeatability.

In figure 13 the milk temperature in the tank was below 3°C for the different tests. The temperature
of the milk supplied to the milk tank was fluctuating around 35°C within an acceptable margin.

12 4 —Heat avallable (kW)-Test 1
— e at avallable (kW)-Test 2

w——Heat available (kW)-Test 3

10

—He ot avallable (kW)-Test 4

0

22:4701 21:09:00 19:13:00 17:51:00 16:10:00 14:34:00 12:36:00

Figure 14: Heat available from the cooling system in kW.

11:24:00

Figure 13 and 14 showed that repeatability was maintained during the tests which make it possible

to compare the tests together and draw the adequate conclusions.
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The results from these tests are presented in the charts and diagrams illustrated below (figure 15 to
18). For these reference tests, Wedholms were interested in a “12 hours-analysis” regarding the

water temperature in the accumulator tank if the Interpac system has to be implemented for realistic
applications.

3.2.3 Water temperature in the accumulator tank

A circulation pump was used to circulate water between the accumulator tank and the heat
exchanger. The hot water was then stored in the accumulator tank and the temperature profiles
were monitored and are shown in figure 2.
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Figure 15: water temperature in the accumulator during the first 12 testing hours.

Figure 15 showed that after 12 hours the water temperature in the accumulator tank reached 45°C
independently from the testing setup and configuration. The initial water temperature in the tank in
the beginning of each test was the same (ca 10 °C). The results shown in the charts above (figure 13
to 15) were more or less identical for the different tests.

Energy efficient milk cooling 18



3.2.4 Water flow rate
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Figure 16: water flow in I/ min for the different tests.

The different water flow values in figure 16 corresponded to the different rotational pump speed
used in each test. Theoretically, test 3 and 4 should visualize the same water flow since the pump
was running at the same speed, but in this case, the valve adjustment affected the water flow rate.

3.2.5 Energy consumption

The total energy consumption during the tests was monitored and measured as well as the fans'
energy consumption. The commonly used key figure used for such type of application is electrical
energy (kWh) per 100 litres milk.

==\ ater flow (l/min}-Test 1
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Energy consumption per 100 liter milk
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Figure 17: Energy consumption per 100 litre milk.

In figure 17, it can be seen that the total energy consumption is at the same level in the different
tests. The fan energy consumption decreases in test 3 and 4 which was directly related to the pump
speed and the valve position. In test 3 and 4, the pump ran at maximum speed, extracting maximum
heat from the refrigerant, which decreased the condensing temperature (see figure 18). When the
condensing temperature decreased, the fan speed also decreased and that minimized the fan energy
consumption. At the same time, the energy saved from reducing the fan speed was compensated by
the pump that ran at full speed. This had no effect on the total energy consumption of the system.
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3.2.6 Condensing temperature
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Figure 18: Condensing temperature.

Figure 18 shows the variation of the condensing temperature for the different tests. In the beginning
of each test and up to 6 hours of testing time, the condensing temperature was relatively near 37°C.
Afterwards, it increased slightly to reach a value between 40°C -42°C. This result indicates that the
choice of testing setup had no big influence on the cooling system performance that maintained a
stable operation during the four tests made.

3.2.7 Conclusions

The water temperature, in the 300 | accumulator tank without water drainage, was the same in the
tests independently from the pump rotational speed configuration and the position of the flow
regulating valve. The total energy consumption therefore stayed the same for the different tests. It
should also be mentioned that the energy saved by decreasing the fan speed in the last two tests was
compensated by the surplus energy consumed by the pump since it ran at full speed (2950 RPM).

The different heat parameters remained almost unchanged during the tests:
¢ Total heat available from the refrigeration system per day: 120 kWh
e Total heat recovered per day: 14.9 kWh

* Heat recovered in relation to the available: 12.4 %
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3.3 Effect of draining water from the accumulator tank on the water
temperature

3.3.1 Testobjective

A test setup was desired with the objective to investigate how the water temperature in the
accumulator tank would be affected when water was drained 4 times a day from the tank, 45 litres
each time. This would simulate a realistic case, where hot water is used for the purpose of cleaning
the milk tank, as an example.

Figure 19: water drainage out of the tank to the nearest floor drain.

3.3.2 Testsetup

An additional piping system was added to the existing water system in order to allow water drainage
out of the tank. The water was then drained into the nearest floor drain. The figures below show the
new piping system and the drainage line. The testing procedure applied in the previous tests was also
applied in this test (simulation of robot milking). By using a timer and by adjusting the water flow, a
drainage scenario of 180 litres per day was simulated.

