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Air-conditioning systems accounts for the highest portion of energy consumption in 
buildings, either commercial or residential. Thus, there is a need for energy savings 
while ensuring internal thermal comfort. The compressor utilizes about 90% of the 
energy being consumed by the air-conditioning system. Common practice in energy 
savings for air-conditioning systems includes the application of variable frequency 
drive of the compressor for capacity control. However, literature on capacity control 
for operational centralized multi-circuit systems are scarce. This paper presents a 
study on the application of a thermal control system known as the Advanced Thermal 
Control System or ATCS utilizing variable frequency drive technology on an installed 
and operational multi-circuit centralized water-cooled packaged unit air-conditioning 
system at an administration block in Universiti Teknologi Malaysia. The result shows 
energy savings of up to 33.0 % when compared to the baseline operation of the 
existing system. 
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1. Introduction 
 

Energy management is critical to the growing population of the world. As the population keeps 
growing, energy demand keeps increasing, resulting in higher priority for adequate control of 
energy consumption [1]. The building sector is among the highest consumer of energy and accounts 
for a significant percentage of a nation’s energy consumption [2]. In the United States, energy 
consumption in buildings makes up for 41% of the total energy consumption in 2010 [3]. The 
electrical energy being consumed was the major factor that led to the 58% growth in net domestic 
generation between 1985 and 2006 [4].  Energy consumption in the building sector has also been 
studied by Bakar et al., [5] and Figure 1 shows the percentage of energy consumption for the 
building sector in several countries. The figure shows a 23% consumption rate for Spain [3], 25% for 
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Japan [6], 28% for China [7], 39% for United Kingdom [3], 42% for Brazil [9], 47% for Switzerland [8], 
and 50% for Botswana [10]. 
 

 
Fig. 1. Percentage of energy consumption for the building sector in several 
countries [5] 

 
World energy consumption for buildings keeps on growing, accounting for about 40% of the 

primary energy consumption and this is forecasted to increase to about 45% in the year 2025 [5]. 
HVAC is the largest consumer of energy in the buildings and as a result, the increase use of the air-
conditioning system will have a significant impact on the total energy consumption [11]. As such, 
any slight reduction in the energy consumption of the HVAC system will result in a positive impact 
on the building’s energy management program [12]. 

The main function of the HVAC system is to provide thermal comfort for the occupants of the 
indoor space. In view of the need for environmental sustainability, it is important to provide 
thermal comfort with the least energy usage. Population growth, increased thermal comfort 
requirements and global climate change have contributed to an upward trend in the use of HVAC 
systems and as such an increase in energy consumption in the building sector. Consequently, most 
countries concentrate on the building sector as having the greatest energy saving potentials. 
Studies have shown that a small increase in system operating efficiency can result in significant 
energy savings [13].  

The vapor compression refrigeration cycle is commonly utilized in conventional building air-
conditioning systems with the compressor being the major consumer of energy [14-15]. Multi-
refrigerant circuit systems are becoming more common in building air-conditioning systems 
providing some degree of flexibility in capacity control in matching the building's cooling demand 
with the system’s operating capacity. However, the common practice for centralized air-
conditioning systems in commercial buildings and offices is such that the compressor is set to 
operate at maximum speed which could result in over cooling of the conditioned space. This could 
also lead to indoor thermal discomfort and a waste of energy [16]. Thus, there is a need for capacity 
control in ensuring energy savings and thermal comfort is achieved.  Variable frequency drive of the 
motor of the compressor is often utilized for capacity control of air-conditioning systems [17].  
Variable frequency drive allows the load powered by alternating current induction motors to 
operate at different range of speeds, in accordance to the control algorithm based on the system 
feedback [18-19]. 
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Studies on capacity control are most often focused on single circuit air-conditioning system and 
limited to laboratory scale experiments and simulations [20]. Research studies in the open 
literature on capacity load matching capability that are carried out on large scale multi-circuit air-
conditioning systems are scarce [21-22]. This work addresses this research gap and is focused on 
energy savings, temperature control and system performance of a water-cooled multi-circuit air-
conditioning system, using a control system utilizing variable frequency drive for the compressor. 
 
