
 

 

 

 

 

E-proceedings 

 

The 10th Guangdong-Hong Kong-Macao Bay Area  

Virtual Conference on 

Building Operation and Maintenance in Buildings 

 

 

Making Smart Buildings Smarter 

 

 

18 September 2020 

 





Ir Johnson LAU

Ir WONG Wai Leung

Ir MAK Kin Ming 

Ir Chris TING Tsan Kau

Ir Wommy WONG Ming Kwong

Ir Michael YEUNG Kok Fai

Ir Dr CSIr Dr CS WONG

Ir Dr Jospeh LAI

Ir Dr Philip WONG

Ir Sr Jonathan LEE Man Kwong

Mr. Keith CHUNG

Ir Sr Martin WAN

Sr Cr Nicky LAM

MMr. HO Kwok Wing

Ir Vincent CHEUNG Kui Shing

Ir Albert LIN

Ir Samuel CHAN

Ir LEE Yee Fai

Ir Peter HO

Ir Dr Peter TSE

IrIr YANG Kai Chau

Ir Candy LEUNG

Ir Freddy LI Chun Fat

Mr. Eric WONG

Chairman

Secretary

Treasurer

Member

Member

Member

MemberMember

Member

Member

Member

Member

Member

Member

MemberMember

Member

Member

Member

Member

Member

Member

MemberMember

Member

Member

Member

Dr. Joseph LAI

Dr. Philip WONG

Dr. Anthony LO

Dr. Betty CHIU

Dr. Bonnie LAM

Dr. C.S. WONG

DDr. Paul SAT

Dr. Raymond MAN

Dr. Roger NG

Dr. Sam HUI

Chairman

Deputy Chairman

Member

Member

Member

Member

MemberMember

Member

Member

Member

Organizing Committee Members

Technical Committee Members



 

 

 

 

Preface 

Time passes quickly – back in 2010, I was the founding chairman of the Organizing Committee for the 1st Greater Pearl River 

Delta Conference on Building Operation and Maintenance, which was launched in Hong Kong. Over the past decade, this annual 

conference has been held in rotation in Hong Kong, Macau and Guangzhou. Meanwhile, there have been significant changes in the 

development of the Greater Bay Area. To tally with such changes, two years ago, the conference was retitled as Guangdong-Hong 

Kong-Macau Bay Area Conference on Operation and Maintenance in Buildings, which is also the title of the current conference. 

When I was invited to chair the Technical Committee of the current conference, my first, challenging mission was to name an apt 

title for the conference. After reviewing the titles of the past series of conferences and considering the contemporary needs of the 

building sector in the Greater Bay Area, I suggested, and the Organizing Committee supported, using “Making Smart Buildings 

Smarter” as the main theme for the current conference. 

The second, and actually the most challenging, mission was to solicit quality papers that are fit for this conference. To this end, 

both authors and referees of the papers have done their great job. The referees, with credible academic and research backgrounds, 

are those on the Technical Committee. With their dedicated effort, all papers submitted to the conference underwent a double-blind 

review process, with each paper reviewed by two independent referees. Dr. Philip Wong, Deputy Chairman of the Technical 

Committee, helped administer the review processes.  

Based on the comments and scores given by the referees, decisions were made on the papers submitted. Eventually, 14 papers were 

accepted and they cover the four sub-themes of the conference: “Retro-commissioning Challenge”, “Smart Energy Management”, 

“Environmental Performance Enhancement Measures”, and “New Technology for Smart Buildings Applications”. Considering the 

packed rundown of the conference, seven of the papers accepted were selected for oral presentations. The paper with the highest 

score was selected for the “Outstanding Paper Award”.   

This set of proceedings is resultant from the concerted effort of various parties, including not only the authors and the referees, but 

also the members of the Organizing Committee and the helpers who contributed to the cover design and typesetting for the 

proceedings. Besides adding to the literature in the area of building operation and maintenance, the proceedings are meant to be a 

legacy of knowledge for academics, researchers, professionals and students in the field of built environment. 
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Chairman 
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Welcome Message from BSOMES President 
The Operation and Maintenance (O&M) sector is often seen as slow to change. This is changing as new technologies 

effectively enhance the O&M activities, early detect problems and improve customer satisfaction. By applying various new 

technologies like Internet of Things (IoT) and artificial intelligent (AI) etc, full range of operation data can be obtained for 

better operating and environment control in the most energy effective way.  

