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Abstract
The electricity consumption of supermarket in Sweden counts for 3% of the total amount of
about 1.8TWh every year (Sjöberg, 1997). And the refrigeration energy consumption in the
supermarket accounts for around a half of this 3%. Thus, there is a huge potential to save the
energy consumption in this part. This report will only concern the indirect supermarket
refrigeration system and with the focus on the energy saving potential of the distribution part, in
other words, the pump performance in the distribution loop.
A miniature supermarket refrigeration system was successfully installed in the laboratory and
with the reasonable ambient condition (temperature and humidity) controlled. All the equipment
are with good instrument to measure the required parameters like temperature, pressure, volume
flow, etc. Three steps will be taken in the experiment. The first step is to test different fixed
pump speed conditions, then followed by two controlled pump speed (capacity controlled)
conditions, the last step is the decentralized pumps condition.
Through above 3 steps, the electricity saving for the refrigeration system can be achieved. When
it is the comparison between optimized central pump speed condition and decentralized pump
system, the total electricity consumption can be decreased by 8%, and the pump electricity
consumption can be decreased by 34.1%. Thus, the decentralized pump system has a large
potential for saving the energy.
Some further improvements of the system are also suggested to make the indirect refrigeration
system more efficient. For example, the speed controlled decentralized pump which is controlled
by the inlet air temperature of the cabinet’s heat exchanger, decentralized pump at chiller side
and chiller-pump integrity control method.
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Nomenclature
COP
GWP
kW
kWh
R404A
Q1
Q2
Qloss
Qbrine
Q2N
Epump
Efan
Ecomp
COP2N
mref
Cp

Coefficient of Performance
Global Warming Potential
Kilowatt
Kilowatt hour
A common refrigerant which is a mixture of other three refrigerants
Condensing capacity
Cooling capacity
Energy loss
Brine cooling capacity
Net cooling capacity of chiller unit
Pump power
Fan power
Compressor power
Net cooling coefficient of performance
Mass flow of refrigeration
Heat capacity
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1. Introduction
With the arising awareness of the energy scarcity, energy efficiency gradually
becomes a world popular topic. It applies to all the energy consumption fields which
range from huge country electricity transmission system to tiny computer chips.
Supermarket refrigeration system is one of them.
In terms of electricity consumption, supermarkets in Sweden account for 3% of total
amount of 1.8TWh (Sjöberg, 1997) in the national level. The refrigeration energy
consumption accounts for around a half of this 3%. There is a huge potential to save
the energy in the supermarket refrigeration field.
There are mainly three types of systems for the supermarket refrigeration. They are
named as stand alone equipment, condensing unit and centralized unit respectively.
The last one includes the indirect system which will be the main topic in this report.

1.1 Background
Pump is used to provide the flow in the distribution loop. The normal condition is
with a fixed speed uncontrolled pump in the main loop no matter how the flow
changes. Since each branch is controlled by on-off solenoid valve, the pressure
difference in the main loop is changing seriously. Thus, some better control methods
based on the flow changing are coming up. The decentralized pump system is one of
those leading methods.
The success of decentralized pump usage in heating system has been proved. WILO
pump company did a field test years ago and came up with the conclusion that the
decentralized pump system could decrease the energy consumption by up to 20%.
Despite the advantage of energy saving, there are three other advantages: 1. It is more
convenient for the customer because the quick heating process and the better room
temperature stability can be achieved; 2. A pleasant automatic hydraulic balancing is
achieved, which leads to the easier job for the craftsmen in terms of the system
installation and flow adjustment. 3. It provides the better feasibility for the building
central control in terms of the data diagnosis and energy management.
To prove that the decentralized pump system can have the same advantages on the
cooling usage, this project was carried out.
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1.2 Objective
The main objective of the project is to estimate the energy saving potential when the
brine distribution system is rebuilt from the central pump system to the decentralized
pump system. While the sub-objectives are observing the effects of different pump
working modes on the distribution system performance. Some other improvement
proposals may come up accordingly.

1.3 Method
All the tests were performed with some boundary conditions, which include
temperature and humidity of ambient and the temperatures of all the artificial food.
Some theoretical calculations, which related with the distribution power proportion in
the total energy consumption, were made before the real test to make sure that the
experiment is processing in a reasonable way. The energy consumption evaluation
was performed every time after the test finished and with a special focus on the pump
energy consumption proportion in the system.
The energy consumption can be obtained from the electricity meter. The artificial food
with thermocouples can display the temperature distribution in the display cabinets.
The ambient temperature and humidity are controlled by electric heaters and
humidifier.

2
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2 Energy usage of the display cabinets in
the supermarket
The purpose of display cabinets in supermarket is to store the food in a suitable
temperature and display the food in a good way. Normally, there are two temperature
levels in the supermarkets: medium and low temperature level. Medium temperature
ranges from 1°C to 14°C with the evaporation temperature from -15°C to 5°C, and
low temperature ranges from -18°C to -12°C with the evaporation temperature from
-40°C to -30°C. The choice of different temperatures depends on the food property,
display cabinets and the refrigeration system (Arias, 2007).