Figure 20: a magnetic flow regulation valve installed on the existing water supply line.
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3.3.3 Testresult
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Figure 21: different water temperature in the 300 | accumulator tank.

Temperatures of interest were measured and plotted in figure 21. The cold water supply, the
discharged water and the accumulator tank temperature are shown in figure 21. In order to compare
this result with the previous tests, the accumulator water temperature from the reference tests was
added to the graph. The blue peak points indicated the time at which the water drainage from the
accumulator tank took place. This time was three minutes at a flow rate of =14 litres/minute, four
times a day.

The water temperature in the accumulator tank was relatively high even after supplying 180 litres
cold water at 15-16°C per day. The water temperature in the accumulator tank reached a maximum
of 45°C after 48 hours. The difference compared to the reference tests was about 5°C on the lower
side i.e. approximately 45 °C instead of 50 °C.
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3.4 Variable speed compressor

Process control and energy conservation are the two primary reasons for using a variable speed drive
compressor. Historically, adjustable speed drives were developed for process control, but energy
conservation has emerged as an equally important objective. This type of compressor uses a special
drive to control the speed (RPM) of the unit, which in turn saves energy compared to a fixed speed
equivalent. The saving is potentially achieved when the temperature differences in the system are
lowered/reduced when the capacities and heat transferred is adapted. The compressor as a
component will generally not become more efficient and on top of that the drive will cause losses in
the magnitude 1-5% of the input power.

3.4.1 Process control

Condenser
CD Drive
EEV
Compressor Inverter
Freguency
AN
Evaporator
Controller
Milk tank I

Tmilk

Figure 22: process control using the milk temperature as input variable.

The process control is a decisive and important step in order to get the desired results from using a
variable speed compressor. As a first try, the milk temperature in the milk tank was used as a direct
input to the compressor drive. It was initially considered being the best way to control the
refrigeration process but the result was disappointing which can be seen below.
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Figure 23: fluctuating and low evaporation temperature with the first control method.

The result of this control method was a relatively low evaporation temperature (see figure 23) and
the process was instable due to the slow response from the milk sensor. For this purpose, it was
decided to control the process based on the evaporation temperature instead.

Condenser
CD Drive
VO
EEV
Compressor Inverter
Frequency
Evaporator
Controller 1 Controller 2
EKC

T '

Figure 24: process control using the evaporation temperature as input variable.

The evaporation temperature is important in this kind of applications. A low evaporation
temperature (below -4°C) could create ice formation on the tank wall. This could have a negative
effect on the milk quality. For this reason, it was decided to use the evaporation temperature as the
process control variable. The response in this setup is much faster enabling more stable operation.

The evaporation temperature was read by controller 1 (EKC) and a signal was sent to controller 2 (CD
drive). A PID process in the CD drive relates the compressor speed with the evaporation
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temperature. This method was then used during the testing procedure. Still the milk tank production
sensor and control system have an overall control of the milk temperature.

3.4.2 Tests and results

A total of 3 tests with frequency controlled compressor were made. After each test, the results were
compiled before further optimization was carried out. The compressor controlled as expected and
the difference between the tests was the compressor speed which was controlled by the evaporating
temperature. The tests had the objective to take the maximum advantage of speed controlling the
compressor in order to see the effect on the total energy usage. For this reason, the effect of using a
high evaporation temperature (-0.2°C) as a set point in the compressor drive was examined in test 1
as well as the effect of a lower evaporation temperature set point (-3°C).

The first test showed a lower total energy usage compared to test 2. This was the cause of adjusting
the set point value in the compressor drive to a lower value (-3 °C) which lead to an increase in the
compressor speed. The third test was carried out using the same set point value as in test one, while
the fans ran at full speed. The results from the tests are presented in table 3 and in the graphs below.

Table 3: test results-variable speed compressor

Variable speed compressor Test 1 Test 2 Test 3
Test time 47,5 h 48,3 h 24 h
Milk volume 4121 litre 4090 litre 1770 litre
Total energy 58,37 kWh 73 kWh 26.16 kWh
kWh/100 litre 1.36 1.72 1.47

Energy efficient milk cooling 26



Condensing & evaporation temperature-test 1

3 A\ A A S \ S \ S
B e B ] Ty b Oy o e
VP ﬁ’@"\?"ﬁ"@@’f"’?“?’@’
SO
a0 -
35 4
0 Wt AL N e At
25 -
—Condensing temperature
o 20 1 wme Eyaporation temperature
15
10 +
5
0 WWW&
ah =

Figure 25: condensing and evaporation temperature.