Cooperation and collaboration are critical to keep the industry growth. I am glad to see that Guangdong-Hong Kong-Macao 

(GHM) Bay Area Conference on O&M in Buildings has provided a platform for these purposes. The Conference has been 

established in promoting communications and collaborations within the Bay Area. In addition to the cooperation and 

collaboration, it is a platform for sharing the best practices, growing in knowledge and strengthening the bonding in the 

sector. The 10th GHM Bay Area Conference on O&M in Buildings is hoisted by BSOMES in Hong Kong was originally 

held on 6 December 2019. However, due to the social event and outbreak of pandemic infection, it finally held on-line at 

18 September, 2020. Much to my regret, we cannot arrange the presentation for the speakers in Mainland. 

Under the main theme of “Making Smart Buildings Smarter”, full spectrum of issues in related to building O&M are 

discussed and shared in the Conference. From retro-commissioning and energy management to environmental performance 

and new technologies application are addressed in the Conference. With the participation of all sections in O&M industries, 

I am looking forward to a fruitful Conference in Hong Kong. 

Together with our co-organizations of the Conference, South China University of Technology, The Macao Institution of 

Electrical and Mechanical Engineers and The Department of Building Services Engineering of Hong Kong Polytechnic 

University, we sincerely thank you for your support and participation in the Conference.  
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For Details
www.clp.com.hk/EcoBuildingFund_en

clpecobldgfund@clp.com.hk

2678 0322
APPLY NOW

Let’s Save Energy Together and
Enjoy A Host of Benefits
The CLP Eco Building Fund provides subsidies for energy-saving improvement works in 
communal areas of shopping mall, residential, commercial and industrial buildings to 
increase energy efficiency, reduce electricity expenses and help us building a smarter and 
greener Hong Kong.

Retro-commissioning 

Implementation of 
smart technologies 
in building

Lift and escalator 

Electrical installation
 (e.g. water pump) 

Lighting  

Chiller and 
air-conditioning 

Energy Efficiency Improvement Projects

Scope of Funding

Subsidy ceiling increased to

HK$500,000*
* Only applicable to particular chiller plant project. Valid till

31 Dec 2020



 

 

Welcome Message from Organizing Committee Chairman 
The Greater Bay Area, including Hong Kong, is a strategic focus area to be developed in the coming era.  In the past, there has been 

continuous development of various types of buildings with smart provision facilities in Hong Kong.  Today, we are going to take it 

from a smart approach to a smarter approach. The potential development in this area is limitless.  As part of the Professional Operation 

and maintenance (O&M) team, apart from playing the vital role in ensuring that all existing smart building facilities could operate 

satisfactorily, we shall bear in mind 3 major factors, which are, namely, technology, policy and user participation.  Professionals in 

the field of building operation and maintenance should take such factors into account from the stage of planning to the stage of 

completion in order to develop a more efficient and sustainable building life cycle.   

We are here today to celebrate the 10th anniversary of this Conference.  The Guangdong-Hong Kong-Macau Bay Area Conference on 

Operation and Maintenance (O&M) is an annual event jointly held by professionals from the three cities - Hong Kong, Macau and 

Guangzhou.  It acts as a platform for researchers and practitioners to exchange their valuable experience and knowledge of the up-to-

date developments and future prospects in the area of building operation and maintenance.  Since its first launch in 2010, this is the 

fourth time for the Conference to be held by the Building Services Operation and Maintenance Executives Society (BSOMES) in Hong 

Kong.  The Conference is supported by our co-organizers, namely, the Department of Building Services Engineering of the Hong 

Kong Polytechnic University (PolyU-BSE), the Macao Institution of Electrical and Mechanical Engineers (AEEMM) and the South 

China University of Technology (華南理工大學). 

It is my pleasure to be the Chairman of the Conference and work with our members of the Conference Organizing Committee.  I would 

also like to express my heartfelt gratitude to all members of the Organizing Committee from BSOMES, PolyU-BSE, AEEMM and 

SCUT (華南理工大學) for their great effort in making this Conference a success! 

Last but most importantly, I would like to thank all the honourable guests, distinguished speakers and professionals who have come a 

long way from different parts of the world to join us today.  Your presence means a lot to us as well as to the Conference. I hope 

everyone enjoy your time at the Conference and make the most out of our theme of the day - MAKE SMART BUILDING SMARTE.  
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Retro-Commissioning and the Utilization of On-Going Monitoring Tool at 
Devon House and Cambridge House 

Timothy L.T. Lok, Raymond M.H. Yau and Barry K.P. Lau 
Swire Properties Limited 

 
ABSTRACT 
 
Keywords: Retro-commissioning, On-going Monitoring, Energy Reduction, VSD Chiller 
 