2.1 Three types of refrigeration systems are used in
the supermarket
The three main types of refrigeration systems are: stand-alone equipment, condensing
units and centralized systems (UNEP, 2002).
Stand-alone equipment (Figure 1), in other words, plug-in equipment, is normally used
to display ice-cream or beverages. Since they are compact refrigeration system with
the evaporator and condenser in one body, they absorb the heat from the inside of the
cabinet and rejected the heat to the sales area inside the supermarket.

Figure 1 Stand-alone equipment.

Condensing units (Figure 2) are small size refrigeration equipment which is suitable
for convenience stores and small supermarket. They are with the condensers outside
the sales area and reject the heat to the ambient.

3
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Figure 2 Condensing unit.

Centralized systems (Figure 3) are big size refrigeration equipment and can be divided
into two types which are direct system and indirect system. In the direct system, one
or several compressors are directly connected to the evaporators in the display
cabinets. The food is cooled directly by the refrigerant. In the indirect system, one or
several compressors are connected to the evaporators first, and then an external
distribution loop with the brine inside is connected between evaporators and the heat
exchangers in the display cabinets. Thus the food is indirectly cooled by the
refrigerant. Only indirect system is concerned in this report.

Figure 3 Centralized system.
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2.2 Heat load in the indirect system
Indirect system has a long distribution loop which transfers the brine through the
display cabinets and back to the refrigeration units. There are several factors which
contribute to the heat losses, in other words, add the extra cooling load to the
refrigeration process in this long loop. Two main sources of the cooling load are heat
exchangers and pump.
The heat exchangers at the chiller side between brine and refrigerant, and those in the
display cabinets between ambient air and brine, all of them have a heat transfer
efficiency (because of the mean temperature difference) which contribute to the
cooling load. The higher the mean temperature difference, the more the cooling load
will be added.
The brine flow is provided by the pump work, and the energy will be finally
transformed into heat and lead to the cooling load. This movement energy is normally
called pump hydraulic power which is to overcome the loop friction and achieve the
desired brine flow. Balance valves, control valves, bents, pipe length are all the
factors that influence the loop friction. Thus, it is required to have a well designed
brine loop to make the loop friction as low as possible. So that the designed pump
hydraulic power will become lower and so will the extra heat load from the pump.

2.3 The possibility of improving energy efficiency in
the distribution loop
Based on the cooling load sources, when it concerns the heat exchangers, the less
mean temperature difference means less energy loss. As for the pump, it is required
for a high efficiency pump and with a well designed distribution loop, in other words,
a good combination between balanced valves, control valves, bents and pipe length,
so that it requires less pump hydraulic power, which will finally transform to cooling
load. The pump efficiency is calculated with the equation:
Pump efficiency=

density*g*h*volume flow
pump power

Equation 1

Where density (kg/m3) is for the brine, g (m/s2) is gravitational constant which is
simplified as 10(m/s2) in the calculation, volume flow is with the unit of m3/hr, the
unit of pump power is kW.
The insulation layer for the pipe can prevent the ambient to warm up the brine inside
5
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the tube.
The temperature setting point of the display cabinets should be at a suitable level. Too
low setting point will lead to the low brine temperature, which make the evaporation
temperature too low and thus results in the low refrigerating efficiency.

3 Pre-analysis to estimate the ideal pump
power
A certain refrigeration system can have a suitable proportion of power to achieve
either the highest net cooling coefficient of performance (COP2N) or highest cooling
power (Q2).
COP2N =

Q 2 -E p -E fan
E c +E p +E fan

Q2N = Q 2 -E p -E fan

Equation 2

Equation 3

Where Ep is pump power, Efan is fan power, Ec is compressor power. From Figure 4, we
can see the relationship of these parameters. Professor Eric Granryd had the study
over this issue years before and came up with several useful equations, his calculation
method is adopted as following.

Figure 4 The energy balance of the secondary refrigeration system.

3.1 The proportion of distribution power to get the
maximum COP2N
To get the maximum COP2N, the proportion between distribution power (Ep+Efan) and
cooling power (Q2) is:
⎡ E p +E fan ⎤
=η E * χ evap * θ 2
⎢
⎥
⎣ Q 2 ⎦ (max COP2N )

Equation 4

Where ηE ranges from 0.1 to 0.15 (differs from different HX performance),
6

KTH—Stockholm.Sweden
Department of Energy Technology
Zhengqian Cai

χ evap =

ϕ2

T2
T1 − T2 ⋅ (1 − ηCt ) T1
⋅

Equation 5

Where φ2=1.25, χ evap can actually get from the diagram below which depends on
the evaporation temperature (t2) and refrigerant type; θ2=tsource-t2, tsource is the air
temperature entering the cabinet’s heat exchanger at around 6°C, t2=-13°C.

Figure 5 χevap V.S. Evaporating temperature for different refrigerants.

χevap can be obtained from the diagram (Figure 5), thus:

⎡ E p +E fan ⎤
=η E * χ evap * θ 2 =0.1 * 0.0063* [6-(-13)] =0.012 =1.2%
⎢
⎥
⎣ Q 2 ⎦ (max COP2N )

3.2 The proportion of distribution power to get the
maximum Q2
To get the maximum Q2, the proportion between distribution power (Ep+Efan) and
cooling power (Q2) is:
⎡ E p +E fan ⎤
=η E * k q * θ 2
⎢
⎥
⎣ Q 2 ⎦ (max Q2N )
Where ηE ranges from 0.1 to 0.15,

7
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Q&
∂( & 2 ) − 1
Q2 o
kq =
∂ t2

Equation 7

This equation expresses how the refrigeration capacity (Q2) changes with the
evaporation temperature (t2), θ2=tsource-t2.

