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ABSTRACT 

Energy efficiency would be improved if the set-point temperature of the HVAC system and 

occupancy-based control could be considered. However, the equipment failures of the HVAC 

system, which cause temperature deviation from the designated set-point temperature, were 

generally ignored. Expensive intrusive sensors to facilitate occupancy-based control could 

cause privacy issues. By utilizing real-time data, this study conducted the three-phase cyclic 

process (i.e. monitoring-diagnostic-intervention process) in meeting rooms to solve the 

aforementioned challenges. The works included (i) basic analysis and control for the set-point 

temperature of the HVAC system by utilizing the real-time data on temperature; and (ii) 

advanced analysis and basic control for the effective utilization of the HVAC system by 

utilizing the real-time data on temperature and CO2 concentration. Main findings were 

summarized as follows. The set-point temperature can be estimated by mean temperature. By 

change point analysis (CPA) in "basic analysis", the set-point temperature in meeting rooms 

showed skewness towards low temperature (with the median of 22.0 °C and 21.0 °C) rather 

than recommended range (24–25.5 °C). Accordingly, a "basic control" strategy was developed 

to estimate the set-point temperature in real time, so as to detect failures in the HVAC system, 

and provide suggestions about adjusting set-point temperature to the recommended range. On 

the other hand, the "advanced analysis" showed that HVAC system in meeting rooms were not 

effectively operated (the AEURH were 45.29% and 40.31%), in that unnecessary cooling 

operation mode was unconsciously provided for empty rooms. Accordingly, an "advanced 

control" strategy was developed to turn off HVAC system in real time once a room is 

unoccupied (judged by CO2 concentration variation). 

Keywords: Real-time big data; Energy efficiency; Set-point temperature of the HVAC system; 

Change point analysis; Occupancy-based control; CO2 concentration 
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1. INTRODUCTION 

As a positive response to global warming, the Chinese government has shown the 

commitment to reduce the CO2 emissions per gross domestic product (GDP) in 2030 by 60-

65% from 2005 and the energy consumption per GDP in 2030 by 15% from 2005 [1]. It is 

reported that 20%-40% of the national energy consumption come from the building sector [2]. 

Especially for Hong Kong, the proportion is over 60%, and a commercial sector accounts for 

more than half [3]. The heating, ventilating and air-conditioning (HVAC) system has been 

widely installed and operated in buildings to maintain a comfortable indoor environment, of 

which energy consumption is estimated to take up the largest proportion (i.e. 25%) of the total 

energy usages [3]. Thus, there is a large amount of energy saving potential applicable to the 

HVAC system in office buildings. 

The HVAC system is generally controlled by the centralized building energy management 

system (BEMS) [4], which regulates the set-points (e.g., set-point temperature, set-point 

volume) and the operation schedule (e.g., on/off condition) of the HVAC system synchronously 

for the different types of  rooms, regardless of their different functions and characteristics. 

However, it is required to control the HVAC system for the different rooms in accordance with 

the actual demand, especially for meeting rooms having the unique feature of irregular 

occupancy. It is estimated to achieve the energy savings by over 20% by carefully determining 

the set-points and the operation schedules of the HVAC system [5]. Therefore, this study aimed 

to improve the energy efficiency of the HVAC system in meeting rooms by deploying the 

optimal operation strategies which consider the set-point temperature and occupancy pattern. 

The low-cost sensors and cloud servers have become more accessible due to the rapid 

growth in the Internet-of-Things (IoT) industry [6-7]. Accordingly, the real-time data opens 

new opportunities with the valuable information hidden behind these data, which can be 

effectively used with the advanced computing algorithms and technologies. In this context, 
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there are a growing number of studies on the energy efficiency improvement in buildings by 

analyzing the real-time data with the emerging methods, such as pattern recognition [8-13], 

anomaly detection [14-17], model predictive control [18-21], and so on. Tables 1-2 summarize 

previous studies on the real-time energy efficiency improvement by adjusting the set-point 

temperature of the HVAC system and by deploying the occupancy-based control of the HVAC 

system. 

First, the set-point temperature is the value at which the indoor temperature finally arrives 

by the operation of HVAC system, and the dead band is the tolerance range around the set-

point temperature at which the HVAC system is not required to respond [22]. As shown in 

Table 1, many previous studies have proved that the significant energy-saving potential could 

be achieved by appropriately selecting the set-point temperature of the HVAC system. 

Ghahramani et al. [22] analyzed the impact of the set-point temperature, dead band, and 

occupancy schedule on energy-saving potential through the building energy simulation 

methods. Compared to the annual set-point temperature (i.e. 22.5 °C), the daily set-point 

temperature (i.e. 19.5-25.5 °C) could save energy by 6.78%-37.03% depending on different 

climates and building size. Hoyt et al. [23] estimated the energy savings by 29% by increasing 

the cooling set-point temperature from 22.2 °C to 25 °C. Both of simulations and field studies 

supported that the adequate range (i.e. low minimum volume set-point) of variable air volume 

(VAV) system was beneficial in terms of energy savings with the wide range of the set-point 

temperature. 

Second, the discrepancies between the designed and actual energy consumption in 

buildings can mainly occur due to the occupants' behaviors. Significant potential in energy 

savings would be achieved if building services could effectively respond to the occupancy 

condition. As shown in Table 2, many previous studies have made efforts in developing the 

occupancy-based control strategies. Labeodan et al. [24] established the wireless sensors and 
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actuators network to facilitate the occupancy-based lighting control. The information from 

Passive Infrared (PIR) motion sensors and chair sensors were fused to determine the occupants' 

presence or absence. Wang et al. [25] established the occupancy-profile-based ventilation 

strategy for multi-zone spaces, enabled by the Wi-Fi technology. Compared to the traditional 

methods with a fixed outdoor air ratio, the proposed strategy suggested to determine the proper 

outdoor air ratio by the detected and predicted occupancy level. 

Although several studies have been conducted for the energy efficiency improvement by 

investigating the set-point temperature and occupancy-based control in real time, there were 

two kinds of challenges to be overcome. First of all, most of previous studies tried to achieve 

the energy savings by developing the optimal thermostat strategies for the HVAC system, based 

on the assumption that the actual indoor temperature would reach the designated set-point 

temperature. However, it is reasonable only if the HVAC system is operated in normal 

condition. That is, considering the accidental failures of the HVAC system (e.g. the biases of 

temperature sensor inside, or control signal errors), the designated set-point temperature of the 

HVAC system would not be always matched with the stable condition. Therefore, it is needed 

to use the estimated set-point temperature before adjusting it for the energy efficiency 

improvement, instead of utilizing the value of the set-point temperature from a control panel. 

On the other hand, most of previous studies tried to achieve the energy savings by developing 

the occupancy-based control strategies, which used the several methods such as PIR sensors, 

cameras, Wi-Fi signals, and so on. However, these methods could either cause the high costs 

or privacy issues. Therefore, alternative ways that are cheaper and unconcerned of privacy 

issues should be applied to the occupancy-based control strategies for the HVAC system. 

To address the aforementioned challenges, a novel operation approach was developed to 

improve the energy efficiency of the HVAC system in meeting rooms through real-time big 

data analytics. First, the set-point temperature of the HVAC system was estimated by 
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calculating the mean value of indoor temperature. One of the change point analysis (CPA) 

models, which could identify changes in the mean value of indoor temperature, was chosen to 

evaluate the current status of the set-point temperature. Then, the potential equipment failure 

in the HVAC system was detected by estimating the set-point temperature in real time, and to 

provide feedbacks to adjust the set-point temperature into the preferred range. On the other 

hand, the indoor environmental indicators (i.e. temperature and CO2 concentration) were 

detected to infer whether the HVAC system was being operated and whether the meeting room 

was being occupied. Then, the operation condition of the HVAC system was effectively 

improved by applying the real-time occupancy-based control strategy. 
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Table 1 

Literature review on the real-time energy efficiency improvement by adjusting the set-point temperature of the HVAC system 

Author Area Building Time period Objects Tools Method Main findings 

Ghahramani 

et al. (2016) 

[22] 

The 

United 

States 

Office One year 

The influence of building 

size, construction 

category, climate, 

occupancy schedule, set-

point, and dead band 

EnergyPlus, 

MATLAB 

software 

Building energy simulations, 

N-way ANOVA analyses 

 This paper introduced a systematic 

approach to study the effects of 

influential factors on building HVAC 

energy consumption by using building 

energy simulations. 

Hoyt et al. 

(2015) [23] 

The 

United 

States 

Office 

From 

November 2010 

to August 2012  

The influence of cooling 

set-point, heating set-

point, and minimum 

volume flow rates of 

VAV on energy-saving of 

the HVAC system 

EnergyPlus 

version 7.2 

and the 

software 

JEPlus  

Simulation and empirical 

corroboration 

 It is estimated that with the increased 

cooling set-point, the average cooling 

energy and total HVAC energy could be 

saved by 29% and 27% respectively. 

 Wider set-point range can save energy 

consumption and satisfy comfort 

demand by personal controls.  

Wang et al. 

(2013) [26] 

The 

United 

States 

Office 

02/01/2010 to 

02/28/2011 and 

09/01/2011 to 

02/28/2012 

Temperature set-points, 

cooling coil stages, 

damper operation, and 

optimal start 

Portfolio 

Manager, 

EnergyIQ, 

EnergyPlus 

Monitoring-based 

commissioning 

 An actual energy saving of 10% was 

realized through the process of ongoing 

commissioning. 

Yamtraipat 

et al. (2006) 

[27] 

Thailand Office N/A 
Adjust room temperature 

set-point 
N/A Field investigation 

 The overall electricity consumption 

saving would be 804.60 GWh/year, 

which would reduce the CO2 by 

579.31×103 tons/year. 

Ghahramani 

et al. (2014) 

[28] 

The 

United 

States 

Office 

From April 1 to 

June 20 and 

from October 1 

to October 25 in 

2013 

The influential factors are 

indoor temperature, set-

point temperature, 

airflow, outdoor 

temperature, and 

subjective thermal 

comfort vote 

N/A 

The human interaction for 

thermal comfort, fuzzy 

pattern recognition algorithm, 

Spearman’s and Kendall’s 

rank correlation coefficient, 

regression analysis, and 

optimization 

 The proposed method saved the energy 

consumption and maintained the thermal 

comfort at the same time. 

 The proposed method was based on an 

optimization problem with a single 

objective function (i.e. set-point 

temperature). 

Kim et al. 

(2017) [29] 

The 

United 

States 

Office, 

commercial 

building 

and factory 

One week in 

different 

seasons 

Anomaly detection for 

set-points and schedules 

of rooftop units (RTUs) 

N/A 

Low pass filter, Z-transform, 

peak detection algorithm, and 

Bayesian classifier 

 The set-point detection and HVAC 

cycling algorithms were developed 

based on the peak detection technique, 

and they could detect the set-points and 

short cycling of RTUs accurately. 

