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Abstract 
One of the problem in chilled water pumping system is 
the degradation of performance of the control valve 
system that makes the energy consumption is less 
efficient.  Thermomechanical method is proposed in this 
research to control the VSD of the pump to increase the 
energy efficiency of the pump. This method needs 
physical input references from the piping system using 
sensor that installed and connected to the main controller 
using wireless sensor network with Zigbee  
communication. This method was tested in the arduino 
prototype  simulation. First simulation is simulated the 
less performance condition of the control valve and the 
result of the coefficient of performance (COP) is 1.07 
with efficiency margin is 16.4%. Second simulation is 
simulated the good performance condition and the result 
of the COP  is 1.67 with efficiency margin is 37.2%. 
From those result can be concluded that 
thermomechanical method can increase the energy 
efficiency if the control valve system is in the good 
performance condition. If the control valve system is less 
performance, this method can’t give the energy efficiency 
as good as if the control valve at the good performance 
condition. Nevertheless, this method can increase the 
efficiency margin at the less  performance condition of 
control valve. 
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1. Introduction  

Air conditioning (AC) systems is a process to provide 
the conditions for human thermal comfort. Thermal 
Comfort is that condition of mind that expresses 
satisfaction with the thermal environment[1]. AC used 
should be get more attention because AC need a lot of 
energy consumption. One of the AC system that many 
used in the high rise building is Water Cooled Chilled 
Water System. How is water cooled chilled water system 
works, can be seen in the fig 1. In the fig. 1, we can see 
that there are an air handling unit (AHU) in each room 
(room 1, room 2 and room 3) that used to conditioned the 
room. Chilled water is produced by the chiller and 
distribute to every AHU using chilled water pump 
(CHWP). There is a control system that installed in the 
CHWP that make the CHWP is running to suite with the 
actual AC load to get more efficient of energy 
consumption of the CHWP. Many method are used to 
controlled the CHWP, one of the method is sensorless 
Variable Speed (VSD) pump.  

 
Fig. 1. Water Cooled Chilled Water System 

Room thermostat was installed in every room to adjust 
the room temperature set point. When the room 
temperature is achieve to the temperature set point, the 
thermostat will send signal to motorise control valve and 
the control valve will be closed so the chilled water 
supply to AHU will be shut off and the chilled water 
pressure in the system will be increase. This pressure 
increment will be  detect by sensorless VSD controller 
and then the controller will reduce the speed of the 
CHWP to suite with the chilled water flow requirement. 
The variable speed drive concept uses an inverter to 
supply the motor with enough energy to turn the shaft at 
the speed and torque the application requires [2]. 

Many case happen in the building is when the AC load 
is various up and down, the chilled water pressure in the 
piping system is still constant. Its indicate that the CHWP 
is running constantly and indicate that there is a waste 
energy used to operate the pump because pump delivered 
more chilled water than the required. The main concern of 
this research is how to increase the energy efficiency of 
chilled water pumping system shown on the figure 1 and 
how much the efficiency achievement with the proposed 
method.  

Many research about pump energy efficiency already 
done in previous. Pump speed controller is used to control 
the water flow base in the system requirement to increase 
the pump energy efficiency. In [3], to reduce the control 
problem because of the sensor malfunction and poor 
maintenance of the system, sensorless pump controller is 
proposed. The method in this research is using Affinity 
transformation of  Bernoulli equations to determine the 
pump speed base on the flow requirement. PLC is used 
for data processing and the result of the algorithm is use 
to control the pump speed. The other method is proposed 
in [5]. Combination method between mathematics and 
physic model is use to control the pump speed. Affinity 
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transformation of Bernoulli equations is used to determine 
the speed required base on the actual torque and combine 
with speed sensor, pressure sensor and torque sensor for 
the physic model. The result in the [5] is the system have 
more flexibility and accurate in the static and dynamic 
condition. 
 
2. Research Method  
A. System Modeling  

Simulation model of the chilled water system 
condition will be use in this research. The system 
modeling is shown in the figure 2.  