2. Plant Description  
 

The field work was carried out at an office space located at the ground floor of the Block F54 
building in Universiti Teknologi Malaysia, Johor Bahru, Johor. The water-cooled packaged unit 
(WCPU) is installed in the Air Handling Unit (AHU) room of the Block F54 building. The indoor space 
is an office environment with an average occupancy of 30 people. The WCPU is operated daily 
between 8:00 am until 4:00 pm from Sunday to Thursday. The air-conditioning system set point 
temperature was 25oC. Figure 2 shows the layout of the office space in the Block F54 building. 

 

 
Fig. 2. Layout of the office space in the block F54 building, Universiti Teknologi Malaysia 

 
The water-cooled packaged unit consists of two refrigeration circuits in parallel. Each circuit 

consists of a direct expansion evaporator coil with expansion valve, water-cooled condenser and a 
scroll type compressor. The two refrigeration circuits were designed to provide partial capacity in 
case of failure of any of the compressors. Each refrigeration circuit is a vapor compression cycle 
where the refrigerant enters the compressor as a vapor and is compressed to the pressure of the 
condenser. Cooled air is supplied to the indoor space via the blowers and ducting. Figure 3 shows 
the WCPU at the ground floor of the Block F54 building. The conventional method of control 
operation for the installed WCPU is the on/off thermostat control.  

 

 

 .  

Sensor Locations 
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Fig. 3. WCPU at Block F54 

                 
2.1 Data Collection 

 
Data collection involves logging of parameters including compressor power input, temperatures 

and humidity at various locations. Two sets of data were collected for two modes of operation. The 
first set of data were collected during the operation of the WCPU using the on/off thermostat 
control. The second set of data were collected during the operation of the WCPU using a control 
system utilizing variable frequency drive for the compressor which is known as the Advanced 
Thermal Control System or ATCS [23]. Table 1 lists the measured parameters and the measuring 
instruments. Figure 4 shows the installation of the measuring equipment. 

  
Table 1 
Parameters measured and corresponding measuring instruments 
No Parameter to be measured Measuring Instrument Type/Model Accuracy 

1 
Power input to compressor 
1(kw) 

Clamp-on Power Analyzer   Yokogawa IM CW240E 0.5% of full scale 

2 
Power input to compressor 
2(kw) 

Clamp-on Power Analyzer   Yokogawa IM CW240E 0.5% of full scale 

3 Temperature of Supply Air 
EasyLog wifi Temperature 
Data Logger 

Lascar electronic EL-
WIFI-TH 

±0.3°C / ±0.6°F 

4 Temperature of Mixed Air 
EasyLog wifi Temperature 
Data Logger 

Lascar electronic EL-
WIFI-TH 

±0.3°C / ±0.6°F 

5 Temperature of Return Air 
EasyLog wifi Temperature 
Data Logger 

Lascar electronic EL-
WIFI-TH 

±0.3°C / ±0.6°F 

5 
Indoor Temperature (5 
locations) 

EasyLog wifi Temperature 
Data Logger 

Lascar electronic EL-
WIFI-TH 

±0.3°C / ±0.6°F 

6 Outdoor Temperature 
EasyLog wifi Temperature 
Data Logger 

Lascar electronic EL-
WIFI-TH 

±0.3°C / ±0.6°F 

7 
Supply Air Volumetric flow 
rate 

Air flow meter 
Air velocity transducer 
8455 series 

 ±2.0% of reading 
 ±0.5% of full scale of 
selected range 

8 
Relative Humidity of 
Supply Air 

EasyLog wifi Humidity Data 
Logger 

Lascar electronic EL-
GFX-2 

±2% RH  

9 
Relative Humidity of Mix 
Air 

EasyLog wifi Humidity Data 
Logger 

Lascar electronic EL-
GFX-2 

±2% RH  

10 
Relative Humidity of 
Return Air 

EasyLog wifi Humidity Data 
Logger 

Lascar electronic EL-
GFX-2 

±2% RH  

11 
Relative Humidity of 
indoor Air (5 locations) 

EasyLog wifi Humidity Data 
Logger 

Lascar electronic EL-
GFX-2 

±2% RH  

12 
Relative Humidity of 
outdoor Air  

EasyLog wifi Humidity Data 
Logger 

Lascar electronic EL-
GFX-2 

±2% RH  
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The photographs in Figure 4 also shows the measuring instruments used in the data collection 
of key parameters. 