Moon and 

Han (2011) 

[30] 

The 

United 

States 

Residential 

January 3 and 

28, June 27 and 

July 8 

The influence of setback 

period; set-point 

temperature; setback 

temperature on energy-

saving of the HVAC 

system 

eQUEST Computer simulation 

 There was large energy-saving potential 

in both cold and hot-humid climate 

zones by different thermostat strategies. 



 

8 

  



 

9 

Table 2 

Literature review on the real-time energy efficiency improvement by deploying the occupancy-based control of the HVAC system 

Author Area Building Time period Objects Time scale Tools Method Main findings 

Labeodan et 

al. (2016) [24] 
Netherlands Office Three weeks 

Energy saving for 

lighting system 
N/A 

Passive Infrared 

motion sensors 

and chair sensors 

Experimental study 
 Energy was saved by means of occupancy-driven 

lighting control. 

Wang et al. 

(2018) [25] 
Hong Kong 

Multi-

zone 

office 

A regular 

weekday, a 

weekend 

day, and a 

holiday 

CO2 concentration and 

energy consumption 
1 minute 

Trnsys platform, 

Wi-Fi Probe 

devices, and 

overhead camera 

Computer-based 

simulation 

 Occupancy profile was obtained by the Wi-Fi probe 

technology, and it was used to determine proper 

outdoor air portions for multi-zone office. 

 The proposed method could save energy largely while 

sacrifice the IAQ slightly, which performs better than 

the traditional methods. 

Manjarres et 

al. (2017) [31] 
Spain Office 

63 days in 

summer and 

46 days in 

winter 

Save energy by optimal 

schedule operation of 

the HVAC ON/OFF and 

mechanical ventilation  

1 hour Python 

The random forest 

(RF) regression 

techniques 

 The HVAC ON/OFF and mechanical ventilation (MV) 

operation schedule could be predictively controlled 

based on 24-h ahead prediction of indoor temperature 

by RF regression techniques. 

Moon and Kim 

(2016) [32] 
South Korea Hotel 

From June 

1st to 

September 

30th in 2014 

Reduce the cooling 

energy consumption and 

improve thermal comfort 

1 min 

TRNSYS and 

MATLAB 

software 

ANN and simulation 

 One ANN model predicted the cooling energy 

consumption needed to restore the indoor temperature 

to normal set-point temperature from the unoccupied 

period to occupied period. 

 Another ANN model predicted the time to restore 

indoor temperature to normal set-point temperature. 

Yang and 

Becerik-

Gerber (2014) 

[33] 

The United 

States 
Office 

From 

January to 

April in 

2013 

Save energy by 

operating HVAC 

according to occupancy 

profile, and by 

rearranging occupants to 

different zones 

3 minutes 
OpenStudio 

 

ARMA, NN, Markov 

chain, logit regression, 

bootstrapping-

derivative method, k-

means clustering, and 

simulation 

 The occupancy-profile-based HVAC schedules could 

save 9% of energy. 

 Room reassignment was achieved by “P rule”, "S rule" 

and "C rule" in clustering process. 

 Further 8% energy was saved by coupling occupancy-

profile-based control schedule with room 

reassignment.   

Nagarathinam 

et al. (2017) 

[34] 

Indian 

Open-

plan 

office 

From 1 

October in 

2015 to 31 

January in 

2016 

Thermal comfort (i.e., 

PPD) and energy 

consumption 

1 and 15 

minutes 

N/A 
Temperature and 

humidity prediction  Considering the spatial variation of mean radiant 

temperature and occupancy, a model based predictive 

control was developed to regulate the dynamic 

temperature set-point via the PID controller. 

EnergyPlus and 

MLE+ 
Simulation 

MATLAB Optimization 

Nikdel et al. 

(2018) [35] 

The United 

States 
Office N/A 

The efficiency of 

occupancy-based HVAC 

controls in energy cost, 

fossil fuels consumption 

and gas emissions 

N/A EnergyPlus Computer simulation 

 The occupancy-based control performed effectively in 

energy cost, fossil fuels consumption and gas 

emissions, and the performance improvement varied 

across different climate zones and HVAC systems. 
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2. MATERIALS AND METHODS 

2.1. Research framework 

A complete process should be implemented for the dynamic energy performance 

management in buildings, such as a three-phase cyclic process (i.e. monitoring-diagnostic-

intervention) [36]. Li et al. [37] has successfully applied the three-phase cyclic process concept 

(i.e. monitoring-diagnostic-intervention process) into the indoor environmental quality (IEQ) 

improvement by removing the excessive pollutants and by preventing the dew condensation on 

the diffuser of the HVAC system. 

As shown in Fig. 1, this study also applied the three-phase cyclic process (i.e. monitoring-

diagnostic-intervention) for achieving the energy efficiency improvement in meeting rooms by 

estimating the set-point temperature and by improving the effective utilization of the HVAC 

system in real time. Depending on the complexity of the analysis methods and control strategies, 

this study classified two aspects (i.e. basic and advanced in diagnostic and intervention phases). 

That is, the three phases were implemented as follows: (i) monitoring phase, real-time data 

collection; (ii) diagnostic phase, basic and advanced analyses; and (iii) intervention phase, 

basic and advanced control strategies. 

 (i) Monitoring phase (refer to section 2.2): A real-time sensor network has been established 

to collect the real-time indoor environmental data. Temperature and CO2 concentration, as 

indoor environmental indicators, were collected in this phase.  

 (ii) Diagnostic phase (refer to section 2.3): Depending on the complexity of the analysis 

methods (e.g. the number of indicators, the way how it is considered, etc.), two kinds of 

analyses (i.e. basic and advanced analyses) were conducted. First, as explained in Section 

2.3.1, the basic analysis was conducted by considering the only one environmental indicator 

(i.e. temperature). The set-point temperature of the HVAC system was estimated to judge 

whether it has been maintained within a proper range (for energy saving and thermal 
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comfort). Second, as illustrated in Section 2.3.2, the advanced analysis was conducted by 

considering two environmental indicators (i.e. temperature and CO2 concentration). The 

effective utilization of the HVAC system was evaluated by investigating whether the HVAC 

system was turned off after occupants have left meeting rooms). 

 (iii) Intervention phase (refer to section 2.4): Depending on the complexity of the control 

strategies (i.e. the number of indicators, the way how it is considered, etc.), two kinds of 

control strategies (i.e. basic and advanced controls) were developed. First, as explained in 

Section 2.4.1, the operational parameter (i.e. the set-point temperature of the HVAC system) 

was estimated to detect the possible equipment failure and to provide proper suggestions 

for energy saving and thermal comfort. Second, as illustrated in Section 2.4.2, the 

operational parameter (i.e. the shutdown of the HVAC system) was considered to avoid the 

unnecessary operation of the HVAC system when meeting rooms were not occupied; and 

thus, the effective utilization of the HVAC system could be achieved. 

 

Fig. 1. Three-phase cyclic process for the energy efficiency improvement of the HVAC 

system in a meeting room 
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2.2. Monitoring phase: real-time data collection 

The field measurement was conducted in Hong Kong (latitude: 22°15’ N; longitude: 114°15’ 

E) from 31 July through 30 September in 2017, which was a typical summer season for the 

cooling operation of the HVAC system. This study targeted two meeting rooms (i.e. a large 

meeting room and a small meeting room) in "A" office, in which the real-time environmental 

sensors (AWAIR) were installed. The staff members in "A" office have used these two meeting 

rooms for a cooperative work in an irregular manner. 

The centralized HVAC system was operated in "A" office, and the control panel was located 

in each room for the individualized control by occupants. Accordingly, the set-point 

temperature and on/off condition of the HVAC system could be controlled in two ways (i.e. 

centralized control and individualized control). First, the on/off condition of the HVAC system 

could be generally controlled by the BEMS with a fixed operation schedule. Considering the 

nine-to-five working schedule, the HVAC system was preset to be automatically turned on at 

7:00am and turned off at 23:00pm during working days, and to be stopped during holidays. On 

the other hand, occupants could turn on/off the HVAC system and adjust the set-point 

temperature of the HVAC system via the control panel depending on their preference. 

The environmental sensors (AWAIR) can collect the environmental indicators (i.e. 

temperature, humidity, CO2 concentration, volatile organic compounds (VOCs), and micro dust) 

in near real time. The sensor collects the environmental data in one-minute interval; but, the 

data are automatically calculated to the 15-minute averaged value and saved in a cloud server, 

from which users can download the dataset. According to the study by De Mauro et al. [38], a 

dataset that is characterized by high volume, high velocity and high variety can be defined as 

a "Big Data". The five kinds of indicators (i.e. temperature, humidity, CO2 concentration, VOCs, 

and micro dust) in two meeting rooms were investigated with a large amount of dataset (i.e. 

every 15 minutes) in a nearly real-time resolution (i.e. every one minute) from 31 July through 
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30 September in 2017. Since it exactly corresponds to "High Volume", "High Velocity", and 

"High Variety", the real-time IEQ dataset collected by the environmental sensors (AWAIR) in 

this study can be defined as a "Big Data". It should be noted that two indicators (i.e. temperature 

and CO2 concentration) were mainly investigated, and the other indicators (i.e. humidity, VOCs 

and micro dust) were briefly introduced in relevant sections. Table 3 shows the specifications 

of the environmental sensor (AWAIR), including time intervals, indicators, measurement 

ranges and uncertainties. 

Table 3  

Summary of the specifications of the environmental sensor (AWAIR) 

Sensor Time interval Indicators Measurement range and uncertainty 

Environmental 

sensor 

(AWAIR) 

one minute for 

data collection; 

15 minutes for 

data download 

Temperature 5-60 °C with the uncertainty of ±0.2 °C 

Humidity 20-80% with the uncertainty of ±2% 

CO2 400-5000 ppm with the uncertainty of ±75 ppm 

VOCsa Vary for individual gas 

Micro dust N/A 

Notes: a The sensor tests for a number of common VOCs, including carbon monoxide, ethanol, hydrogen, 

methane, ammonia and isobutene. 

 

2.3. Diagnostic phase: basic and advanced analyses 

Since the HVAC system is a major way to maintain a comfortable indoor environment in 

two meeting rooms of this study, the real-time dataset for the environmental indicators can be 

used to investigate the operation condition of the HVAC system, and the potential of the energy 

efficiency improvement of the HVAC system. Considering the complexity of analysis methods 

(e.g. the number of indicators, the way how it is considered, etc.), the diagnosis for the energy 

efficiency of the HVAC system was conducted in two ways: (i) "basic analysis" for the set-

point temperature of the HVAC system in meeting rooms by utilizing temperature; and (ii) 

"advanced analysis" for the effective utilization of the HVAC system in meeting rooms by 

utilizing temperature and CO2 concentration. 
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2.3.1. Basic analysis for the set-point temperature of the HVAC system in meeting rooms 

The set-point temperature of the HVAC system can be adjusted by occupants through the 

control panel of the HVAC system. As a reference for occupants to determine the set-point 

temperature of the HVAC system, there are different regulations or standards in different 

climates [27]. According to the "Guidance Notes for the Management of Indoor Air Quality in 

Offices and Public Places" [39] enacted by the government in Hong Kong, the excellent class 

of indoor temperature was defined within the range of 20–25.5 °C while the good class was 

defined with the fixed range of the upper limit at 25.5 °C. The Guidance Notes were mainly 

intended to create a thermally comfortable indoor environment (i.e. temperature and humidity). 