 
Fig. 2. Flowchart of the system modeling 

B. Chilled Water Pump working pressure modeling  
Chilled water flow rate in every AHU is controlled by 

motorised control valve that the control valve is 
controlled by room thermostat. Control valve will open 
and close refer to the room temperature. In condition that 
the chilled water piping is fixed size, the opened and 
closed of the control valve caused the pressure of the 
chilled water in the piping will be fluctuated. Chilled 
Water Pump working pressure model is shown in figure 3. 

 
Fig. 3. Chilled water pump working pressure model 

C. Bernoulli equation modeling 
Centrifugal pumps are the most common type of 

pumps found in industrial applications[14], also for the 
chilled water pumping system. In a centrifugal pump, the 
energy of the fluid is increased by increasing the flow 
velocity with a rotating impeller, which generates the 
fluid flow[3]. Impeler is the component in the centrifugal 
pump that rotated by a motor to convert the motor energy 
become fluid energy that able to discharge the fluid[4]. 
Most of pumping applications can be defined as the level 
control and the pressure control systems. Typically, both 
of them require pressure detection. Pressure control 
applications have the following principle of operation. 
The system tends to keep pressure on a desired level. The 

speed of a pump is changing according to some Actual 
Value – Set-Point[3].  

The head and the pressure alter with the squared pump 
speed as follows [3] : 

   (1) 

The power varies with the cube of the pump rotational 
speed as follows[3]: 

   (2) 

To govern the relationships between the pressure (p) 
variables at the changing pump speed n, every hydraulic 
system is described with the affinity laws[5]: 

   (3) 

With the pump speed will be controlled in the certain 
pressure, so the speed required (n2) can be determined 
from (3) as follows :  

  (4) 

where : 

H1 :  pump head at duty point, (m) 
H2 : actual pump head when the system is running 

(m) 
p1 : pressure set point (m) 
p2 : actual pressure when system is running  (m)  
P1 : power at p1 (watt) 
P2 : power at p2 (watt) 
n1 : pump speed at duty  point (rpm) 
n2 : actual pump speed required (rpm) 
 
Chilled water pump characteristic that will be 

modeled is shown on the fig. 4. Pump curve on fig. 4 is 
base on the factory pump selection for Grundfos pump 
series 97568233 CME1-4.60Hz. Base on this curve, the 
duty point of the pump is (Q1) 10 l/min flow rate at the 
pump head (H1) is 10 m with the pump speed  (n1) is 
1664 rpm. 

 

 
Fig. 4. Pump curve selection 

 

123

Advances in Intelligent Systems Research (AISR), volume 149



 

 

D. Air conditioning load and Thermodynamic modeling  

Beside the change of the pressure in the pipeline, the 
other physical characteristic that can be observed in the 
chilled water system is the change of the heat load. Refer 
to the first law of thermodynamic, heat can be defined as 
amount of energy that transfer from one object to the 
others which have lower temperature[6]. The heat transfer 
can determine as follows [6]: 

Q = m˚ x Cp x ΔT  (5) 
where : 
Q  : heat transfer, KW (kilowatt) 
m˚ : fluid flow rate, Kg/s 
Cp : specific heat of the fluid, KJ/Kg.K 
 : Temperature different, K 

ΔT = T2 – T1 
T2 : end of  temperature, K 
T1 :  initial Temperature, K 
 

There is 2 way to adjust the chilled water flow rate. 
Ones is adjustment  base on the pressure set point an the 
others is base on the ΔT set point. To get the flow rate 
required base on the actual heat load in the (5), needs 
input of actual flow rate and actual ΔT from the system. 
For the specific heat of the water is taken from the 
average of 4.2 KJ/Kg.K[7]. Air conditioning load 
modeling is shown in fig. 5. Refer to (5) can be seen that 
amount of heat transfer is proportional with the flow rate. 