 

  
 (a) Power analyzer (b) Temperature and humidity data logger 

 
 (c) Air flow meter 

Fig. 4. The measuring instruments used in the data collection of key parameters 

 
2.2 Description of Advanced Thermal Control System (ATCS) 

 
The water-cooled packaged unit (WCPU) conventional control method is the on/off cycling of 

the compressor. This mode of control has resulted in overcooling of the indoor space. This has 
given rise to the necessity of developing an enhanced digital control strategy which takes 
advantage of the combined operation of a variable speed compressor and a constant speed 
compressor of the WCPU. The strategy is referred to as the Advanced Thermal Control System 
(ATCS) [23]. The ATCS comprises of a digital temperature controller, an inverter and a soft starter. 
The digital temperature controller has two outputs. A built-in PID controller is connected to an 
inverter which converts DC power to AC power and produces the required power needed at a 
particular point in time according to the feedback from the indoor space by a temperature sensor. 
This in turn controls and varies the frequency of the motor of compressor 1, thus making it a 
variable speed compressor. The other output is connected to the soft starter which replaces the 
auto-transformer for the on/off control of the constant speed compressor 2. The soft starter is used 
in the system to limit the surge of current and torque of the compressor motor, resulting in a safer, 
smoother and gradual start-up. This protects the motor from possible damage, at the same time 
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extend its life span and also reduces the start-up electrical energy consumption of the system. 
Figure 5 shows a schematic of the ATCS. 

 

 
Fig. 5. Advanced Thermal Control System (ATCS) 

 
The set-point of an air conditioning system is not always maintained for the conventional on/off 

control as the output frequently changes. This can be avoided by the introduction of a temperature 
band [24]. In this study a temperature band of 0.5oC was used and the set point TSP was 25oC. The 
temperature of the indoor space, TIS is the feedback to the control system. The algorithm below 
explains the operation of the ATCS, with regards to the compressor 1, compressor 2, set-point 
temperature, temperature band, and indoor temperature. Figure 6 shows the control panel for the 
conventional on/off control and ATCS.  

 
if TIS ≤ (TSP + 0.2) 
Compressor 1: Variable speed 
Compressor 2: Off 
else if TIS ≥ (TSP + 0.7) 
Compressor 1: Maximum speed 
Compressor 2: On 
else 
Compressor 1: Variable speed 
Compressor 2: On 
End 
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(a) Panel with on/off (b) Panel with ATCS 

 
 

(c) Inside the panel before installation of ATCS (d) Inside the panel after installation of ATCS with 
inverter and soft starter 

Fig. 6. The control panel for the conventional on/off control and ATCS 

 
3. Results  
 

This section presents the analysis of the performance of the WCPU with the installation of the 
ATCS. Energy consumption, which is the measure of the total power consumption by the two 
compressors of the WCPU for both modes of on/off and ATCS operations were monitored and 
recorded for a period of one week (5 working days) each. The working days in Johor, Malaysia are 
from Sunday to Thursday. Data for energy consumption for the on/off operation were monitored 
and recorded from 2nd April 2019 until 8th April 2019. Data for energy consumption for the ATCS 
operation were monitored from 8th March to 12th March 2020. The performance of an air-
conditioning system is evaluated by the Coefficient of Performance or COP of the system.  The 
Malaysian Standard MS1525:2014 defines COP as the ratio of the rate of net heat removal to the 
rate of total energy input, expressed in consistent units and under designed rating conditions.  
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3.1 Coefficient of Performance 
 

The Coefficient of Performance of the WCPU is given as 
 

COP =  
Cooling Load, Qcc

Compressor Work Input, Wcomp
            (1) 