Meanwhile, the "Energy Saving Charter 2017" [40] launched by Environment Bureau in Hong 

Kong rather focused on the energy-saving issue. The Energy Saving Charter appealed to the 

business and community organizations for maintaining an averaged indoor temperature within 

the range of 24-26°C in Hong Kong during the summer season (i.e. from June to September). 

By thoroughly considering the aforementioned regulation standards, four classes of indoor 

temperature (i.e. Class 1-Class 4, divided by 20 °C, 24 °C, and 25.5 °C) were established as 

shown in Table 4. Four ranges have different characteristics in terms of the energy saving and 

thermal comfort issues, which can be usefully applied to determine the set-point temperature 

of the HVAC system. The details can be explained by class as follows. 

Table 4  

Characteristics for energy saving and thermal comfort by class 

Classification Temperature range Energy saving Thermal comfort 

Class 1 Higher than 25.5 °C +a -b 

Class 2 24–25.5 °C +a +a 

Class 3 20–24 °C -b +a 

Class 4 Lower than 20 °C -b -b 

Notes: a "+" means that when the indoor temperature is within the specific range of the class 

(i.e. Class 1-Class 4), it could be matched with the levels of the objectives (i.e. energy saving 

and thermal comfort). For example, if the indoor temperature is at 26 °C (which is higher than 

25.5 °C, namely in Class 1), the energy saving could be achieved. In addition, b "-" means that 
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when the indoor temperature is within the specific range of the class (i.e. Class 1-Class 4), it 

could not be matched with the levels of the objectives (i.e., energy saving and thermal comfort). 

For example, if the indoor temperature is 26 °C (which is higher than 25.5 °C, namely in Class 

1), occupants could not be satisfied with the indoor thermal comfort because the indoor 

temperature is too high. 

 

 Class 1 (higher than 25.5 °C): This class could contribute to the energy saving in 

accordance with the regulation standard [40], but the thermal comfort requirement could 

not be met with the regulation standard [39]. That is, the energy saving could be achieved 

by turning off the HVAC system in summer; however, the temperature could not be satisfied 

in terms of the thermal comfort. This is because the indoor temperature increases with the 

heat transfer from ambient environment; but, it could not be cooled by the HVAC system. 

 Class 2 (24–25.5 °C): This class could meet the regulation standards set by the government 

in Hong Kong [39-40] in terms of both of the energy saving and thermal comfort issues. 

That is, the set-point temperature of the HVAC system should be adjusted within the range 

of 24–25.5 °C as a preferred standard to simultaneously achieve two objectives. 

 Class 3 (20–24 °C): This class could meet the thermal comfort requirement set by the 

government in Hong Kong [39]; however, the more energy would be consumed to keep the 

indoor temperature within the range of 20–24 °C (Class 3) compared to that of 24–25.5 °C 

(Class 2). This class (Class 3) is especially necessary and meaningful for such occupants 

as children, elderly, and patients, who are very sensitive to the indoor temperature. 

 Class 4 (lower than 20 °C): This class could meet neither the energy saving nor the thermal 

comfort issues in terms of the indoor temperature. If the indoor temperature was set within 

the range of this class, occupants would feel cold rather than cool, and other indoor 

environmental problems (e.g. condensation [37]) could happen. In other words, more 

energy could be consumed without obtaining occupant’ satisfaction. Thus, the set-point 

temperature below 20 °C could be meaningless and should be avoided. 
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It is a time-consuming way to record all the values from the control panels of the HVAC 

system for investigating the set-point temperature of the HVAC system. In addition, the values 

displayed on the control panels could deviate from the actual value controlled by the HVAC 

system (i.e. performance gap) due to the equipment failure inside the HVAC system [41-43]. 

Moreover, the historical values of the set-point temperature of the HVAC system in two 

meeting rooms were not recorded. Thus, it is needed to apply an alternative and indirect way 

to estimate the set-point temperature by using the real-time indoor temperature (which were 

measured by the environmental sensors in two meeting rooms). 

In contrast to the set-point temperature of HVAC system designated by occupants, a dead 

band could occur by the relevant properties of equipment or be preset by managers' rules of 

thumb. In the cooling operation of the HVAC system, the relationship between the set-point 

temperature and the dead band can be explained as follows: (i) if the indoor temperature reaches 

or exceeds the maximum temperature (which can be established at the set-point temperature 

plus a half of dead band), the HVAC system starts operating to cool the indoor air; (ii) if the 

indoor temperature reaches or is below the minimum temperature (which can be established at 

the set-point temperature minus a half of dead band), the HVAC system stops operating. In this 

way, the HVAC system would be intermittently operated to maintain the indoor temperature 

within the dead band around the set-point temperature (refer to the blue dotted area in Fig. 2); 

and accordingly, the indoor temperature could be fluctuated within the dead band. Thus, this 

study adopted an indirect way to calculate the averaged indoor temperature and regarded it as 

the set-point temperature of the HVAC system. 

Meanwhile, the change point analysis (CPA) can be used to distinguish the different time 

periods by considering the set-point temperatures of the HVAC system. The CPA is a univariate 

statistical analysis technique, which can detect the points where the statistical properties of a 

sequence of data (e.g. time-series data) change [44]. The CPA has been applied in many fields, 
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for example, the fault detection of operational performance in buildings [16], the estimation of 

occupancy conditions [45, 46], and the exchange rate regime analysis in finance [47]. Since 

the mean temperature, one of the statistical properties, was determined to be regarded as the 

set-point temperature of the HVAC system, the CPA model that analyzes the mean change could 

be applied in this study. The problem on the change point detection for distinguishing the 

different set-point temperatures of the HVAC system in a day can be described as follows. 

The dataset on the indoor temperatures was collected in 15-minute interval by the 

environmental sensors, and the default operation schedules of the HVAC systems in two 

meeting rooms were automatically controlled from 7:00 through 23:00. Thus, the 64 datasets 

of the indoor temperatures between 7:00 to 23:00 were used as inputs for the CPA model. Let 

the time-series data of the indoor temperatures and the data for each sampling time (15-minute 

interval) denoted by T and Ti, respectively (where i=1, 2,…, 64). According to Equation (1), T 

was separated into different segments by considering the different change points (θ1, θ2,…, θj)  

[45]. The adjacent segments can be featured with various statistical properties, which was 

determined to be the mean value of the indoor temperatures for 15-minute interval in this study. 

There are lots of available algorithms for the CPA model, some of which are integrated into 

algorithm packages. In this study, the "changepoint" R package, which was developed by 

Killick and Eckley [48-51], was adopted for the CPA model. The function (i.e. "cpt.mean()") 

to identify the changes in mean values was chosen, in which the parameters were selected with 

the Schwartz information criterion (SIC) as a penalty and the power of the pruned exact linear 

time (PELT) as a method. 

𝑇 =

{
 

 
𝑇1(𝑖, 𝑤1) + 𝑒1(𝑖), 1 ≤ 𝑖 < 𝜃1
𝑇2(𝑖, 𝑤2) + 𝑒2(𝑖), 𝜃1 < 𝑖 < 𝜃2

……
𝑇𝑗(𝑖, 𝑤𝑗) + 𝑒𝑗(𝑖), 𝜃𝑗−1 < 𝑖 ≤ 64

            Eq.(1) 

where, Tk(i,wk) is the function to describe the statistical property of the kth segment; i is the 
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sampling time; wk is the parameter vector; and ek(i) is the error term of the kth segment, k=1, 

2,…, j. 

 

Fig. 2. Application of the CPA model for distinguishing the different set-point temperatures in 

the large meeting room (for the case of 15 August 2017) 

 

Fig. 2 shows an example of the CPA model to distinguish the different set-point 

temperatures in the large meeting room on 15 August 2017. The datasets on the indoor 

temperatures collected in 15-minute interval between 7:00 to 23:00 were numbered in order 

from 1 to 64, and they were used as the inputs of the function "cpt.mean()" in the "changepoint" 

R package. After running the "R" programming language, the 11th data (i.e. temperature at 9:30) 

was identified as the change point, which could be intuitively checked in Fig. 2. Thus, the 

dataset on the indoor temperatures between 7:00 to 23:00 were divided into two segments with 

different mean values (i.e. the averaged set-point temperature), which were 7:00-9:15 (the first 

segment) and 9:30-23:00 (the second segment). The mean value in the period of 7:00-9:15 (the 
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first segment) and 9:30-23:00 (the second segment) were 27.13 °C and 20.00 °C, respectively 

(refer to the shaded area in Table 6). Since the set-point temperature of the HVAC system could 

be adjusted with the increment of 0.5 °C via its control panel, the calculated mean temperature 

should be rounded to the first decimal place with the value of 0 or 5. For example, the calculated 

mean temperature of 27.13 °C was rounded to 27.0 °C, and 20.00 °C was rounded to 20.0 °C. 

In this way, the change points of the set-point temperatures were determined by 9:30, indicating 

27.0 °C between 7:00-9:15 (the first segment) and 20.0 °C between 9:30-23:00 (the second 

segment)  (refer to Fig. 2 and the shaded area in Table 6). 

The set-point temperature is a concept that can be applied to the premise where the HVAC 

system is operating. As explained earlier, there are four classes in terms of the indoor 

temperature by considering the regulation standards set by the government in Hong Kong. 

Assuming that if the indoor temperature lied in Class 1 (i.e. higher than 25.5 °C), the HVAC 

system could be inferred to have been turned off. If the indoor temperature lied in Class 3 (i.e. 

20–24 °C), the level of thermal comfort for occupants could be satisfied; but, the potential of 

energy savings could be more increased. Therefore, in the example shown in Fig. 2, it could be 

inferred: (i) the HVAC system was not operated between 7:00-9:15 (the first segment); and (ii) 

the energy saving could be achieved if the set-point temperature between 9:30-23:00 (the 

second segment) would be increased to Class 2 (i.e. 24–25.5 °C) from Class 3 (i.e. 20–24 °C). 