 
Fig. 5. Air conditioning load modeling 

So the conjunction between the change of flow rate 
and pump speed as follows: 

   (6) 
where : 
m˚1 : actual flow rate at duty point, Kg/s 
m˚2 : flow rate required at certain heat load, Kg/s 
with the flow rate is proportional with heat load, the pump 
speed refer to change of heat load can defined from (9) as 
follow  : 

                     (7) 
So the required pump speed (n2) is :  

                     (8) 
where : 
Q1 : Load at duty point (watts) 
Q2 : Actual load (watts) 

 

E. Propose Method  

This paper proposed Thermomechanical method to 
control the chilled water pump speed. Thermomechanical 
method is combining the bernoulli laws (refer to [3] and 

[5]) to determine the pump speed required base on the 
pressure changing and the thermodynamic law to 
determine the pump speed required base on the AC load 
changing. The flowchart of thermomechanical method is 
shown in fig. 6. 

 
Fig. 6. Flowchart of  Thermomechanical method 

F. Thermomechanical method control system modeling  

There is a simulation model is needed to test the 
thermomechanical method. The simulation is simulated 
the changes of the chilled water physical characteristic 
that are temperature, pressure, water flow rate and AC 
load where this characteristic will be use as the  input of 
the processing unit and then the output will be use to 
adjust the CHWP speed. This control simulation model is 
represent the condition of the chilled water system that 
will be simulated. The design prototype of the model is 
shown in fig. 7 and consist of chilled water piping design 
and control system design. 

 
Fig. 7. Design Prototype of chilled water piping and control 

system 

G. Chilled water piping design 

In this research, the chilled water piping is not 
physically build. The piping is simulated base on the 
changes of physical characteristic of chilled water that are 
changes of flow rate, pressure and temperature. This 
characteristic changing will be simulated base on set point 
parameter that already determined base on the size of the 
piping system prototype. The changes of the physical 
characteristic of the pump is refer to the fig. 3. To 
determine the pressure set point is assumed that the AHU 
operation redundancy is 70%. Base on the graph in fig. 3, 
the set pressure (p1) is 2.28 Kpa. The temperature 
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different set point (ΔT1) is 6 ˚C which the   chilled water 
temperature in is 6 ˚C and the chilled water temperature  
out is 12 ˚C. The chilled water flow rate range is between  
0 until 20 l/min with the pump speed range is from  0 rpm 
to 2550 rpm. 

H. Control system design 

Input data reading from the system is needed to 
implement the thermomechanical method control system. 
This data is coming from the sensor reading and consist of 
flow rate, chilled water temperature in, chilled water 
temperature out and chilled water pressure. From the 
sensor, the data is transmitted to the controller and 
processed by the controller to determine the output to 
control the pump speed. One of the method to transmit the 
data to the controller  is using  Wireless Sensor Network 
(WSN). Some of the wireless communication that used in 
WSN are IEEE 802.11 (WLAN), IEEE 802.15.1 
(Bluetooth) and IEEE 802.15.4 (ZigBee)[9]. From the 
power consumption side, Zigbee is the lowest energy 
consumption. And for the number of nodes connection, 
Zigbee is the wireless communication with most number 
of nodes connected. In the [9], Zigbee is used and the 
result is that the data error is better than the wired 
connection because Zigbee is more resistance to the 
magnetic field if compare to the wired communication. 
Regarding to the power consumption, in [10] is proposed 
to use Zigbee for home and the result is the system have 
more lifetime, durable and safety. WSN  also have 
capability to do local computation so  can send the only 
data needed rather than the raw data that not selected 
yet[11]. Refer to [9] and [10], in this paper is propose to 
use Zigbee communication to send the data reading from 
the temperature sensor and pressure sensor  to the main 
controller. Wireless sensor network technical design 
basically consist of Hardware, software,   system 
architecture and protocol and transmission media[12]. 
Control system installation in the chilled water piping 
system is shown in the fig.7. Arduino is use in this control 
system and its selected because cheap and easy for the 
configuration[13]. Zigbee component that used is Xbee 
S2. Prototype of transmitter and receiver node is shown in 
fig. 8 and fig. 9.  