 
For this study, the rate of net heat removal is taken as the evaporator cooling load and the rate 

of total energy input is taken as the total compressor power input. The components of the cooling 
load include the sensible and latent heat loads. Based on the principle of heat balance for the air 
entering the evaporator, the cooling load is given as 
 
Total enthalpy of air entering = Total enthalpy of air leaving + cooling load + heat energy of 
condensate. The heat energy of condensate is small and assumed to be negligible. The cooling load, 
𝑄𝑐𝑐 can be calculated below 
 
Qcc = Sensible Heat + Latent Heat =  Qs + Ql                (2) 
 
3.1.1 Sensible heat 𝑄𝑠 
 
       Sensible heat gain based on the fundamental principle is given as 
 
Qs = (mass flow rate of supply air) x (specific heat capacity) x (temperature change) 
 
Qs = ṁ x c x ΔT                 (3) 
 
where 
ṁ = mass flow rate of supply air 
ΔT = (Temperature of mixed air – Temperature of supply air) 
c = specific heat capacity of dry air and water vapour 
 

In this case, it is necessary to consider the volumetric flow rate, as it is more relevant when 
considering air distribution fittings, duct system and air handling unit. 
 

Since ρ = 
ṁ

V̇
 

 
Qs = ρ x V̇ x c x ΔT                    (4) 
 

�̇�= Volumetric air flow rate, m3/s 
ρ = the density of air, kg/m3 
 

The density at standard air values as specified in ASHRAE handbook 2005 [25] is given as = 1.20 
kg/m3. The air supplied to a conditioned room in order to remove the sensible heat gains occurring 
in them is a mixture of dry air and water vapor. Therefore considering 1 kg of dry air with an 
associated moisture content of w kg of water vapor, the specific heat capacity of the humid air is 
given as   
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c = 1.005 + 1.82w                  (5) 
 
where 1.005 and 1.82 are the specific heats of dry air and water vapor respectively and w = 
humidity ratio, kg (water)/kg (dry air). The approximate condition found in many air-conditioning 
systems show that w = 0.01. 
 
Therefore c = 1.023kJ/kg. From Eq. (4), sensible heat is given as 
 

Qs =1.23 V̇ ΔT                    (6) 
 
3.1.2 Latent heat 𝑄𝑙 
 

Latent heat gain = (mass flow rate of supply air) x (change in humidity ratio) x (latent heat of  
                                  evaporation) 

 
Ql = ṁ x Δw x h             (7) 
 

Ql = ρ x V̇ x Δw x h             (8) 
 

where  

w = wmixed air – wsupply air 

V̇= Volumetric air flow rate, m3/s 
𝜌 = the density of air, kg/m3 
h= latent heat of evaporation in kJ per kg moisture 
 

The density at standard air values as specified in ASHRAE handbook 2005 [25] is given as = 1.20 
kg/m3 . The approximate heat content at 50% RH vapour is 2500KJ/kg. Therefore, 
 

Ql = 1.20 × 2500V̇ w              (9) 
 

The coefficient of performance (COP) at an hourly basis for each day, was calculated based on 
the above equations for both modes of on/off and ATCS operations. Figure 7 below shows the COP 
results for both modes of operation on selected days for comparison purposes. The MS 1525:2014 
specifies the minimum COP for a water-cooled air-conditioner (≥ 35 kWr) to be in the range 
between 3.8 (non-inverter type) to 4.4 (inverter type). The red lines on the graphs show the range 
as specified in the MS 1525: 2014. It can be observed that the COP for the on/off operation of the 
WCPU is mostly at or below the recommended COP range whilst the COP of the ATCS operation is 
well within and above the recommended COP range. It can also be observed for the ATCS operation 
in Figure 7(b), as the load decreases in the afternoon (after 2.00 pm), the ATCS is able to react to 
the change in load, consuming less power and resulting in a higher COP. 

 
3.2 Energy Consumption 
 

The power consumption in this study is the measure of the total power consumption by the two 
compressors and it is measured in watt. The instrument used for measuring is the Clamp-on Power 
analyser. The data for power consumption for both the on/off control and ATCS mode of operations 
were taken at per minute basis for each day. The energy consumption is then computed for each 
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working day. The total energy consumption for 5 working days for the on/off control operation 
were determined for the period of study from 2nd April 2019 until 8th April 2019. The total energy 
consumption for 5 working days for the ATCS operation were determined for the period of study 
from 8th March until 12th March 2020.  