The CPA model was applied to each day during the whole measurement period (from 31 

July through 30 September in 2017) for two meeting rooms. The detailed analysis results on 

the different set-point temperatures in small and large meeting rooms can be found in Tables 

5-6. It should be noted that the abovementioned results were based on a set of specific 

parameters (i.e. SIC as a penalty and PELT as a method) in the function "cpt.mean()" of the 

"changepoint" R package. The sensitivity of the CPA model (i.e. the number of identified 
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change points) can differ depending on the type of penalty and method. It is still an open 

question to select the appropriate penalty and method, and the CPA with the specific penalty 

and method can be generally validated by plotting the original data and identified change points. 

The intention of this study is to discover the possibility in applying the CPA model in the 

estimation of the set-point temperature rather than the optimization of the configuration in the 

function "cpt.mean()" of the "changepoint" R package, which could be further considered in 

the follow-up studies. 

 

2.3.2. Advanced analysis for the effective utilization of the HVAC system in meeting rooms 

Occupants can have an effect on the indoor environment in both ways: (i) passive way (e.g. 

heat generation, moisture generation, CO2 emission, and pollutant emission); and (ii) active 

way (e.g. controlling electronic equipment) [52]. To remove these artificial impacts and to 

maintain a comfortable indoor environment, it is a reliable and essential way to operate the 

HVAC system in hot and humid regions, such as Hong Kong [53]. Accordingly, the indoor 

environmental indicators (e.g. temperature, humidity, CO2 concentration, VOCs and micro dust) 

can be maintained within an appropriate comfortable range. However, considering the gap 

between the amount of influence from occupants and the capacity of the HVAC system, it is 

not easy to identify the exact cause of the change in the indicators. The main features of the 

indicators can be explained in terms of the HVAC system and occupancy as follows: 

 Temperature: Compared to the capacity of the HVAC system in a cooling mode, the 

increase in the indoor temperature by occupants’ activities would be a negligible amount. 

Thus, the variation of the indoor temperature can be used as a proxy indicator to judge 

whether the HVAC system would be operated. That is, if the indoor temperature would 

continuously decrease or be kept at a low level for over a certain time, it could be judged 

that the HVAC system would be operated; otherwise, it would be turned off. 
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 Humidity: The HVAC system of this study has a limited dehumidification capacity; and the 

moisture generated from occupants’ activities would not be significant in office buildings. 

That is, the variation of the indoor humidity would not be significantly affected by the 

operation of the HVAC system nor occupants’ activities. Thus, it is not feasible to refer the 

variation of the indoor humidity as a proxy indicator in judging whether the HVAC system 

would be operated or whether the meeting room would be occupied by person. 

 CO2 concentration: When a meeting room is occupied by person, the CO2 concentration 

would generally increase due to the metabolic process [45, 54-56]. Even if the mechanical 

ventilation of the HVAC system would be operated to bring a certain amount of fresh air, 

the CO2 emissions from occupants could evidently contribute to the increase in the CO2 

concentration [57, 58]. Thus, the CO2 concentration can be used as a proxy indicator to 

judge whether the meeting room would be occupied by person. 

 Other pollutants (e.g. VOCs and micro dust): On one hand, the occupant-related activities 

could cause the increase in the concentration of indoor air pollutants, such as VOCs and 

micro dust [59-62]. On the other hand, the concentration could considerably depend on the 

ventilation capacity of the HVAC system [63-65]. However, it is very difficult to identify 

the relative significance for the indoor air pollutants between the operation of the HVAC 

system and occupants’ activities. That is, the concentration of VOCs and micro dust could 

move in different ways (increase or decrease) when the operation of the HVAC system and 

occupants’ activities would simultaneously occur. For example, some of the occupants’ 

activities (e.g. spraying air freshener and cleaning a personal desk) could cause the increase 

in the concentration of indoor air pollutants despite the operation of the HVAC system. In 

this regard, it is not feasible to refer the concentration of indoor air pollutants as a proxy 

indicator in judging whether the HVAC system would be operated or whether the meeting 

room would be occupied by person. 
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In this point of view, this study adopted two indicators for the advanced analysis as follows: 

(i) temperature to judge whether the HVAC system would be operated and (ii) CO2 

concentration to judge whether the meeting room would be occupied by person. 

 Temperature: If the indoor temperature would decrease for more than 30 minutes or be kept 

at lower than 25.5 °C (which is the upper limit of excellent class and good class for the 

indoor temperature in guidance notes [39]), the HVAC system of a meeting room would be 

judged as being operated; otherwise, it would be judged as being turned off. Accordingly, 

it is possible to exclude the occasional fluctuation caused by disturbance. For example, 

although the HVAC system in a meeting room would be turned off, the indoor temperature 

could decrease for over a certain time (but shorter than 30 minutes) by letting the cooled 

air from other rooms transferred through the opened door of the meeting room. 

 CO2 concentration: If the CO2 concentration would increase for more than 30 minutes, 

occupants would be regarded to have come into a meeting room (i.e. a meeting has been 

started). Meanwhile, if the CO2 concentration would decrease for more than 30 minutes, 

occupants would be regarded to have left a meeting room (i.e. a meeting has been finished). 

In this regard, it is possible to exclude the occasional fluctuation caused by disturbance. 

For example, emptying the trash can could have an effect on the increase in the CO2 

concentration for over a certain time (but shorter than 30 minutes). 

By considering the real-time data of indoor temperature and CO2 concentration 

simultaneously, it is possible to evaluate the effective utilization of the HVAC system in a 

meeting room. If the HVAC system would operate during a meeting, it would be regarded as 

meaningful to maintain a comfortable indoor environment for occupants, indicating that the 

HVAC system would be effectively operated. Otherwise, it should be judged that the HVAC 

system would not be properly operated, indicating that the potential of the energy efficiency 

improvement of the HVAC system in a meeting room could be found. 
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Fig. 3 shows the real-time data on indoor temperature and CO2 concentration in the large 

meeting room on 25 September 2017, with which the evaluation process could be illustrated. 

 

Fig. 3. The real-time data on indoor temperature and CO2 concentration in the large meeting 

room (for the case of 25 September 2017) 

 

 Operation duration of the HVAC system (ODH): It can be calculated by considering the 

variation of indoor temperature as a proxy indicator (refer to the orange-colored solid line 

in Fig. 3). The indoor temperature started to decrease for more than 30 minutes since 9:00 

am, and it has been kept below 22.5 °C until 10:00 am. Then, it started to increase for more 

than 30 minutes since 10:00 am; but it has been kept below 22.5 °C until 13:00 pm. Then, 

it started to decrease for more than 30 minutes since 13:00 pm, and it has been kept below 

22.5 °C until 18:00 pm. Then, it started to increase since 18:00 pm. As a result, the HVAC 

system could be identified as being operated from 9:00 am through 18:00 pm (refer to the 

black-colored solid arrow line in Fig. 3), and the ODH is calculated as 9.0 hours. 

 Duration of meeting (DM): It can be calculated by considering the variation of the CO2 

concentration as a proxy indicator (refer to the blue-colored solid line in Fig. 3). As shown 
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in the blue-colored shared area of Fig. 3, three meetings were held in the meeting room: (i) 

8:00 am - 12:00 pm; (ii) 14:00 pm - 16:00 pm; and (iii) 17:30 pm - 18:00 pm. The aim of 

the evaluation process is to analyze the effective utilization for the HVAC system, 

indicating whether the HVAC system was operated during meetings. Accordingly, the only 

meeting time when the HVAC system was being operated in a cooling mode was considered. 

Thus, the meeting times to be used for calculating duration of meeting (DM) were updated 

as first meeting from 9:00 am to 12:00 pm (3 hours), the second meeting from 14:00 pm to 

16:00 pm (2 hours), and the third meeting from 17:30 pm to 18:00 pm (0.5 hours). The total 

DM of three meetings can be calculated at 5.5 hours (= 3 hours+ 2 hours+ 0.5 hours). 

 Effective utilization ratio of the HVAC system (EURH): It can be calculated by referring the 

ODH and DM (refer to Equation (2)). The less the EURH would be, the more energy would 

be wasted (i.e. larger potential of the energy efficiency improvement of the HVAC system). 

If the EURH would be at 100%, the HVAC system would be regarded to be operated only 

at meetings, indicating that it would be most effectively operated without any waste. Based 

on two values (i.e. ODH and DM), the EURH can be calculated at 61.11% (= 5.5 hours / 

9.0 hours) (refer to the shaded area in Table 8). 

 Accumulated effective utilization ratio of the HVAC system (AEURH): It can be calculated 

from a macro perspective (refer to Equation (3)). By accumulating the values of the ODH 

and DM, the accumulated operation duration of the HVAC system (AODH) and the 

accumulated duration of meeting (ADM) can be obtained, with which the AEURH can be 

calculated at 40.29% (= 213.25 hours / 529.25 hours) (refer to Table 8). As a result, it can 

be said to have the large potential of the energy efficiency improvement of the HVAC 

system in the large meeting room (i.e. 59.71%). 

The more detailed results on the effective utilization of the HVAC system in the small and 

large meeting rooms can be found in Tables 7-8. 
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𝐸𝑈𝑅𝐻 =
𝐷𝑀

𝑂𝐷𝐻
            (2) 

𝐴𝐸𝑈𝑅𝐻 =
𝐴𝐷𝑀

𝐴𝑂𝐷𝐻
           (3) 

where, EURH is the effective utilization ratio of the HVAC system (%); ODH is the operation 

duration of the HVAC system (hour); DM is the duration of meeting (hour); AEURH is the 

accumulated effective utilization ratio of the HVAC system (%); AODH is the accumulated 

operation duration of the HVAC system (hour); and ADM is the accumulated duration of 

meeting (hour). 

 

2.4. Intervention phase: basic and advanced control strategies 

2.4.1. Basic control strategy for estimating the set-point temperature of the HVAC system 

The real-time estimation of the set-point temperature of the HVAC system can be realized 

by applying a series of process how the HVAC system could maintain the indoor temperature 

within a certain range considering the set-point temperature and dead band. As explained in 

Section 2.3.1, the function "cpt.mean()" in the "changepoint" R package was used to estimate 

the set-point temperature of the HVAC system. On one hand, in case of reaching a lower set-

point temperature, the indoor temperature would first decrease to the minimum limit of the 

corresponding set-point temperature (Tmin), and then fluctuate within a certain range between 

"Tmin" and "Tmin plus dead band". Thus, the basic concept for the real-time estimation of the 

lower set-point temperature of the HVAC system is to identify "Tmin" and a certain temperature 

that lies between "Tmin" and "Tmin plus dead band" so that the mean temperature could be 

calculated. On the other hand, in case of reaching a higher set-point temperature, the indoor 

temperature would first increase to the maximum limit of the corresponding set-point 

temperature (Tmax), and then fluctuate within a certain range between "Tmax" and "Tmax minus 

dead band". Thus, the basic concept for the real-time estimation of the higher set-point 
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temperature of the HVAC system is to identify "Tmax" and a certain temperature that lies 

between "Tmax" and "Tmax minus dead band" so that the mean temperature could be calculated. 