The condensing temperature in this test was slightly fluctuating above 30°C but not higher than 32°C.
During this test, the fans were running at their normal speed. The evaporation temperature was in its

acceptable range, not lower than -2°C.
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Figure 26: milk temperature and compressor power.

Figure 26 illustrates the compressor power and the milk temperature. The initially high milk
temperature was cooled down to below 4°C in about 3 hours. Afterwards, the milk temperature was

maintained below 4°C.
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The average compressor power during this test was approximately 1 kW which is significantly lower
compared to the reference tests with constant speed compressor, where the average compressor
power was 2.1 kW. The even running indicates that the compressor size and capacity is matching the
application quite well. There is also more capacity there, approximately the double, in case of higher
ambient temperatures.

Condensing & evaporation temperature-test 2
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Figure 27: condensing and evaporation temperature.

In test 2, the set point in the compressor drive was set to -3°C. This means that the compressor
would control to -3°C evaporation temperature. The start/stop process of the compressor was
increased as shown in figure 24. The condensing temperature did increase as well compared to the
first test, fluctuating around 35°C.

The evaporation temperature was lower than in the previous test. A higher condensing temperature
accompanied by a lower evaporation temperature was behind the increase in the total energy
consumption. In general the compressor works harder — with a higher cooling capacity — causing
frequent starts and stops which increases the energy usage.
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Milk temperature & compressor power-test 2
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Figure 28: milk temperature and compressor power.

After adjusting the set point in the compressor drive to a lower evaporation temperature, the
compressor ran at higher speed consuming more energy. As shown in figure 28, the compressor
power fluctuated in the interval 0.9-3.1 kW. The total energy consumption during this test was the
highest among the different tests made (1.72 kWh/100 I).
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Figure 29: condensing and evaporation temperature.
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The fans were running at full speed during this test. The effect on the condensing temperature was
clearly observed. The cooling effect from the fans increased and the condensing temperature
dropped to 25°C. The evaporation temperature remained stable at the set point.
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Figure 30: milk temperature and compressor power.

The compressor power and energy consumption was the lowest during this test because of the low
condensing temperature. One could expect to have a decrease in the total energy consumption also
but no major difference was observed on that side. The energy that could be saved by decreasing the
compressor energy consumption was compensated by the increase in the fan energy consumption.

3.4.3 Conclusions

After these tests were made, one could draw a conclusion regarding the control parameters in the
compressor drive. A set point temperature that corresponds to an evaporation temperature close to
0°C gave the lowest energy consumption. This set point also balanced the needed cooling capacity
very well, which is reflected in the even running and practically no starts and stops.

On the contrary, when the evaporation temperature set point decreases, the compressor would run
at higher speeds resulting in increased total energy consumption.
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3.4.4 Heatrecovery with variable speed compressor

The heat recovery tests were made using the same evaporation set point so they can be comparable
to the previous tests done with variable speed compressor. Two tests were made, the first test
without changing the condenser’s fan speed and the next test by accelerating the fans to their full
speed. The different parameters and results from these tests are shown in the table and in the
following graphs.

Variable speed compressor Test 1-lowest fan speed Test 2-full speed (fans)
Test time 25h 24 h

Milk volume 2028 litre 1944 litre

Total energy 28,97 kWh 28,49 kWh
kwWh/100 litre 141 1.46
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Figure 31: condensing temperature while the fans ran at lowest possible speed.

The effect of the heat recovery on the condensing temperature is illustrated in figure 31. The fans
ran at the same low speed during the tests, compared in the graph above, in order to eliminate the
fan effect on the condensing temperature. One can clearly see a difference of 5-6°C in the first hours
of the test. This gap was then decreased along the test to reach its minimum at the end where the
heat exchange reached its maximum (2-3°C difference).
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Condensing temperature- fans @ full speed
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Figure 32: condensing temperature where the fans ran at highest possible speed.

In the figure above, a comparison was made between the condensing temperatures while heat
recovery is active respectively inactive. It is quite clear that in the beginning of the heat recovery test,
the condensing temperature was lower by some degrees compared to the test without heat
recovery. This is not the case when the test approached its end; at this point, the condensing
temperatures were almost following the same trend. This can be explained by the temperature
equilibrium of the water in the accumulator tank. The water in/out temperatures to/from the heat
exchanger was the same.
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Water temperature in accumulator tank
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Figure 33: water temperature in the accumulator tank.