 
Fig.8. Prototype of Transmitter Node 

 

 

Fig.9. Prototype of  Receiver Node 

Simulation of the changes of temperature, pressure 
and flow rate of the chilled water  will be done by the 
potentiometer. The simulation result will shown on the 
serial monitor that connected to the arduino using serial 
port in the laptop.  
 
I. Algorithm 

Flowchart of the thermomechanical algorithm that will 
be compiled into controller in fig. 10 and fig. 11. Fig. 10 
is the wireless sensing algorithm of the temperature and 
pressure sensor reading. The flow process of the arduino 
base on the fig. 10 as follows: 
1) Sensor will send the analog data reading which is 

temperature and pressure to arduino. This analog data 
is composed to arduino as digital reading with range 
of 0  - 1023 that represent the voltage of  0 – 5 V. 

2) From this reading, arduino will do the simple 
computation to determine the ΔT and then the result of 
the computation and the pressure reading will send to 
the Xbee receiver. 
 

 
Fig. 10. Algorithm of Xbee Transmitter 

Fig. 11 is the thermomechanical algorithm as on the 
propose method. The flow process of the Xbee receiver as 
fig. 11 as follows : 
1) Set point parameter is inputted i the arduino. This set 

point consist of minimum flow rate (m˚min), set point 
of flow rate ( m˚rate), pump speed set point (N1), 
pressure set point (P1), temperature different set point 
(ΔT1) and specific heat of chilled water (Cp). 

2) Xbee Rx is received the data of pressure and ΔT that 
send by Xbee Tx and also the reading of flow rate 
from the flow sensor. This data will be process by 
arduino. 

3) Arduino will calculate the actual load (Q1) at the 
system, and then determine the pump speed required 
(nA) base on the actual load. 

4) From the pressure reading (p2), arduino will calculate 
the pump speed required (n2b) base on the changes of 
the pressure in the system. 
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5) Arduino will compare between nA and n2b to 
determine the highest speed that will be executed to be 
the output as pump speed executed (N). 

 

 

Fig. 11. Algorithm of  Xbee Receiver 

3. Simulation  

System condition in figure 1 will be simulated in this 
research is shown in the fig. 12. 

 
Fig. 12. Simulation Matrix of the chilled water system condition 

T1, T2, T3 : room thermostat  
V1, V2, V3 : motorised control valve  
P  : system pressure  
Set point  : room temperature set point 
 
G. Simulation 1 

Refer to the simulation matrix in figure 12, simulation 
1 is represent the condition of the system when the room 
temperature is achieved and the thermostat send signal to 
motorise control valve to closed the valve, but that happen 
is the control valve is not fully close/fail. This condition 
makes the pressure in the system is still constant because 
the chilled water still trough in to the AHU. The 
simulation result are shown in fig. 13, 14 and 15. AC load 
profile is shown in fig. 13, pressure profile is shown in 
fig. 14 and the pump speed profile is shown in fig. 15. 

 
Fig. 13. Air Conditioning Load Profile at simulation 1 

 

Fig. 14. Pressure profile at simulation 1 

 

Fig. 15. Pump Speed Profile at simulation 1 

Less performance condition of the control valve can 
be seen by compare the graph at the fig. 13 and fig. 14. 
Fig. 13 is shown that the AC load is various, but because 
the control valve operation is failed so the pressure is still 
constant as shown in fig. 14. Pump speed profile is shown 
in fig. 15. The highest speed is selected as pump speed 
required and executed as actual pump speed. 
 
H. Simulation 2 

Refer to the simulation matrix in fig. 12, simulation 2 
is represent the condition of the system when the room 
temperature is achieved and the motorise control valve is 
closed. This condition makes the pressure in the system is 
various as shown in fig. 3. The simulation result are 
shown in fig. 16, 17 and 18. AC load profile is shown in 
fig. 16, pressure profile is shown in fig. 17 and the pump 
speed profile is shown in fig. 18. Good performance 
condition of the control valve can be seen by compare the 
graph at the fig. 16 and fig. 17.  Fig. 16 is shown that the 
AC load is various, and because of the control valve 
operation is performed so the pressure is various also as 
shown in fig. 17. Pump speed profile is shown in fig. 18. 
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The highest speed is selected as pump speed required and 
executed as actual pump speed. 