In this regard, a real-time control strategy for the estimation of the set-point temperature of 

the HVAC system can be developed, which can be used for: (i) detecting the potential failures 

in the HVAC system and (ii) providing feedbacks on the adjustment of the set-point temperature 

within the preferred range (i.e. Class 2, 24–25.5 °C) if necessary. 

 

2.4.2. Advanced control strategy for improving the effective utilization of the HVAC system 

There would be significant energy-saving potential if the concept of the occupancy-based 

control strategy could be implemented to the HVAC system in meeting rooms. There are four 

types of the occupancy-based controls (i.e. reactive control to occupancy in real time, control 

to occupants’ preference, control to occupants’ behaviors, and predictive control based on the 

future occupancy) [66]. For the meeting rooms with irregular occupancy schedule, it would be 

so hard to pre-set the operation schedule of the HVAC system. Thus, the predictive control 

would not be applicable for the HVAC system in meeting rooms. In  addition, based on the 

results of the advanced analysis (for the effective utilization of the HVAC system in meeting 

rooms, refer to Section 2.3.2), the meeting attendees would seldom turn off the HVAC system 

after meeting, indicating that it would be unreliable to turn on/off the HVAC system manually. 

In this regard, the real-time occupancy-based control strategy for the HVAC system in 

meeting rooms would be a promising way. According to the Equations (2)-(3), the AEURH and 

EURH are in proportion to the ADM and DM; but in inversely proportion to the AODH and 

ODH. Since the ADM and DM would be hard to predict and control, the AODH and ODH were 

selected as target parameters that should be carefully controlled. In other words, the HVAC 

system should be properly operated only in the meeting periods and be turned off when no 

occupants would be there. In this way, the AEURH and EURH could be optimized to the value 
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of 100% (i.e. complete effective utilization of the HVAC system in meeting rooms). 

In short, the proposed occupancy-based control strategy would be a reactive control strategy, 

which responds to the absence of occupants in real time in accordance with the variation of the 

CO2 concentration. Further, it could consider the occupants’ preference and behaviors, since it 

would be promised for the HVAC system to be operated during meetings. 

 

3. RESULTS AND DISCUSSION 

This study conducted the three-phase cyclic process (i.e. monitoring-diagnostic-

intervention) to analyze the potential of the energy efficiency improvement of the HVAC 

system in meeting rooms by deploying the real-time indoor environmental indicators (i.e. 

temperature and CO2 concentration). The detailed analyses were conducted and the relevant 

control strategies were developed in two ways: (i) basic approach: the set-point temperature of 

the HVAC system and (ii) advanced approach: the effective utilization of the HVAC system. 

 

3.1. Basic analysis and control for the set-point temperature of the HVAC system 

3.1.1. Basic analysis for the set-point temperature of the HVAC system in meeting rooms 

Fig. 4 shows the distribution of the indoor temperature in two meeting rooms in accordance 

with four classes set by the regulation standards in Hong Kong [39-40]. As explained in Table 

4, four classes have different characteristics in terms of energy saving and thermal comfort, 

with which the distribution of the indoor temperature can be analysed in detail as follows. 

 Class 1 (higher than 25.5 °C): The proportions were determined at 30.46% for the small 

meeting room and 33.50% for the large meeting room, in which thermal comfort should be 

taken care of if the rooms would be occupied. Otherwise, it is needed to adopt an automatic 

control strategy to turn of the HVAC system in a more timely manner when the rooms 

would not be occupied. 
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 Class 2 (24–25.5 °C): The smallest proportions were determined at 17.08% for the small 

meeting room and 6.87% for the large meeting room, indicating that it would be possible 

to simultaneously achieve both of energy saving and thermal comfort. 

 Class 3 (20–24 °C): The largest proportions were determined at 47.10% for the small 

meeting room and 41.34% for the large meeting room, in which there would be huge 

potential for energy saving if the indoor temperature could be adjusted within the range of 

Class 2 (i.e. 24-25.5 °C), especially to the upper limit of Class 2 (i.e. 25.5 °C). In addition, 

in this class, thermal comfort would still be satisfied. 

 Class 4 (lower than 20 °C): The proportions were determined at 5.36% for the small 

meeting room and 18.29% for the large meeting room, indicating that the set-point 

temperature would be set at too low, especially with the large meeting room overcooled. 

This class should be entirely avoided because of uncomfortable cold feeling, energy waste, 

and potential dew condensation. 

Based on these analyses, it can be concluded that the indoor temperature should be properly 

controlled within the prescribed range so that both of energy saving and thermal comfort could 

be achieved. To do so, it is necessary to firstly understand the current status of the set-point 

temperature of the HVAC system. As explained in Section 2.3.1, this study adopted the CPA, 

as an alternative way to estimate the set-point temperature of the HVAC system, so as to 

distinguish the different set-point temperatures in two meeting rooms.Tables 5-6 shows the 

estimated set-point temperature of the HVAC system within the range of 19.5-27.5 °C for the 

small meeting room and 17.5-29.0 °C for the large meeting room. Fig. 5 shows the frequency 

of the estimated set-point temperature of the HVAC system in two meeting rooms. The median 

value of the set-point temperature (refer to the black-colored dot line in Fig. 5) was calculated 

to clearly evaluate the skewness of the distribution. They were determined at 22.0 °C and 

21.0 °C (which belonged to Class 3; 20–24 °C) for the small and large meeting rooms, 
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respectively. It indicated that occupants tended to designate the lower set-point temperatures 

for cooler indoor environment and they would neglect the energy-saving aspect in two rooms. 

Therefore, it is required to achieve the energy savings by deploying a real-time automatic 

control process, which could estimate the set-point temperature of the HVAC system and adjust 

it to Class 2 (24–25.5 °C, especially to the upper limit of 25.5 °C) in a timely manner. 

 

Fig. 4. Distribution of the indoor temperature by four classes in two meeting rooms 
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Table 5. "Basic analysis" for the set-point temperature of the HVAC system by the CPA in the 

small meeting room 

Date  The time period The mean indoor temperature The estimated set-point temperature 

Jul.31st 

7:00-9:30 27.35 27.5 

9:45-12:00 24.71 24.5 

12:15-14:30 19.30 19.5 

14:45-22:45 21.23 21.0 

Aug.1st 7:00-22:45 21.41 21.5 

Aug.2nd 7:00-22:45 21.92 22.0 

Aug.3rd 
7:00-8:00 20.54 20.5 

8:15-22:45 22.24 22.0 

Aug.4th 7:00-22:45 22.03 22.0 

Aug.8th 7:00-22:45 21.74 21.5 

Aug.9th 7:00-22:45 21.85 22.0 

Aug.10th 7:00-22:45 21.83 22.0 

Aug.11th 
7:00-15:00 21.15 21.0 

15:15-22:45 24.61 24.5 

Aug.28th 
7:00-9:00 25.6 25.5 

9:15-22:45 23.77 24.0 

Aug.29th 7:00-22:45 24.41 24.5 

Aug.30th 7:00-22:45 25.28 25.5 

Aug.31st 

7:00-14:30 25.77 26.0 

15:45-17:30 23.31 23.5 

17:45-21:45 20.9 21.0 

22:00-22:45 22.88 23.0 

Sep.1st 

7:00-15:30 26.22 26.0 

15:45-18:15 22.07 22.0 

18:30-22:45 24.39 24.5 

Sep.27th 

7:00-10:00 26.18 26.0 

10:15-12:30 20.55 20.5 

12:45-22:45 24.54 24.5 
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Table 6. "Basic analysis" for the set-point temperature of the HVAC system by the CPA in the 

large meeting room 

Date  The time period The mean indoor temperature The estimated set-point temperature 

Jul.31st 

7:00-8:30 28.80 29.0 

8:45-18:45 20.99 21.0 

19:00-22:45 26.26 26.5 

Aug.1st 

7:00-8:30 27.74 27.5 

8:45-10:45 20.08 20.0 

11:00-11:30 21.87 22.0 

11:45-22:45 19.96 20.0 

Aug.2nd 

7:00-9:30 18.75 19.0 

9:45-12:15 20.41 20.5 

12:30-22:45 25.92 26.0 

Aug.3rd 

7:00-9:30 26.89 27.0 

9:45-11:00 19.67 19.5 

11:15-11:45 21.63 21.5 

12:00-22:45 20.73 20.5 

Aug.4th 
7:00-9:15 20.47 20.5 

9:30-22:45 19.03 19.0 

Aug.7th 
7:00-10:15 18.66 18.5 

10:30-22:45 20.82 21.0 

Aug.8th 7:00-22:45 20.71 20.5 

Aug.9th 

7:00-11:15 20.70 20.5 

11:30-13:15 22.44 22.5 

13:30-22:45 26.48 26.5 

Aug.10th 
7:00-8:30 27.19 27.0 

8:45-22:45 24.13 24.0 

Aug.11th 
7:00-21:15 23.26 23.5 

21:30-22:45 20.60 20.5 

Aug.14th 

7:00-14:00 20.32 20.5 

14:15-18:30 21.77 22.0 

18:45-22:45 25.79 26.0 

Aug.15th 
7:00-9:15 27.13 27.0 

9:30-22:45 20.00 20.0 

Aug.16th 

7:00-9:15 18.67 18.5 

9:30-11:00 21.20 21.0 

11:15-14:15 24.82 25.0 

14:30-22:45 20.81 21.0 

Aug.17th 

7:00-9:15 20.60 20.5 

9:30-10:30 18.64 18.5 

10:45-22:45 21.88 22.0 

Aug.18th 

7:00-14:15 21.03 21.0 

14:30-15:30 18.76 19.0 

15:45-22:45 22.79 23.0 

Aug.21st 
7:00-19:00 22.89 23.0 

19:15-22:45 20.99 21.0 

Aug.22nd 
7:00-9:45 20.53 20.5 

10:00-22:45 22.39 22.5 

Aug.23rd 7:00-22:45 22.46 22.5 

Aug.24th 7:00-22:45 22.29 22.5 

Aug.25th 7:00-22:45 21.82 22.0 

Aug.28th 
7:00-10:30 18.63 18.5 

10:45-22:45 20.31 20.5 

Aug.29th 

7:00-7:45 19.90 20.0 

8:00-11:30 23.17 23.0 

11:45-22:45 25.21 25.0 

Aug.30th 

7:00-11:45 26.36 26.5 

12:00-17:30 22.15 22.0 

17:45-22:45 25.58 25.5 
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Table 6. "Basic analysis" for the set-point temperature of the HVAC system by the CPA in the 

large meeting room (continued) 

Date  The time period The mean indoor temperature The estimated set-point temperature 