Figure 6 kq V.S. Evaporating temperature for different refrigerants.
kq can be obtained from the diagram (Figure 6), thus:

⎡ E p +E fan ⎤
=η E * k q * θ 2 = 2=0.1 * 0.036* [6-(-13)] = 0.0684=6.8% .
⎢
⎥
⎣ Q 2 ⎦ (maxQ2N )
To be concluded, according to the property of current equipment in the lab:
To get the maximum COP2n,
E p +E fan
Q2

E p +E fan
Q2

= 6.8%;
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4 The description of the experiment facility
Indirect centralized refrigeration system has two main parts: refrigeration system and
distribution system. A good combination of these two systems can reach to high
system efficiency.

4.1 Refrigeration system
The refrigeration system has two separate identical chillers, the master chiller runs all
the time and the slave chiller will only kick in when the system requires more
refrigeration capacity which exceeds the capacity of the main chiller.

Water out
T_AB_Wat_In
Water in

T_A_Bri_Out

T_AB_Bri_In
Brine in

t

Brine out

M

M

t

T_B_Wat_Out
T_B_Cond_In

T_A_Bri_
Out

T_A_Wat_Out
Evaporator T_B_Bri_Out

T_B_Eva_Out

Receiv
er

t

T_B_Val
_In

T_B_Cond_Out
Filter

T_A_Eva_Out
t

Receiv
er

T_A_Val_In

T_A_Cond_
Out

P-18

Condenser

T_A_Cond
_In
P-36

Expansion
valve

Filter

T_A_Comp_
Out

T_B_Comp_Out

Expansion
Valve

p

Compressor

E-10

Oil separator

Oil separator

Slave Chiller

Master Chiller

Figure 7 Chiller unit sketch.

The control of the compressor is based on the brine forward temperature. Based on
this temperature, there is a neutral zone and K zones, which are the controlling
parameters of the Danfoss EKC331T controller. The controlling mode is set at step
control (first in, first out). This controller is sufficient to ensure two chillers to
perform well.
For the chiller unit (Figure 7), each of them is running with the refrigerant of R404A,
which is a ternary mixture of R125, R143a and R134a. The boiling point at 1atm is
-46.8°C, and the density at 25°C is 1045kg/m3, the ozone depletion potential (ODP)
of it is zero. The brand of the compressor is Copeland scroll type compressor (Figure
3
9), a maximum input power of around 5kW. It has a swept volume of 20.9m /hr at 50
9
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Hz of frequency and with the maximum pressure of 32 bar. A Henry Technologies
helical oil separator (Figure 9), which has 2.6 liters of volume, is connected to the
compressor. An accumulator (Figure 10) is installed between condenser and the
evaporation valve. It has 8 liters volume.

Figure 8 Chiller unit, the master chiller is at the right side.

Figure 9 Copeland compressor and oil separator.

Figure 10 The accumulator of one chiller.
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There are some thermal couples (Figure 11) and pressure sensors (Figure 12), which is
with the low pressure ranges from 0 to 10bar and the high pressure ranges from 0 to
35 bar, installed on each chiller. As for the thermal couples, the places (Figure 7) are
evaporator out, compressor in, compressor out, condenser out, evaporation valve in
and evaporation valve out. The pressure sensors are installed at compressor suction
and discharge points. An electricity meter for compressor is installed on each unit.

Figure 11 Thermal couple (T type).

Figure 12 Pressure sensors.
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4.2 Distribution system
Two main parts of the distribution system are pump unit and display cabinets group.
The central pump is installed at the return line to avoid of adding heat before the
display cabinets, and to ensure to work at a higher brine temperature. It is Wilo-IP-E
pump (Figure 14) with a pump head ranging from 5 to 28 meters. It can run at two
different control modes which are constant pressure control and variable pressure
control. Otherwise, an external voltage signal (3 to 10V) can be connected to enable
the pump to run at different rotation speed. The pump input power P1 ranges from 0.3
to 5.45kW depends on the flow and pump speed and the shaft power P2 is 4kW at the
maximum pump flow and speed.

Figure 13 Distribution system (with solenoid valves).

12

KTH—Stockholm.Sweden
Department of Energy Technology
Zhengqian Cai

Figure 14 The main pump.

There are four separate cabinets (Figure 16), and each of them has the same number of
water containers which are used for simulating the food performance. Three food
simulators are put at different positions (Figure 15) of each cabinet to tell if the
cabinets’ temperatures are at the right level. The designed food temperature is at
around 4°C. In terms of the cabinets’ constant energy consumption, it is 200W for all
cabinets’ fans and 40W for all cabinets’ controllers.

Figure 15 The position of artificial food in each cabinet.
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Figure 16 Display cabinets (with the position of artificial food).