The water temperature in the accumulator tank was monitored. When the fans ran at their highest
speed, the condensing temperature decreased which decreased the amount of heat to be rejected.
This resulted in a decrease in the water temperature in the accumulator tank by 2-3°C compared to
the test where the fans ran at their lowest possible speed. In both case, one can see that the heat or
temperature level available is not enough to produce hot water at high temperatures as in the
reference tests where a constant speed compressor was used.

In terms of heat exchanger efficiency, these tests and the reference tests are in the same range. The
only difference is that the heat available in the reference tests was slightly larger because of the
constant speed compressor in operation.

3.4.5 Heatrecovery tests with high-efficiency pump

In the previous heat recovery tests, a constant rotational speed pump was used. The drawback of this
application is that the flow was constant which might have a negative effect on the water
temperature in the accumulator tank.

For this test, the heat recovery system was upgraded. A high-efficiency variable speed pump (Wilo
stratos PARA 1-7) replaced the traditional circulation pump. The pump is controlled by a PID
controller. The input signals are obtained from the water-out temperature from the Interpac heat

recovery system and the set point of the controller was adjusted to 40°C.
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Figure 34: variable speed pump and PID controller.

The idea of the test is to control the outlet temperature of the heat recovery heat exchanger by
means of the flow. In other words, to meet a set point the flow is reduced until the temperature is

reached. When the temperature exceeds the set point the flow is increased. The PID controller was

set to reverse control; however, the controller did not work as expected so the test is not fully
relevant as far verifying the concept is concerned. The results are presented below anyway.

3.4.5.1 Testresult
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Figure 35: water flow and water temperatures in accumulator tank.

Energy efficient milk cooling

34



The temperature set point in the PID controller was 40°C in this test. From figure 35, it can be seen
that the water temperature in the accumulator tank reached 40°C after approximately 24 hours.
Another test was made where the temperature in the PID controller was set to 45°C this time, but
this had no effect on the water temperature in the accumulator tank which reached a maximum of
40°C again. This can be explained by the fact that the heat available from the cooling system, after
the heat exchange process in Interpac, accounts to a maximum temperature of 40°C in the
accumulator tank.
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Figure 36: water temperature out of the heat exchanger.

By using a variable speed pump that regulates the flow in function of a fixed temperature, the water

temperature out of the heat exchanger increased by some degrees (see figure 36). Also, the water
temperature in the accumulator tank raised 4 °C compared to the previous tests with a constant
speed pump.

Compared to the reference tests with a constant speed compressor, the difference in water
temperature is in the range of 10 °C. This is connected to the relatively higher condensing
temperature present during these tests.
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3.4.5.2 Heatrecovery with high condensing temperature (40 °C)
A last test was made with the purpose to maximize the heat recovery from the cooling system. The

approach was simple and the condenser’s fans were adjusted so the condensing temperature

increased towards 40°C. The results from this test (figure 37) showed a temperature increase in the

accumulator tank’s water. Compared to the previous tests, the difference in temperature was about

7 °C. A maximum temperature of 46 °C was measured in the accumulator tank after 24 hours.
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Figure 37: water temperature in accumulator tank and the condensing temperature.

The condensing temperature was relatively low (26-27 °C) in the first testing hours (up to 4 hours).

This can be related to the low water temperature in the accumulator tank (9 °C) and the high water

flow. The fans were not running at this stage; the Interpac system was then acting as a water cooled

condenser. The condensing temperature increases as the water temperature in the accumulator tank

increased. When the water has gained enough heat from the cooling system, the condensing

temperature increased to reach 40 °C and the fans started to run again.
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3.5 Experimental results summary

The overall results from this study are briefly summarised below in order to highlight the progress in

the development process.

3.5.1 Overall energy usage vs. the major development steps

Figure 38 represents a summary of the different energy consumption values through all the tests that
had been done. The baseline was the reference tests with nearly 2.1 kWh/100 litres. A decrease in
the condensing temperature by regulating the fans speed resulted in 17% lower energy
consumption. Finally, using a variable speed compressor resulted in over 30% decrease in the total
energy consumption compared to the reference tests.
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Figure 38: the total energy consumption, kWh/100 |- summary.
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3.5.2 Energy usage for the different minor development steps

The total energy consumption per 100 | milk was measured during the previous tests. Figure 39
shows that there is no significant difference in terms of energy consumption for the different variable
speed tests, thus the lowest energy consumption was observed during the test where the heat
recovery system was not active and the fans were not running at their maximum speed.
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Figure 39: total and fan energy usage, kWh/100 |, during the different tests.