Sep.1st 

7:00-9:30 27.08 27.0 

9:45-10:45 23.16 23.0 

11:00-22:45 26.41 26.5 

Sep.4th 
7:00-8:45 27.08 27.0 

9:00-22:45 22.16 22.0 

Sep.5th 7:00-22:45 22.16 22.0 

Sep.6th 
7:00-14:15 22.09 22.0 

14:30-22:45 19.39 19.5 

Sep.7th 

7:00-10:45 19.77 20.0 

11:00-17:15 22.54 22.5 

17:30-20:30 19.53 19.5 

20:45-22:45 23.79 24.0 

Sep.8th 

7:00-9:15 26.07 26.0 

9:30-16:00 20.78 21.0 

16:15-17:45 22.64 22.5 

18:00-22:45 25.20 25.0 

Sep.11th 

7:00-12:45 27.14 27.0 

13:00-13:45 19.58 19.5 

14:00-14:45 21.63 21.5 

15:00-22:45 26.35 26.5 

Sep.12th 

7:00-15:00 27.69 27.5 

15:15-18:45 19.01 19.0 

19:00-19:45 21.80 22.0 

20:00-22:45 25.58 25.5 

Sep.13th 7:00-22:45 26.90 27.0 

Sep.18th 
7:00-9:00 24.48 24.5 

9:15-22:45 18.48 18.5 

Sep.19th 

7:00-13:00 17.65 17.5 

13:15-15:45 22.97 23.0 

16:00-22:45 25.66 25.5 

Sep.20th 

7:00-13:00 27.01 27.0 

13:15-16:45 19.29 19.5 

17:00-20:30 20.63 20.5 

20:45-22:45 18.83 19.0 

Sep.21st 

7:00-11:15 19.09 19.0 

11:30-16:00 25.04 25.0 

16:15-18:15 20.78 21.0 

18:30-22:45 25.14 25.0 

Sep.22nd 

7:00-9:30 26.54 26.5 

9:45-10:30 20.03 20.0 

10:45-15:45 25.17 25.0 

16:00-17:00 19.94 20.0 

17:15-18:15 21.22 21.0 

18:30-22:45 25.29 25.5 

Sep.25th 

7:00-9:00 27.34 27.5 

9:15-10:30 19.37 19.5 

10:45-18:00 21.08 21.0 

18:15-22:45 25.36 25.5 

Sep.26th 

7:00-9:00 27.00 27.0 

9:15-17:45 21.47 21.5 

18:00-22:45 25.43 25.5 

Sep.27th 

7:00-9:00 26.90 27.0 

9:15-18:00 20.05 20.0 

18:15-22:45 25.59 25.5 

Sep.28th 

7:00-10:15 27.40 27.5 

10:30-11:00 22.03 22.0 

11:15-16:15 25.97 26.0 

16:30-22:45 20.20 20.0 
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Fig. 5. Frequency of the estimated set-point temperature in two meeting rooms 
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3.1.2. Basic control strategy for estimating the set-point temperature of the HVAC system 

Fig. 6 shows a logic-based event-driven flowchart for estimating the set-point temperature 

of the HVAC system in real time, which can be used for (i) anomaly detection of the HVAC 

system and (ii) suggestion of the adjustment of the set-point temperature to the preferred range 

(e.g. Class 2 of 24–25.5 °C). A basic control strategy was developed in five steps: (i) judgement 

of whether the set-point temperature decrease; (ii-1/ii-2) calculation of the mean value of the 

indoor temperature; (iii) estimation of the set-point temperature; (iv) anomaly detection of the 

HVAC system; and (v) suggestion of the adjustment of the set-point temperature. 

 (i) Judgement of whether the set-point temperature decreases: If the data collected at the 

first sampling time (T(1)) is lower than that collected at the initial sampling time (T(0)), it 

indicates that the indoor temperature has decreased for the last 15 minutes. Accordingly, 

the set-point temperature of the HVAC system could be regarded to being decreased to a 

lower value, and the step (ii-1) will be followed to estimate the set-point temperature in real 

time. Otherwise, the set-point temperature of the HVAC system could be regarded to being 

increased to a higher value, and the step (ii-2) will be followed. 

 (ii-1/ii-2) Calculation of the mean value of the indoor temperature: Depending on the 

judgement in step (i), the way how the set-point temperature is estimated could be 

determined. The step (ii-1) is used to explain the process in detail as an example. As 

explained in Section 2.4.1, the basic concept of step (ii-1) is to identify "Tmin" and to 

calculate the mean value of temperatures that lie between "Tmin" and "Tmin plus dead band". 

First, T(1) is initially set as "Tmin". As the sampling time increases, "Tmin" will be replaced 

repeatedly by the temperatures lower than "Tmin" (i.e. "Tmin candidates"). As shown in Fig.2, 

the dead band of the HVAC system in this study was determined at 2 °C; and thus, the 

temperature between "Tmin" and "Tmin + 2 °C" will be considered to calculate the mean 

value ("Tm"). In the process, "i" is the cycle counter to count the sampling times; "j" is the 
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cycle counter to count the number of stabilized data between "Tmin" and "Tmin + 2 °C"; and 

"k" is the cycle counter to count the number of "Tmin candidate". It should be noted that 

"Tmin" could be determined in a cyclic process, in which the equality between i and k is 

used for evaluating whether to proceed to the next process. In other words, if the data 

collected in the current sampling time would be lower than "Tmin" after the stabilization 

period of the indoor temperature (i.e. between "Tmin" and "Tmin + 2 °C"), it would replace 

"Tmin" but not be treated as "Tmin candidate". This is because the indoor temperature should 

decrease to "Tmin" directly after establishing the set-point temperature; and then, it would 

fluctuate within the dead band. As for the step (ii-2), the basic concept is also to identify 

"Tmax" and to calculate the mean value of temperatures that lie between "Tmax" and "Tmax 

minus dead band". And the following process are very equal to step (ii-1). 

 (iii) Estimation of the set-point temperature: If the number of stabilized data ("j") is no less 

than 2, it indicates that the indoor temperature has been within the dead band (i.e., stabilized 

change) for at least 30 minutes. In this case, the mean value ("Tm"), rounded to the first 

decimal place with the value of 0 or 5, would be regarded as the estimated set-point 

temperature of the HVAC system ("TEs"). 

  (iv) Anomaly detection of the HVAC system: The estimated set-point temperature ("TEs") 

could be compared with the designated set-point temperature displayed on control panel 

("Ts"). If the difference between "TEs" and "Ts" would be within a certain level (e.g. 0.5 °C), 

the HVAC system could be considered to be operated in a normal condition. Otherwise, it 

could be assumed to have the equipment failures (e.g. bias of the measured data in a sensor, 

or signal errors) inside the HVAC system. In this case, it would be recommended to check 

and calibrate the working condition of the HVAC system to occupants for their reference. 

 (v) Suggestion of the adjustment of the set-point temperature: If The estimated set-point 

temperature ("TEs") would be below a certain range (e.g. Class 2 of 24–25.5 °C), it would 
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be recommended to adjust the set-point temperature within the range of 24–25.5 °C to 

occupants for their reference. 

To further improve the real-time automatic control strategy for the estimation of the set-

point temperature of the HVAC system, it is suggested to consider three aspects in the follow-

up studies. First, the four classes were established based on two regulations set by the 

government in Hong Kong [39-40]. For more comprehensive classes,  it is needed to consider 

the subjective perception of occupants and the adaptability to other districts in future studies. 

Second, it is required to determine the threshold level of the number of stabilized data ("j") in 

step (iii), and the threshold level of difference between "TEs" and "Ts" in step (iv) by considering 

the project characteristics and the relevant properties in future studies. Third, an on-line CPA 

model could be used in developing a real-time control strategy for the estimation of the set-

point temperature of the HVAC system in future studies. 
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Fig. 6. A logic-based event-driven flowchart for estimating the set-point temperature of the 

HVAC system in real time 
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3.2. Advanced analysis and control for the effective utilization of the HVAC system 

3.2.1. Advanced analysis for the effective utilization of the HVAC system in meeting rooms 

As mentioned in Section 2.3.2, temperature and CO2 concentration were used as proxy 

indicators to judge whether the HVAC system would be operated and whether the meeting 

room would be occupied by person, respectively. Accordingly, without referring to the 

historical information provided by office managers, it is possible to infer the operation duration 

of the HVAC system (ODH) and the duration of meeting (DM) in meeting rooms. 

Tables 7-8 show the "advanced analysis" for the effective utilization of the HVAC system 

in two meeting rooms. Considering the HVAC system automatically operated by the BEMS 

(refer to Section 2.2), the shutdown periods (i.e. from 23:00 pm to 7:00 am in working days as 

well as the whole day in holidays) were not included in calculating the ODH (refer to the third 

column in Tables 7-8). For example, the HVAC system in the large meeting room would start 

to operate at 8:30 am on 1 August, and it would be kept operating despite no meeting until the 

automatic shutdown by the BEMS at 23:00 pm in the same day. Then, the HVAC system would 

be turned on automatically by the BEMS at 7:00 am in 2 August, and it would be kept despite 

no meeting until the manual turn-off at 14:15 pm in 2 August (refer to the shaded area of Table 

8). As a result, the ODH of this example was determined at 21.75 hours, which was summed 

up by 14.5 hours (from 8:30 am to 23:00 pm) and 7.25 hours (from 7:00 am to 14:15 pm). 

The results can be described in detail from the different perspectives as follows: 

First, on the macro level, even if the AEURH would be determined at a very small value, it 

could be expected to have the large potential of the energy efficiency improvement of the 

HVAC system in two meeting rooms. In other words, the ADM and AODH were determined at 

99.75 and 220.25 hours for the small meeting room and at 214.25 and 531.5 hours for the large 

meeting room. The large difference between the ADM and AODH in two meeting rooms 

indicates that the operation of the HVAC system would not be properly matched with the 
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meeting schedule. In addition, the AEURH was determined at 45.29% for the small meeting 

room and at 40.29% for the large meeting room. For the small meeting room, it means that the 

amount of energy consumed by the HVAC system would be suitably used at a level of 45.29% 

to provide meeting attendees with a comfortable indoor temperature, while other 54.71% of 

the energy consumption in a cooling mode would be wasted in an unoccupied room. For the 

large meeting room, only 40.29% of the cooling energy supplied by the HVAC system would 

be meaningful, and 59.71% could be potentially saved. 

Second, on the micro level, the results indicate that the two meeting rooms would be 

irregularly occupied. Also, the HVAC system would not be timely controlled before and after 

the meeting, which led to energy waste. The detailed results were explained as follows. 

 The meeting schedule: Compared to other office rooms which were regularly occupied by 

staffs in a normal nine-to-five working mode, two meeting rooms would be irregularly 

occupied. Thus, it would be very difficult to define the meeting schedule and to set up the 

designated operation schedule of the HVAC system in advance. 