 

 
Fig.16. Air Conditioning Load Profile at simulation 2 

 

Fig. 17. Pressure Profile at simulation 2 

 

Fig. 18. Pump Speed Profile at simulation 2 

4. Data Analysis  

The energy used of cooling equipment mainly depends 
on the characteristic of the refrigerant system. For chilled 
water system, the centrifugal chiller assumed the energy 
use is 0.55 KW/TR (6.39 COP) and the water pump is 0.2 
KW/TR (17.6 COP) [16]. Coefficient of performance 
(COP) and efficiency margin is needed to analysis how 
much the thermomechanical method can increase the 
energy efficiency of the chilled water system. COP is the 
comparison between the actual result capacity and the 
power consumption needed. COP is define as follows[1] : 

     (9) 
where : 
Qr : actual heat load (watt. hour) 
Pc : total Power consumption (watt.hour) 

And the efficiency margin (ηm) is : 

 ηm  =  

 (10) 
ΔCOP = COP ref to Load – actual COP 

The power input adjustment base on the changes of the 
pump speed is define as[5] : 

     (11) 
where : 
PI1 : motor pump power input at rated speed (watt) 
PI2 : motor pump power input at speed executed 

(watt) 
N1 : pump speed at  rated speed (Rpm) 
N2 : pump speed at speed executed (Rpm) 
 
So PI2 is : 

   
  (12) 

With the Qr and Pc is define as follows : 
     (13) 

     (14) 
 

The analysis result is shown in the table 1 and table 2. 
Table 1 shown the actual load (Qr) is 6141 watt.hours, the 
total power consumption refer to the actual load is 4786 
watt.hours, and total of actual power consumption that 
executed is 5759 watt hours. So the comparison of 
expected COP (ref to load) and the actual COP as shown 
in fig. 19 is determine use (9) formula. 
 

 
Fig. 19. Comparison of expected COP vs Actual COP at 

simulation 1 

Table 1. Analysis result at Simulation 1 
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Fig. 19 shown that the expected COP is 1.28 but the 
actual COP is 1.07. There is a gap between the expected 
and the actual COP that called efficiency margin, 
calculate with formula (10) the efficiency margin is 
16.4%. The result of the thermomechanical method in the 
normal condition as simulated on the simulation 2 can be 
seen in table 2. Table 2 shown the actual load (Qr) is 4314 
watt.hours, the total power consumption refer to the actual 
load is 1619 watt.hours, and total of actual power 
consumption that executed is 2585 watt hours. So the 
comparison of expected COP (ref to load) and the actual 
COP as shown in fig. 20 is determine use (9) formula. 
Fig. 22 shown that the expected COP is 2.66 but the 
actual COP is 1.67. The efficiency margin calculate with 
formula (10)  is 37.2%. 
 

 

Fig. 20. Comparison of expected COP vs Actual COP at 
simulation 2 

Table 2. Analysis result at Simulation 2 

 

5. Conclusion 
Base on the data analysis, can be concluded as follows : 
1. The increment of the energy efficiency in the chilled 

water pumping system  can be achieved if the 
control valve system is operate in 
performance/normal condition.  

2. The system efficiency is shown on the value of 
coefficient of performance (COP). In simulation 1 

the COP  is 1.07 with efficiency margin is 16.4%. In 
simulation 2 the COP is 1.67 with efficiency margin 
is 37.2%. 

3. The thermomechanical method can increase the 
energy efficiency if the control valve system is in the 
normal condition. If the control valve system is 
failed/abnormal condition, the thermomechanical 
method can not give the energy efficiency as good as 
at the control valve at the normal condition. 
Nevertheless, thermomechanical method can 
increase the efficiency margin at the condition that 
the control valve system is under performance.  
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