The brine is 40% propylene glycol which is a mixture of 40 mass % propylene and 60
mass % water. The freezing point of it is -21°C and the density at 25°C is 1208kg/m3.
The thermocouples are installed (Figure 13) at brine forward and return places near the
chillers, brine forward place near the cabinets, brine return place after each cabinet,
places before and after each cabinet’s heat exchanger, in those three food simulators
of each cabinet. A flow meter (Figure 17) is installed at the main brine loop. A pressure
difference sensor (Figure 18) is installed at the branch of cabinet No.1.

Figure 17 Flow meter.

14

KTH—Stockholm.Sweden
Department of Energy Technology
Zhengqian Cai

Figure 18 Pressure difference sensor.

Two electricity meters (Figure 19) are installed to record the energy consumption of
central pump and cabinet side respectively.

Figure 19 Power meter.

The values of the parameters were converted from the analog values with some
functions. For example, as for the pump pressure difference, the real values were
converted from the voltage value with a linear function. For the brine flow, it is
converted from the ampere value with a second order polynomial equation.

4.3 Ambient condition
To compare the electricity consumption of different distribution system, there are two
boundary conditions should be kept constant. One is the food temperature in those
cabinets, the other one is the ambient condition which refers to the temperature and
humidity.
The food temperature can be measured from three food simulators in each cabinet, as
long as their temperatures are constant and with the same value at each test, the test is
reliable.

15
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The ambient temperature was controlled by eight electricity heaters (Figure 20), which
were located at all over the room to make sure the temperature is evenly distributed.
The room humidity was controlled by one humidifier (Figure 21).

Figure 20 Electricity heaters.

Figure 21 Humidifier.
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During the following tests, the food temperatures (Figure 22) were around 4°C and the
ambient condition (Figure 23) was with 20°C for the temperature and 31% of the
humidity.

Cabinet 4
7

6

temperature(degrees)

5

4

T_4_Food_Low
T_4_Food_Mid
T_4_Food_High

3

2

1

0
23:03:25

23:32:13

0:01:01

0:29:49

time

0:58:37

1:27:25

1:56:13

Figure 22 Food temperatures in one cabinet.

Room Humidity and Temperature
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25.0
23.0
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17.0
15.0
10:54:34

11:23:22

11:52:10

12:20:58

12:49:46

13:18:34

13:47:22

time

Figure 23 Ambient condition of temperature and humidity.
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5 Testing and analysis
There are mainly three testing steps in this section. The first test step is three fixed
pump speed conditions, which contains 7.5V, 7V and 6.5V. (Each external voltage
corresponds to an exact pump speed). The second test step is controlled pump speed
(capacity controlled) conditions, which contains constant pressure (ΔP-c) control and
variable pressure (ΔP-v) control. The last test step is the decentralized pumps (Dpump)
condition.
Basing on Dpump condition, an assumption condition named Dpump* is brought up.
Dpump* is assumed of using a better sized central pump (Wilo-IP-E30/100-0.55/2).
The point of showing this assumption is to emphasis the importance of pump size in
the system.
The performance curve (Figure 24) of the main chiller (unit A), the evaporation
temperature was averaged at around -13°C and the condensing temperature was at
around 36°C. The brine in and out temperature at the evaporator side were averaged at
-4°C and 1°C respectively.

Chiller A
50

40

temperature(degrees)

30

20

T_A_Con

10

T_AB_Bri_In

0
2:56:30

T_AB_Bri_Out
3:25:18

3:54:06

4:22:54

4:51:42

5:20:30

5:49:18

-10

-20

-30
time

Figure 24 Performance of the main chiller (unit A).
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5.1 Fixed capacity central pump
The purpose of this step is trying to find the optimum pump speed for the existed
refrigeration system, which means, with the satisfied food temperatures, try to achieve
the minimum pump speed. The optimum pump speed condition will be used as the
reference condition to compare with the later tests. Then the energy saving potential
can be got when the improvements are implemented.
During the following test, the control equipment at the display cabinet side were
solenoid valves (Figure 25), each has the power of 10W. When the cabinets call for the
cooling, the controllers enable the solenoid valves open and let the brine pass through.
When the cabinets call off the cooling, the controllers disconnect the solenoid valves.

Figure 25 Solenoid valve.

When the speed of the pump is fixed, the pump capacity is also fixed. Different
distribution system requires different pump capacity, in other words, different speed.
High speed produces the flow which is much more than enough. In this case, more
heat will be provided and it needs to be covered by more cooling capacity from the
chillers. Low speed can not produce enough flow, which will make it impossible to
carry out enough cooling from the chillers and keep the display cabinets at the desired
temperature. Thus, it is necessary to find an optimum speed which can avoid the
above two problems and make the distribution system most efficient.
For Wilo IP-E mode, the pump speed can be controlled by the external voltage signal
ranges from 3 to 10 V, the higher the voltage, the higher the speed.
The actual test was proceeding from 10V and more than ten different external voltage
signals were tested for the process. Only three of them (7.5V, 7V and 6.5V) were pick
out to represent the result, and among these three, there is an optimum value.
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5.1.1 System energy balance at 7.5V
First, to make sure that the system was processing under a satisfied manner, it is
important to test if the energy balance of the refrigeration system is reasonable. The
diagram for the energy balance of the system (Figure 27) is shown below. This diagram
was obtained from the fixed speed pump condition and the external voltage was 7.5V.
It includes four parameters. They are energy loss to the ambient (Qloss), chiller cooling
capacity (Q2), pump power (Epump) and brine cooling capacity (Qbrine). The curve for
Qbrine is also averaged at the rate of 15 per movement. To calculate the Qloss, the
equation is:
Q loss =Q 2 -Q brine -E pump *0.9-E fan *0.85

Equation 8

Where Efan is a constant value of 0.2kW over the whole experiment process, 0.9 and
0.85 is the efficiency of the pump and fan respectively.