 The operation of the HVAC system in meeting rooms: Since the preset of the designated 

operation schedule is impractical, the HVAC system in two meeting rooms is generally 

controlled in a manual mode. However, the operation duration of the HVAC system often 

significantly exceeded the meeting duration, indicating that a large amount of cooling 

energy had been wasted. As shown in Tables 7-8, the DM doesn’t equal to the ODH (i.e. 

EURH were determined at 100%, refer to Equation (2)), meaning that the HVAC system 

would be operated only during the meeting time. By contrast, in almost all cases, the DM 

was evidently smaller than the ODH, of which ratio (i.e. EURH) was ranged between 16.00-

58.62% for the small meeting room and 26.79-66.67% for the large meeting room. It means 

that the meeting attendees would forget turning off the HVAC system and make it continue 

to work for a long period. As a result, it could be mentioned that 41.38-84.00% and 33.33-
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73.21% of energy consumption by the HVAC system would be wasted in the small and 

large meeting rooms despite no person in there. 

In conclusion, considering the accumulated value (i.e. AEURH) or individual value (i.e. 

EURH) in two meeting rooms, there were the large potential of the energy efficiency 

improvement of the HVAC system. And the automatic control strategy for the real-time 

occupancy-based shutdown control of the HVAC system would be developed to solve this issue.  
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Table 7. "Advanced analysis" for the effective utilization of the HVAC system in the small 

meeting room 

Manually controlled 

starting time of the 

HVAC system 

Manually controlled 

downtime of the 

HVAC system 

ODHa 

(h) 
Meeting Time 

DMb 

(h) 

EURHc 

(%) 

Jul.31st,9:15 Aug.4th,23:00d 77.75 

Jul.31st,9:15-10:30 

37.75 48.55 

Jul.31st,11:00-12:30 

Jul.31st,12:45-13:30 

Jul.31st,13:45-15:30 

Jul.31st,16:30-17:30 

Aug.1st,7:30-11:00 

Aug.1st,11:15-13:30 

Aug.1st,14:15-16:00 

Aug.2nd,7:45-11:15 

Aug.2nd,11:45-13:15 

Aug.2nd,13:30-14:15 

Aug.2nd,16:15-17:15 

Aug.2nd,17:30-18:15 

Aug.2nd,18:30-19:45 

Aug.3rd,7:45-11:30 

Aug.3rd,13:30-16:00 

Aug.4th,7:30-11:45 

Aug.4th,13:00-17:45 

Aug.8th,7:00 Aug.11th,23:00d 64 

Aug.8th,8:00-12:15 

31 48.44 

Aug.8th,14:00-15:45 

Aug.8th,16:15-17:00 

Aug.8th,21:15-22:45 

Aug.9th,7:00-11:15 

Aug.9th,13:45-18:00 

Aug.10th,7:45-10:45 

Aug.10th,11:00-11:45 

Aug.10th,12:00-12:45 

Aug.10th,14:00-17:45 

Aug.10th,19:00-21:15 

Aug.11th,8:00-10:45 

Aug.11th,14:00-15:00 
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Table 7. "Advanced analysis" for the effective utilization of the HVAC system in the small 

meeting room (continued) 

Starting time of the 

HVAC system 

(manually controlled) 

Downtime of the 

HVAC system 

(manually controlled) 

ODHa (h) Meeting Time 
DMb 

(h) 

EURHc 

(%) 

Aug.28th,8:00 Aug.30th,20:00 44 

Aug.28th,8:00-11:30 

18.5 42.05 

Aug.28th,13:45-15:00 

Aug.28th,15:30-16:15 

Aug.29th,8:00-11:15 

Aug.29th,14:00-15:00 

Aug.29th,15:15-17:45 

Aug.30th,8:15-10:45 

Aug.30th,11:30-12:30 

Aug.30th,14:15-17:00 

Aug.31st,8:30 Aug.31st,23:00d 14.5 

Aug.31st,8:30-12:30 

8.5 58.62 
Aug.31st,13:45-15:15 

Aug.31st,16:15-18:30 

Aug.31st,20:00-20:45 

Sep.1st,15:30 Sep.1st,23:00d 7.5 Sep.1st,15:30-17:30 2 26.67 

Sep.27th,10:00 Sep.27th,22:30 12.5 
Sep.27th,10:00-10:45 

2 16.00 
Sep.27th,11:00-12:15 

AODHe (h) 220.25 ADMf (h) 99.75  

AEURHg (%) 45.29 

Notes: a ODH stands for the operation duration of the HVAC system; b DM stands for the duration of 

meeting; c EURH stands for the effective utilization ratio of the HVAC system; d Part of data were 

missed. It was not easy to infer when the HVAC system would be turned off manually; thus, 23:00 pm 

(which is automatic shutdown time) was listed here; e AODH stands for the accumulated operation 

duration of the HVAC system; f ADM stands for the accumulated duration of meeting; and g AEURH 

stands for the accumulated effective utilization ratio of the HVAC system. 
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Table 8. "Advanced analysis" for the effective utilization of the HVAC system in the large 

meeting room 

Starting time of the HVAC 

system (manually 

controlled) 

Downtime of the HVAC 

system (manually controlled) 

ODHa 

(h) 
Meeting Time 

DMb 

(h) 

EURHc 

(%) 

Jul.31st,8:30 Jul.31st,19:45 11.25 

Jul.31st,8:30-9:45 

5.75 51.11 Jul.31st,11:30-13:45 

Jul.31st,14:15-16:30 

Aug.1st,8:30 Aug.2nd,14:15 21.75 

Aug.1st,8:30-10:30 

8.25 37.93 
Aug.1st,11:45-12:45 

Aug.1st,14:15-16:45 

Aug.2nd,7:15-10:30 

Aug.3rd,9:30 Aug.9th,14:15 72.75 

Aug.3rd,9:30-11:15 

22.5 30.93 

Aug.3rd,13:30-15:15 

Aug.4th,7:45-10:45 

Aug.7th,7:30-11:45 

Aug.8th,7:45-12:00 

Aug.8th,14:30-16:15 

Aug.8th,16:30-17:15 

Aug.9th,7:45-11:45 

Aug.9th,12:15-13:15 

Aug.10th,8:45 Aug.14th,19:45 43 

Aug.10th,8:45-12:30 

20.75 48.26 

Aug.11th,7:30-10:30 

Aug.11th,14:00-15:15 

Aug.11th,16:30-18:00 

Aug.11th,20:00-21:00 

Aug.14th,7:15-13:15 

Aug.14th,14:00-15:30 

Aug.14th,16:00-17:45 

Aug.15th,9:15 Aug.29th,19:15 170 

Aug.15th,9:15-10:45 

66.5 39.12 

Aug.15th,13:45-15:00 

Aug.15th,15:45-16:30 

Aug.15th,18:15-20:30 

Aug.16th,8:00-11:00 

Aug.16th,14:00-15:15 

Aug.17th,8:00-12:15 

Aug.17th,14:15-15:00 

Aug.17th,15:15-16:00 

Aug.17th,17:45-18:45 

Aug.18th,8:00-12:00 

Aug.18th,13:30-17:00 

Aug.21st,8:00-12:45 

Aug.21st,14:00-16:45 

Aug.21st,17:00-18:00 

Aug.22nd,8:00-10:45 

Aug.22nd,11:00-12:45 

Aug.22nd,14:15-16:30 

Aug.22nd,16:45-18:30 

Aug.24th,8:45-11:15 

Aug.24th,13:45-17:15 

Aug.25th,9:00-13:00 

Aug.25th,14:00-15:30 

Aug.25th,16:00-17:15 

Aug.25th,18:00-19:00 

Aug.28th,8:00-11:30 

Aug.28th,14:15-17:30 

Aug.29th,7:30-9:30 

Aug.29th,14:30-17:15 
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Table 8. "Advanced analysis" for the effective utilization of the HVAC system in the large 

meeting room (continued) 

Starting time of the HVAC 

system (manually 

controlled) 

Downtime of the HVAC 

system (manually 

controlled) 

ODHa 

(h) 
Meeting Time 

DMb 

(h) 

EURHc 

(%) 

Aug.30th,12:00 Aug.30th,19:15 7.25 

Aug.30th,12:00-13:45 

3.75 51.72 Aug.30th,14:15-15:00 

Aug.30th,16:30-17:45 

Sep.1st,9:30 Sep.1st,11:45 2.25 Sep.1st,9:30-10:45 1.25 55.56 

Sep.4th,9:00 Sep.7th,23:00d 62 

Sep.4th,9:00-10:15 

22.75 36.69 

Sep.4th,12:30-13:45 

Sep.4th,15:00-16:00 

Sep.4th,16:45-17:45 

Sep.5th,7:45-11:15 

Sep.5th,11:30-12:15 

Sep.5th,14:00-15:15 

Sep.5th,16:45-17:30 

Sep.6th,7:45-10:15 

Sep.6th,11:00-12:00 

Sep.6th,14:15-15:45 

Sep.7th,8:00-10:45 

Sep.7th,14:15-16:00 

Sep.7th,17:00-19:30 

Sep.8th,9:15 Sep.8th,21:45 12.5 
Sep.8th,9:15-12:00 

6 48.00 
Sep.8th,14:15-17:30 

Sep.11th,12:45 Sep.11th,15:45 3 Sep.11th,12:45-14:00 1.25 41.67 

Sep.12th,15:15 Sep.12th,21:15 6 Sep.12th,15:15-18:30 3.25 54.17 

Sep.13th,9:45 Sep.13th,10:45 1 Sep.13th,9:45-10:45 1 100.00 

Sep.18th,7:00 Sep.19th,19:00 28 

Sep.18th,8:15-10:00 

7.5 26.79 

Sep.18th,11:30-12:15 

Sep.18th,15:30-16:45 

Sep.19th,8:15-11:00 

Sep.19th,11:15-12:15 

Sep.20th,11:00 Sep.21st,14:15 19.25 

Sep.20th,11:00-12:00 

8.5 44.16 

Sep.20th,14:45-16:15 

Sep.20th,16:30-17:30 

Sep.20th,18:00-20:00 

Sep.21st,8:45-11:45 

Sep.21st,15:30 Sep.21st,21:00 5.5 Sep.21st,15:30-18:00 2.5 45.45 

Sep.22nd,9:30 Sep.22nd,13:00 3.5 Sep.22nd,9:30-10:45 1.25 35.71 

Sep.22nd,15:30 Sep.22nd,20:30 5 Sep.22nd,15:30-18:15 2.75 55.00 

Sep.25th,9:00 Sep.25th,20:15 9 

Sep.25th,9:00-12:00 

5.5 61.11 Sep.25th,14:00-16:00 

Sep.25th,17:30-18:00 

Sep.26th,9:15 Sep.26th,20:00 10.75 

Sep.26th,9:15-13:00 

6.75 62.79 Sep.26th,14:00-16:15 

Sep.26th,17:00-17:45 

Sep.27th,9:15 Sep.27th,19:45 10.5 
Sep.27th,9:15-12:30 

5 47.62 
Sep.27th,14:00-15:45 

Sep.28th,10:00 Sep.28th,12:15 2.25 Sep.28th,10:00-11:30 1.5 66.67 

Sep.28th,16:15 Sep.29th,23:00d 22.75 

Sep.28th,16:30-17:45 

9 39.56 

Sep.29th,8:00-11:00 

Sep.29th,11:15-12:30 

Sep.29th,12:45-13:45 

Sep.29th,14:30-15:45 

Sep.29th,16:30-17:45 

AODHe (h) 529.25 ADMf (h) 213.25  

AEURHg (%) 40.29 
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Notes: a ODH stands for the operation duration of the HVAC system; b DM stands for the duration of 

meeting; c EURH stands for the effective utilization ratio of the HVAC system; d Part of data were 

missed. It was not easy to infer when the HVAC system would be turned off manually; thus, 23:00 pm 

(which is automatic shutdown time) was listed here; e AODH stands for the accumulated operation 

duration of the HVAC system; f ADM stands for the accumulated duration of meeting; and g AEURH 

stands for the accumulated effective utilization ratio of the HVAC system. 
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3.2.2. Advanced control strategy for improving the effective utilization of the HVAC system 

Fig. 7 shows a logic-based event-driven flowchart for the automatic on/off control of the 

HVAC system in real time so that the effective utilization of the HVAC system could be 

improved. The main concept is to timely turn off the HVAC system after the meeting, which 

could be identified by considering the variation of the CO2 concentration as a proxy indicator. 