It could be thought that the heat recovery tests would decrease the total electrical energy
consumption if compared to the tests without heat recovery. This can be true, but in fact, the reason
behind the increase in the total electrical energy consumption was the pump. The energy consumed
by the pump neutralized more or less the energy that could have been saved by decreasing the

condensing temperature through the heat recovery.
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3.5.3 Milk temperature control
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Figure 40: a comparison of the milk temperature control.

One of the advantages of using a variable speed compressor is the effect on the milk temperature. It
can be seen from figure 40 that the milk temperature during the tests with variable speed
compressor fluctuated in a tight range of 0.1°C. On the other hand, during the reference tests, the
milk temperature did fluctuate in an interval of 1°C. This is one of the arguments for looking further
into this technology.
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4 Economic considerations

4.1 Economy

In order to make an economical comparison regarding the proposed variable speed concept vs. the
conventional on/off compressor, the difference in component cost and the energy saving need to be
considered. The most practical time perspective to consider is on a yearly basis. To perform this
activity the first step is to put the results in a yearly energy perspective.

4.1.1 Cost of energy

In the reference case it was concluded that the energy usage was 2.1 kWh per 100 litres of milk. With
the tested tank and its normal usage a daily production of 2000 litres is foreseen. No heat recovery or
effect from that is considered in this analysis.

Reference case assumptions:

e Total milk production: 2000 I/day x 365 days = 730 000 litres
e Energy usage: 2.1 kWh/litre
e Yearly energy usage: 15 300 kWh

Capacity controlled compressor according to the tests:

e Total milk production: 2000 I/day x 365 days = 730 000 litres
e Energy usage: 1.4 kWh/litre
e Yearly energy usage: 10 000 kWh

Annual energy saving corresponds to approximately 5000 kWh of electricity which in a Swedish
perspective corresponds to about SEK 5000 in saving (1 kWh = 1 SEK).

4.1.2 System cost

The current production system contains components that can be excluded in a future production
scenario when a variable speed compressor is used. To make a fair comparison the cost of excluded
components need to be included in the calculation. For obvious reasons the variable speed
compressor will be more expensive since the drive is included. Below the cost of the current
technical content in focus including compressor is estimated. The same is conducted for the
corresponding technical content related to the capacity controlled concept.

Cost

Current production technical content: -

VSD technical content: +

+ “unexpected”:

Approximate difference: 7500 — 10 000 SEK

This slightly conservative calculation indicates that the straight payback time may be as short as
about one and a half to two years, which is normally considered very attractive.
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5 Discussion and future work

The objective of study was to compare a production system with a variable speed compressor
concept. The test procedure includes cooling milk to the desired temperature (42C) and monitoring
the total energy consumption. By using a variable speed compressor, the total energy consumption
decreased by 30% compared to the constant speed compressor unit.

There is still room for improvement on the control system side which would lead to additional energy
saving. For example, the pump and the agitator run whenever the tank cooling system is activated.
By implementing a control system that synchronizes all the electronics together (compressor drive,
fans, pump+PID and agitator), energy would potentially be saved.

It is possible to warm up the water in a 300 | accumulator tank to about 47°C while using a variable
speed compressor. This could be increased by raising the condensing temperature (=40 °C) in the
beginning of the process by means of adjusting the fan speed. When the water temperature reaches
its maximum, the condensing temperature can be decreased back to less than 30 °C. By applying this
procedure, one could get some extra degrees on the hot water side and this will have no great effect
on the total energy consumption.

Condenser
CD Drive
VO
EEV
Compressor Inverter
Frequency
Ewvaporator
Controller 1 Tevap ‘ Controller 2 ‘
EKC Milk tank

i A}T

Figure 41: desired process control.

An improvement on the control side could be also made. A proposed control scenario would be
investigated if two input variables can be used:

e The milk temperature.
e The evaporation temperature

An example of the control method is to use the milk temperature as the set point in the compressor
drive while the evaporation temperature would be a limiting value. This would secure a stable
operation as well as a better temperature control and faster cool down on the milk side.
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