Figure 26 Refrigeration cycle on the R404A h-logP diagram.

The method for calculating Q2 is like this (Granryd 2005), based on the compressor
inlet temperature (T1) outlet temperature (T2), condenser outlet temperature (T3),
condensing pressure (P1) and evaporation pressure (P2), h1, h2 and h3 can be obtained
from the R404A property diagram. Since the compressor power (Ecomp) can be
obtained from the power meter, so we can calculate as:
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mref =

E comp × 0.93

Equation 9

h2 − h1

Q2 = mref * ( h1 − h4 ) = mref * ( h1 − h3 )

Equation 10

Qbrine = Volumeflowbrine * ( ρ returnCpreturntreturn − ρ forward Cp forward t forward )

Equation 11

Where ρ(kg/m3) is density, Cp[J/(kg·K)] is heat capacity and t(°C) is temperature,
these values can be obtained from the propolene 40% property curves based on the
temperature.
Thus, from the above calculated parameters, Qloss can be obtained and curved. As can
be seen from Figure 27, the averaged Qloss is quite stable at a certain value, which
proves that the refrigeration process was also working stable. The reason to make the
averaged Qloss curve is that there is always a time lag between Q2 and Qloss, plus the
time lag for the power meter, the real time value may not be that reasonable. Thus, the
averaged method is adopted to trade off the big value mismatch owing to the time lag.
Energy balance(Fixed speed condition)
40

30

Q2

temperature(degrees)
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Figure 27 Energy balance of the system (Fixed speed at 7.5V).

Since the energy balance diagram looks very well, it proved that the system
performed in a good manner. All the tests afterwards should be trustful.
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5.1.2 Pump fixed speed at 7.5V
When the pump was at the speed of 7.5V (Figure 28), the brine flow ranged from 2 to
3.5m3/hr, the pump pressure difference was around 2 meters, the pump power was
around 1.5 kW and the pump efficiency ranged from 0.12 to 0.07.
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Flow_Bri
P_Pump
Eff_Pump

Figure 28 External voltage signal=7.5V.

The flow value had big changes during the operation process, owing to the high pump
speed and the on-off function of the solenoid valves. The pump efficiency changed at
the same pace with flow value, which also shows that, in the fixed speed condition,
the higher the pump flow, the higher the pump efficiency.
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5.1.3 Pump fixed speed at 7V
When the pump was at the speed of 7V (Figure 29), the brine flow ranged from 1.5 to
2.1m3/hr, the pump head was around 1.3 meter, the pump power was around 0.9 kW
and the pump efficiency ranged from 0.06 to 0.08.
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Figure 29 External voltage signal=7V.

The flow value here was not changing that seriously as compared to the 7.5V
condition, owing to the lower pump speed.
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5.1.4 Pump fixed speed at 6.5V
When the external signal was lower than 6.5V (Figure 30), the food temperatures in all
cabinets increased gradually because the brine flow is too small owing to the small
pump speed. In this case, the brine can not provide enough cooling to cover the
cooling load of all the cabinets. Since the pump speed at 6.5V can still maintain the
food temperature and with the least pump power consumption, it could be concluded
that this is the optimum pump speed for the distribution system. At the optimum pump
speed, the brine flow ranges from 1.3 to 1.6m3/hr, the pump head was around 1.1
meter, the pump power was around 0.75 kW and the pump efficiency ranged from
0.05 to 0.07.
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Figure 30 External voltage signal=6.5V(optimum speed).

In these cases, lower brine flow always leads to the lower pump power, and also the
lower pump efficiency. The pump efficiency is not the main concern in the
distribution system, the importance is to have a suitable brine flow and with a
minimum pump power consumption (Kaya, 2008).
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Different pump speed VS 4 parameters
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Figure 31 Different pump speed VS 4 parameters.

As can be seen from Figure 31, with the decreasing of the pump speed, all four
parameters are decreasing accordingly. The flow value at the 6.5V case is the
minimum for the system, because if the flow is further decreasing, the display cabinet
temperature may increase so that the boundary condition will be ruined.
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5.2 Controlled capacity central pump
5.2.1 The background of pressure controlled pump
One control mode is called pressure difference constant control (Michael, 2005) as
seen from Figure 32. The control method is no matter how the flow changes, the
pump pressure difference (ΔH) will always keep at a certain value which has already
been set. For this test, pump pressure difference was set at 12m.

Figure 32 ΔP-c control mode.