One of the important parameters that was monitored is the indoor temperature. An important 
aspect of an air-conditioning system is the ability to maintain the set point indoor temperature. 
Figure 8 below shows the indoor temperature profiles for two days of the study period. It can be 
observed that the ATCS was able to maintain a constant indoor temperature as compared to the 
on/off control which shows substantial variation from the set point temperature of 25oC. 

 

 
 (a) COP for on/off operation 

 

 
 (b) COP for ATCS operation 

Fig. 7. The COP results for both modes of operation on selected days for comparison 
purposes 
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Fig. 8. Indoor temperature profile for On/Off control and ATCS 
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Figure 9 shows the total daily energy consumption for two days of the study period. It can be 
observed that the installation of the ATCS could significantly reduce the load profile of the WCPU 
resulting in substantial reduction in the energy consumption. The use of the combination of a 
variable speed compressor and a constant speed compressor in the ATCS for the two-circuit 
refrigeration plant of the WCPU can be seen to effectively reduce the energy consumption whilst 
maintaining the targeted indoor temperature. 

Table 2 shows the comparison of the energy consumption between the On/Off control and the 
ATCS for the said period of study. The total energy consumption for the WCPU utilising the On/Off 
control was 465.7 kWh for the period of study from 2nd April 2019 until 8th April 2019. The total 
energy consumption for the WCPU utilising the ATCS was 312.2 kWh for the period of study from 
2nd April 2019 until 8th April 2019. It can be seen that utilising ATCS to match the load with the 
system’s capacity could result in an energy savings of 33 %.  
 

  

  
Fig. 9. Daily energy consumption for On/Off control and ATCS operations 

 
Table 2 
Comparison of Energy Consumption between On/Off Control and ATCS  
On/Off Control ATCS Operation 
Date  Energy Consumption 

(kWh) 
Date Energy 

Consumption(kWh) 

02 April 2019 (Tuesday)  79.8 10 March 2020 (Tuesday)  51.7 
03 April 2019 (Wednesday)  113.1  11 March 2020 (Wednesday)  65.7 
04 April 2019 (Thursday)  101.4 12 March 2020 (Thursday)  70.4 
07 April 2019 (Sunday)  87.9 08 March 2020 (Sunday)  70.3  
08 April 2019 (Monday)  83.5 09 March 2020 (Monday)  54.1 
Total 465.7 kWh  312.2 kWh 
Percent Difference 33.0% 
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The outdoor condition for the two periods of the on/off and ATCS operations were taken into 
consideration as shown in Figure 10 below. The outdoor condition for both operations shows a 
slight difference. Although, the ATCS operation period shows a slightly higher outdoor temperature 
profile, the WCPU operation with ATCS consumed less energy when compared to the on/off 
operation of the WCPU. 
 

  
Fig. 10. Average outdoor temperature profile for On/Off control and ATCS 

 
4. Conclusions 
 

The ATCS was used to replace the on/off control in an actual two-circuit water cooled packaged 
unit of a building air-conditioning system. The results show significant improvement in the COP and 
energy consumption. A substantial reduction of 33.0 % in energy consumption was able to be 
achieved in this study. The energy savings achieved in this study are comparable to those published 
in the literature for variable speed operation of compressors in small-scale air-conditioning 
systems.  Thus, substantial energy savings as that achieved for the small-scale applications could be 
realized with actual medium scale air-conditioning units through the use of the ATCS.  The 
improvement in the coefficient of performance of the actual system was also significant when 
compared to the conventional On/Off control operation and were found to be within the range of 
recommended values by the MS1525:2014 standard for water-cooled packaged units. Also, the 
ATCS was able to maintain the set point temperature of 25oC as compared to the on/off control 
method, which shows a high variation from the set point.  As the present study is limited to 
temperature control only, there is great potential for future studies to consider both temperature 
and humidity control.  
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