An advanced control strategy was developed in five steps: (i) data collection; (ii) judgment of 

whether the CO2 concentration decreases; (iii) judgment of whether the indoor temperature 

decreases or keeps at a low level; (iv) judgment of whether the HVAC system keeps operating 

after the meeting; and (v) Automatic on/off control of the HVAC system. 

 (i) Data collection: The advanced control strategy was developed with the collected data in 

1-minute interval on the CO2 concentration ("CO2
(i)") and indoor temperature ("T(i)") in 

accordance with the environmental sensor’s specification on the data collection interval 

(refer to Table 3). In this process, "i" is the cycle counter to count the sampling times. 

 (ii) Judgment of whether the CO2 concentration decreases: If the CO2 concentration 

collected at the "(i)th" sampling time would be lower than that collected at the "(i-1)th" 

sampling time, it means that the CO2 concentration would have decreased for 1 minute, and 

then step (iii) will be conducted. Otherwise, the process will be restarted for the first step. 

 (iii) Judgment of whether the indoor temperature decreases or keeps at a low level: When 

the indoor temperature collected at the "(i)th" sampling time would be lower than that 

collected at the "(i-1)th" sampling time, it means that the indoor temperature would have 

decreased for 1 minute. When the indoor temperature collected at the "(i)th" sampling time 

would be lower than 25.5 °C (which is an example for a low level as the upper limit of 

Class 2), it means that the indoor temperature would be kept at a low level. If either of the 

aforementioned two conditions would happen, step (iv) will be conducted. Otherwise, the 

process will be restarted for the first step. 
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 (iv) Judgment of whether the HVAC system keeps operating after the meeting: This step 

could be conducted only when the demands in steps (ii) and (iii) could be satisfied. If the 

cycle counter "i" equals to a certain value (e.g. 15), it means that the CO2 concentration 

would have decreased for 15 minutes and the indoor temperature would have decreased or 

been kept at a low level for 15 minutes. Thus, it can be judged that the HVAC system would 

be kept operating when the meeting would have ended; then, step (v) will be conducted. 

Otherwise, the process will be restarted for the first step. 

 (v) Automatic on/off control of the HVAC system: This step would be conducted only when 

the demand in step (iv) could be satisfied, meaning that occupants would forget to turn off 

the HVAC system when they leave the meeting room. Thus, the HVAC system should be 

turned off automatically. 

To further improve the accuracy of the Automatic on/off control of the HVAC system, it is 

suggested to consider some aspects in the follow-up studies. To be specific, it is required to 

determine the threshold level of the low temperature level (in step (iii)) and the cycle counter 

value (i in step (iv)) by carefully considering the project characteristics and the relevant 

properties in future studies and by calibrating the control strategy with the ground truth.  
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(i) Data collection

(v) HVAC system control

 

Fig. 7. A logic-based event-driven flowchart for the automatic on/off control of the HVAC 

system in real time 
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3.3. Discussion 

The main findings of this study (i.e. current status with potential problems and the 

corresponding developed control strategies) can be summarized in two perspectives: (i) basic 

analysis and basic control for the set-point temperature of the HVAC system; and (ii) advanced 

analysis and basic control for the effective utilization of the HVAC system. 

 Basic analysis and basic control for the set-point temperature of the HVAC system: The 

set-point temperature of the HVAC system was generally designated with low value. The 

real-time temperature in four temperature classes (for small/large meeting rooms) were 

distributed as Class 1 (30.46%/33.50%), Class 2 (17.08%/6.87%), Class 3 (47.10%/41.34%) 

and Class 4 (5.36%/18.29%). The set-point temperature of the HVAC system, estimated by 

mean value of real-time temperature, ranged in 19.5-27.5 °C (with the median of 22.0 °C) 

for small meeting room and 17.5-29.0 °C (with the median of 21.0 °C) for large meeting 

room. They skewed towards low temperature rather than recommended range of 24–

25.5 °C (i.e. Class 2), where energy-saving potential existed. To overcome this challenge, 

based on the real-time temperature data, a logic-based event-driven control strategy for the 

real-time estimation for set-point temperature of the HVAC system was developed, so as to 

detect possible equipment failure in the HVAC system as well as provide suggestions for 

occupants about adjusting set-point temperature of the HVAC system to Class 2 if necessary.  

 Advanced analysis and basic control for the effective utilization of the HVAC system: The 

HVAC system were not efficiently operated in two meeting room, in that unnecessary 

cooling was provided for empty room. The effective utilization condition of the HVAC 

system both in accumulated scale (AEURH) and individual scale (EURH) were low: the 

AEURH were 45.29% and 40.31% for small and large meeting room respectively; and the 

EURH ranged between 16.00-58.62% and 26.79-100.00% for small and large meeting 

room respectively. There were difference between AEURH as well as EURH and 100%, 



 

50 

where energy-saving potential existed. To overcome this challenge, based on the real-time 

data of temperature and CO2 concentration, a logic-based event-driven control strategy for 

the real-time shutdown of the HVAC system was developed to improve the effective 

utilization of the HVAC system in real time. If a room is identified as being unoccupied 

(judge by variation of CO2 concentration) while the HVAC system keeps operating (judge 

by variation of temperature), the HVAC system will be turned off automatically by 

actuating the control strategy. 

 

4. CONCLUSIONS 

The three-phase cyclic process (i.e. monitoring-diagnostic-intervention process) was 

conducted into the study of energy efficiency improvement in meeting rooms, and a novel 

approach for optimal operation of the HVAC system in real time was proposed. The pilot of 

this study were two meeting rooms, which are representatives of rooms with irregular 

occupancy, of "A" office located in Hong Kong. The real-time indoor environmental indicators 

(i.e. temperature and CO2 concentration) were collected from 31 July to 30 September in 2017. 

Two issues concerning energy efficiency improvement were focused: (i) set-point temperature 

of the HVAC system; and (ii) effective utilization of the HVAC system. 

 (i) Set-point temperature of the HVAC system: The mean value of real-time temperature 

was estimated as the set-point temperature of the HVAC system. The CPA model which 

identifies changes in mean was applied to distinguish set-point temperatures of the HVAC 

system in "basic analysis". The current status of set-point temperature showed skewness 

towards low temperature rather than recommended range of 24–25.5 °C. In "basic control", 

the concept, which identified Tmin (Tmax) and calculated the mean temperature within Tmin 

(Tmax minus dead band) and Tmin plus dead band (Tmax), was applied to the real-time 

estimation of set-point temperature. Based on this, it was able to detect the potential 
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equipment failure in the HVAC system, and provide feedbacks about adjusting the set-point 

temperature to the recommended temperature range. 

 (ii) Effective utilization of the HVAC system: The real-time data of temperature and CO2 

concentration were used to indicate on/off condition of the HVAC system and schedule of 

meeting respectively in "advanced analysis" and "basic control". The "advanced analysis" 

shows that the HVAC system were not efficiently operated in two meeting rooms, 

specifically occupants generally forgot to turn off the HVAC system and unnecessary 

cooling was provided for empty room. The "basic control" strategy was developed to turn 

off the HVAC system in real time if a room is identified as being unoccupied, which is 

judged by CO2 concentration variation. 

As mentioned before, the future work could focus on advanced control (refer to the black-

colored dash lines in Fig. 1). At the current stage, only the shutdown of the HVAC system was 

controlled in basic control strategy, and it is expected to be most efficient if HVAC system can 

be turned off as occupants leave the room. However, the time for starting up of the HVAC 

system, which is another operational parameter, was not included in this study. If HVAC system 

is turned on as occupants enters the room (i.e. the current situation), energy can be saved but 

thermal comfort possibly cannot be satisfied. Thus HVAC system should operate prior to 

occupants’ arriving, and the time for starting up of the HVAC system should be optimized to 

consume less energy but promise thermal comfort. The on-going topic, advanced control 

strategy for optimal on/off control of the HVAC system, is expected to gain benefits in energy-

saving, cost-saving and thermal comfort. 

This study is a beneficial attempt for energy efficiency improvement in irregularly occupied 

offices (i.e. meeting rooms) by utilizing real-time data. For the real-time estimation for the set-

point temperature of the HVAC system, it can calibrate the function of temperature monitoring 

and adjustment for HVAC system, which is a potential way to detect and remove the accidental 
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failure of the HVAC system. It can also provide feedbacks about adjusting the set-point 

temperature to the preferred temperature range without bothering occupants to know the extra 

field knowledge about HVAC system and related regulations. For the real-time improvement 

for the effective utilization of the HVAC system, the occupancy in a room is detected non-

intrusively by variation of CO2 concentration rather than intrusive monitoring sensors. 

Furthermore, the real-time occupancy-based shutdown control of the HVAC system is 

especially applicable in the rooms with unpredicted and irregular occupancy, where the 

traditional centralized control strategy with fixed operation schedule and the manual control by 

occupants are not appropriate any more. 
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NOMENCLATURE 

ADM accumulated duration of meeting  

AEURH accumulated effective utilization ratio of the HVAC system 

AODH accumulated operation duration of the HVAC system 

BEMS building energy management system 

CPA change point analysis 

DM duration of meeting 

EURH effective utilization ratio of the HVAC system 

HVAC system heating, ventilating and air-conditioning system 

IEQ indoor environmental quality 

ODH Operation duration of the HVAC system 

VOCs volatile organic compounds 
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