The other control mode is called pressure difference variable control(Michael, 2005)
as seen from Figure 33. The method of it is to make the pump pressure difference
change according to a certain linear function with the flow as variable. The right side
point of the linier curve is the setting of ΔH and with the corresponding flow which
gets from the cross point between ΔH and maximum pump speed curve. The left side
point is 0.5*ΔH and zero flow. For this test, pump pressure difference was set at 23m.

Figure 33 ΔP-v control mode.
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5.2.2 Test results
As tested from the above two control methods, the parameters curves (Figure 34 for
constant mode and Figure 35 for variable mode) are performed as below. Those four
parameters were actually not changing that much. The reason is that the actual brine
flow was at the lowest level of the pump working range, in other words, the pump is
too big. Thus the possibility of flow changing is very limited by the means of pump
speed changing.
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Figure 34 Pressure difference constant (12m) control mode.
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Figure 35 Pressure difference variable (23m) control mode.
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5.3 Decentralized pump
Decentralized pump also called multi pump system, which means, instead of only
having one pump in the main loop, there are several pumps installed in the branches.
Sometime the main pump can be excluded or sized much smaller, because its work

Brine system(Decentralized pumps)

Flow meter
TC

TC

Chiller unit

Manual valve
PDiff.
Dpump
Bypass

Cabinet.1

Cabinet.2

Cabinet.3

Cabinet.4

Figure 36 Distribution system (with decentralized pumps).

can be most shared by those decentralized pumps. In this test (Figure 36), the pump
mode is Wilo-stratos-PARA 15/1-7 (Figure 37)the power supply P1 is 0.07kW, the
shaft power P2 is 0.05kW and the rotation speed n ranges from 1100 to 4450 rpm with
the external signal changing from 3 to 10 V. It can provide a pressure difference
ranges from 1 to 7 meters.

28

KTH—Stockholm.Sweden
Department of Energy Technology
Zhengqian Cai
Wilo-stratos-PARA 15/1-7
Power supply P1

0.07kW

Shaft power P2

0.05kW

Rotation speed n

1100 to 4450 rpm

External signal

3 to 10 V

Pressure difference

1 to 7 m

Figure 37 Decentralized pump.

Figure 38 Control panel of decentralized pump.

The potential advantages of decentralized pump system are lower installation cost
( less labor work, no need to even the flow of each cabinet); no pressure loss, thus less
total energy consumption; the better flow distribution for each cabinet, because each
cabinet will be taken care of by its own pump; no need for control valves. Some
disadvantages are: there is always a small amount of flow pushed through the
decentralized pump even when it is switched off, it is because of the external
operation of central pump; it is more expensive than the control valve.
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In this test, the setting of decentralized pump is at ΔP=4m. This setting value was got
from several tests to make sure the food temperatures are at the same level while the
pump head is minimum. The pumps are controlled by the cabinets’ controllers which
are with on/off function and previously used for solenoid valves. As logged from the
power meters, the energy consumptions over 24 hours for solenoid valves and
decentralized pumps are 1.0kWh and 2.2kWh respectively. The average power over
24 hours of each decentralized pump and solenoid valve is 10W and 23W respectively.
The average power of central pump over 24 hours was also changed from 778W
(central pump with optimum speed) to 550W (decentralized pump).
Below is the figure of parameters curves (Figure 39) obtained from the decentralized
pump test. As compared to the optimum fixed capacity pump, this case is with less
pump power which is 0.55kW. Thus less extra heating load was provided by the main
pump.
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Figure 39 Decentralized pump condition.
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5.3.1 Energy balance at the decentralized condition
The pump condition has an influence on the overall system, thus, it is important to see
the energy balance diagram (Figure 40) again at this point.
Energy balance (Dedentralized condition)
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Figure 40 Energy balance of the system (decentralized condition).

As compared to the energy balance of the fixed speed condition (Figure 27), Figure 40
shows the less energy loss in the system and with the less overshooting opportunity
for Q2, which means that the system is working more stable under the decentralized
condition.
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In this decentralized pump case (Figure 42), the flow level in the heat exchanger of
cabinet1 is similar as compared to the optimum fixed pump (Figure 41) speed case, but
it is with much smoother flow control at the decentralized pump condition. As for the
pressure difference at the cabinet side, it was changing severely (owing to the on/off
function of solenoid valve) at the fixed speed condition while it was changing
gradually at the decentralized condition. Both above two points show that less energy
loss will be produced during the control process of decentralized condition.
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Figure 41 Inlet and outlet pressure difference of cabinet1's heat exchanger (optimum fixed
speed).
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Figure 42 Inlet and outlet pressure difference of cabinet1's heat exchanger (decentralized
pump condition).
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5.4 Energy breakdown
To compare the energy consumption of different distribution system’s condition, the
electricity consumption of each equipment over 24 hours was logged. Cpump stands
for the central pump, Svalve is all four solenoid valves, Dpump is all four
decentralized pumps, Cab. is all fans and cabinet controllers, comp1 is the compressor
of the main chiller and comp2 is the compressor of the standby chiller. From 10V to
6.5V are all the fixed pump speed condition, followed by two central pump controlled
modes, then it is the decentralized pump condition with the central pump and
decentralized pumps set at pressure difference constant controlled mode of 9 meters
and 7 meters respectively.
Dpump* is an assumption condition that, based on the Dpump condition, with a better
sized central pump which is Wilo-IP-E30/100-0.55/2 (P2=0.55kw, maximum rotation
speed n=2800/min, pressure difference ranges from 2 to 10 meters). In other words,
using a more efficient central pump. So that less central pump energy will be
consumed as compare to the Dpump condition.
The electricity consumptions of each test are combined in one pillar graph (Figure 43).
From the further left starts with the fixed pump speed which stepped down from 10V
to 6.5V (optimum speed), then followed by two control modes pillars and ended with
the decentralized pump condition.
Table 1 Energy consumption over 24 hr of different pump mode.

E_Cpump E_Svalve. E_Dpump. E_Cab. Ecomp1 Ecomp2 Total
(kWh)
(kWh)
(kWh)
(kWh) (kWh)
(kWh)
(kWh)
10V
55.380
0.773
0
5.760 102.068 50.070 214.051
7.5V
26.221
1.010
0
5.760 116.756
4.498 154.245
7V
22.749
1.033
0
5.760 116.708
1.368 147.618
6.5V
0.978
5.760 114.184
1.792 141.379
18.665
0
ΔP-v,23
18.67
1.001
0
5.760 116.294
0.644 142.369
ΔP-c,12
19.054
1.072
0
5.760 118.014
0.702 144.602
Dpumps
0
5.760 111.834
0.046 133.133
13.292
2.201
Dpumps*
0
5.760 110.429
0.046 128.516
10.080
2.201
It is obvious that when the central pump speed is the way too high (10V), a lot of
extra heat load will be injected into the system, which causes the long working time
for the standby compressor (comp2). When the central pump is optimized to a certain
speed, there is almost no need to have the standby compressor to kick in. This means
one compressor is enough to meet the cabinets’ cooling demand. Thus, an optimized
pump speed is very important to the system efficiency.
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The pump power of Dpumps* was obtained from pump's data sheet and based on the
brine flow at the Dpumps condition. Ecomp1 of Dpumps* was obtained from the
proportation correlation derived from condition 6.5V and Dpumps. Because it is
assumed that Epump influence Q2, and thus Ecomp1. Ecomp2 at the Dpumps
condition is just to keep the suitable pressure inside and it is at the minimum value, so
that the change can be neglected.
As for the comparison between optimized speed (6.5V) central pump and
decentralized pump condition, the total energy saving is 8.3kWh (8%) in 24 hours.
There are two reasons for the saving: one is because of the decreasing of pressure loss
in the distribution loop owing to the discarding of solenoid valves, another is because
of the better brine flow supply of each cabinet thanks to the decentralized pumps,
which adapted better for the cabinets requirement.
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Figure 43 Energy consumption of each equipment over 24 hr of different pump modes.

34

KTH—Stockholm.Sweden
Department of Energy Technology
Zhengqian Cai
When it is the comparison only concerns to pumps in different conditions, another
pillar graph was obtained (Figure 44). Based on the optimized speed pump condition
(6.5V), Dpumps and Dpumps* conditions can save electricity by 17% and 34.1%
respectively.
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Figure 44 Energy consumption of central pump and decentralized pumps over 24 hr of
different pump modes.

If it is compared based on the worst case which is the maximum pump speed (10V),
the energy saving is very large when the pump is optimized and decentralized. Table 2
emphasizes the importance of suitable pump speed again.
Table 2 The comparison of total energy consumption in detail.

Test
Energy(kWh) Saving kWh Saving %
Max speed(10V)
214.051
optimum speed(6.5)
141.379
72.672
34.0
Dpump
133.133
80.918
37.8
Dpump*
128.516
85.535
40.0
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5.5 The actual proportion of distribution power in the
system
The optimal speed (6.5V) condition is calculated to evaluate the distribution power
proportion at the time scale of 24 hours. In Table 1 where Epump=18.7kWh,
Efan=4.8kWh, Ecomp=114.2kWh, Etotal=141.4kWh, the COP of compressor was
calculated at around 2.5. Thus, we have the calculation:
⎤ 18.7 + 4.8
⎡ E p +E fan ⎤ ⎡ E p +E fan
= 0.082 = 8.2%
⎥=
⎢
⎥=⎢
⎣ Q 2 ⎦ ⎣⎢ E compressor *COP ⎦⎥ 114.2* 2.5

The pump power proportion is:
Ep
E total

=

18.7
= 0.132 = 13.2%
141.4

In the condition of decentralized pump with a more adapted central pump (with less
energy consumption), then Ep=12.2kWh and Etotal=129.9kWh, while all the other
parameters are unchanged, then the calculation is:
⎤ 12.2 + 4.8
⎡ E p +E fan ⎤ ⎡ E p +E fan
= 0.060 = 6.0%
⎥=
⎢
⎥=⎢
⎣ Q 2 ⎦ ⎣⎢ E compressor *COP ⎦⎥ 114.2* 2.5

The pump power proportion is:
Ep
E total

=

12.2
= 0.092 = 9.2%
133.1

As calculated from the designed condition, to get the maximum system efficiency, the
theoretical proportion is:

⎡ E p +E fan ⎤
⎢
⎥ =1.2% ;
⎣ Q2 ⎦
While to get the maximum cooling capacity, the theoretical proportion is:

⎡ E p +E fan ⎤
⎢
⎥ =6.8% .
⎣ Q2 ⎦
It can be seen that the proportion (8.2%) at the actual optimal speed (6.5V) condition
is over the theoretical proportion for the maximum cooling capacity, and the value
(6.0%) for the more adapted pump condition is in the theoretical range and
approaching the maximum system efficiency condition.
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6 Further improvements
During the process of the experiment and with the increasing knowledge of the
secondary refrigeration system, some other system improvement ideas are coming up.
The main idea is to avoid the loss by the way of better system control method. Three
suggested improvements are listed as follow, the first of them has been proved to be
effective.

6.1 PID capacity controlled decentralized pump
With the usage of industrial standard PID controller (Figure 45), the purpose of
capacity controlled pump can be achieved. The air out temperature of the cabinet heat
exchanger is the signal input for the PID controller, and the voltage is the output
signal which is connected to the external voltage port of the decentralized pump.
Different external voltage will result in different pump rotation speed. For example,
the setting point = 2.5°C, the bigger the difference between actual value and setting
value, the higher the pump speed. Once the actual temperature is lower than 2.5°C,
pump stops.

Figure 45 PID controller.
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To see the effect of different brine flow control modes on the air out temperature of
the cabinet HX, three curves (Figure 46) are shown below. For the cabinet controller, it
was set as 1.5°C to cut the flow and 3.5°C to enable the flow to pass through the HX.
Solenoid valves and decentralized pump conditions depended on this controller. When
it was the PID mode, the cabinet controller function was disabled, and the PID
controller took the place.
As can be seen from the figure, the control of HX air out temperature in solenoid
valve condition was very rough and often with over shooting the setting value; for the
decentralized pump condition, the temperature control was more intensive and almost
no erroneous; as for the decentralized pump PID controlled mode, the temperature
was with less difference and the control seemed to be smoother and softer. Thus, the
PID controlled mode should be the best one, because it is with less temperature
difference, which means less energy loss, and more accuracy according to the setting
value.

Figure 46 Air out temperature of Cabinet1's HX in different control modes.
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6.2 Decentralized pumps at the chiller side
Since the brine flow is passing through the evaporator when the system is running, the
amount of flow can influence the COP of chiller a lot. Thus, an idea of having the
decentralized pumps at the chiller side popped out (Figure 47). The evaporation
temperature can be the input signal for the pump and control the pump speed. In this
case, the chiller can always work at a satisfied COP.

Figure 47 Decentralized pumps at the chiller side.
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6.3 Advanced control at the chiller side
The function of the chiller is to cool down the return brine and forward it back to the
display cabinets. A too low forward brine temperature has several disadvantages: 1.
the evaporation temperature of chiller will be quite low as well, which will decrease
the COP of chiller; 2. low temperature brine has a high density, which will increase
the pump work; 3. low temperature brine has a higher possibility of losing cooling
energy to the ambient. 4. low temperature brine increases the possibility of frosting on
the surface of HX. Thus, it is very important to control the forward brine temperature.
Two approaches can be adopted, one is by controlling of the brine flow, and the other
one is by the controlling of the compressor speed (Figure 48).

Figure 48 Capacity controlled pumps and compressors.

As can be seen from Figure 48, both decentralized pumps and compressors are capacity
controlled by the chilled brine forward temperature.
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7 Conclusions
A well instrumented miniature supermarket is achieved in the laboratory. All the
equipment are available on the market and the experiment process can be easily
copied to any existed supermarket secondary refrigeration system.
The expected tests were performed successfully during the experiment. As seen from
the data obtained from the tests, it is of paramount importance to have a suitable pump
speed in the fixed central pump speed condition, because of the reason that too high
pump speed can increase a lot extra cooling load for the system. The controlled
central pump condition did not show a lot energy saving potential in the test, the
reason is that the pump is the way too big and the actual working condition is at its
lowest range. The decentralized pump condition did show some potential of energy
saving as has been expected, and if it is with a better sized central pump, more energy
saving can be expected.
As for the energy saving potential of each conditions, based on the optimized
centralized pump condition, 8.0% total energy and 34.1% pump energy can be saved.
It is with shorter start up time for the installation of decentralized pump system by
avoiding the flow adjustment. Because the solenoid valve system requires the valve
adjustment to even the brine flow of each cabinet, owing to the reason that each
cabinet is with different piping condition and thus different pressure loss.
The system is more flexible to add or decrease the display cabinet amount, as long as
the refrigeration machine capacity is big enough. The decentralized pump system has
the self adapting capability to ensure enough flow to pass through each cabinet.
Since the experiment is finished with expected result, it proved that the actual
condition performed similar as the theoretical analysis. Thus the experience obtained
from the testing process should be trustful and useful to assume other possibilities of
improving the total system efficiency. The PID controlled of decentralized pump at
the cabinet side can be the first step. It has already been proved by the demonstration
of one cabinet that the air out temperature of the HX can perform much better, which
is more accurate and smoother. The following step can be the decentralized pump at
chiller side and the system integration, which means all pump in the distribution
system are controlled by some important parameters and enable the system perform
well.
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