This paper details a retro-commissioning study Swire Properties have conducted in 
cooperation with Tsinghua University on two buildings in Taikoo Place which share a 
common chiller plant, Devon House and Cambridge House. A total of 2,114,000 kWh/year 
energy saving potential, or approximately 18% potential reduction of landlord energy 
consumption, was identified through the study of the waterside system, airside system, as 
well as the inter-connected relationship between the systems. Opportunities included 
adjusting chiller operation to rectify variable-speed operation and to improve efficiency 
towards the as-designed values, identifying issues with the airside equipment’s chilled water 
valves affecting the chilled water distribution system efficiency, and adjusting static pressure 
setpoints and logic of the air distribution system to improve efficiency while maintaining 
indoor air and thermal quality. Rectification actions included adjustment of setpoints, 
operation sequence, sensor calibration, budgeting for equipment improvement, and 
identification of KPIs to continuously monitor. 
Swire Properties also utilized its On-Going Monitoring Tool, to track KPIs to ensure 
efficiency is maintained after rectification actions. Such KPIs included Individual Chiller 
COP, Chiller Group COP, Pump’s Water Transfer Factor (WTF), Chiller Plant COP, and Air 
Transfer Factor (ATF). By monitoring these KPIs, it allows the operation team to ensure 
rectification works have achieved its projected improvement and to allow the early 
identification of reduction in performance to allow quicker response in maintaining 
performance. 
Through the rectification works and continuous monitoring, the two buildings’ performance 
have improved and are on track to achieve the identified 2,114,000 kWh/year savings. 
 
本文详述了太古地产与清华大学针对太古旗下两座物业德宏大厦与康桥大厦所进行的

空调系统再调试联合研究。德宏大厦与康桥大厦采用集中空调系统，由同一冷站全年

供冷。通过对空调水系统，风系统及其关联性研究，团队预计通过节能修正等措施物

业可实现年节电量 2,114,000 kWh, 约为公区年耗电量的 18%。其中节能措施包括：调

节冷机变频运行模式使冷机达到理想运行能效；监测空调机组的冷冻水阀开度以提升

冷冻水输送效率；优化压差设定值及风系统控制逻辑，在满足室内空气品质及热舒适

的条件下提升系统能效。修正措施包括设定值调节；系统运行组合优化；传感器校

验；用于设备改进的预算编制和对关键性能参数的识别以实现系统运行的持续监测。 
太古地产利用持续监测系统，通过对关键性能参数的监测以保证系统在实施修正措施

后保持高效运行。此类关键性能参数包括单台冷机性能系数；水泵传输系数；冷站性

能系数和风侧输送系数。针对这些参数的监测有助于运营团队明确修正措施是否达到

预期，并在发现系统运行能效下降时及时采取应对措施。 

通过对空调系统的再调试及持续监测，德宏大厦与康桥大厦的能效表现已得到提升，

有望实现 2,114,000 kWh 的年节电量。 
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1. Introduction 

In Hong Kong, buildings account for about 90% of the city’s electricity usage and over 60% 
of our carbon emissions are attributable to electricity generation for our buildings 
(Environment Bureau, 2017). Therefore, achieving energy saving in buildings is of utmost 
importance in decarbonizing Hong Kong. 
Established in Hong Kong in 1972, Swire Properties have investments in Hong Kong, 
Mainland China, Singapore and the US. Swire Properties have been developing and 
managing commercial, retail, hotel, and residential properties, typically mixed-use 
developments in prime area, currently operating over 7 million square feet of retail space and 
12.6 million square feet of office space (Swire Properties, 2019a). Adhering to our core 
values of integrity, originality, long-term focus and quality, we aim to create sustained value 
by developing and managing large-scale mixed-use projects that serve as focal points of the 
surrounding urban areas. 
We introduced SD 2030 Strategy in 2016 to guide our efforts and ensure sustainability is 
integrated into all of our business activities. One of the strategic pillar is Performance 
(Environment), which sets our KPIs and targets for energy and carbon performance. We have 
targeted a 26% energy reduction in Hong Kong, equivalent to 64 million kWh energy 
reduction per year as compared to the 2008 Baseline year by the year 2020 (Swire Properties, 
2019b). Beyond 2020, we have committed to achieve energy reduction and carbon emission 
reduction through Science Based Approach, in line with a 2 Degrees Scenario as of Paris 
Agreement. 
We strive to continuously reduce energy consumption and carbon emissions, and at Devon 
House (DEH) and Cambridge House (CAH), we conducted a Retro-Commissioning exercise 
in 2018 and deployed a cloud-based On-Going Monitoring Tool to help achieve and maintain 
energy reduction. 
Devon House and Cambridge House are located next to each other in the western edge of 
Taikoo Place, Hong Kong. Completed in 1993, Devon House have a GFA of 74,643m2 and 
completed in 2003, Cambridge House have a GFA of approximately 24,972m2. Both these 
buildings are predominantly of office usage. The two buildings share a common chiller plant, 
which is located under Devon House. 
 

2. Monitoring-Based Commissioning Program 

Swire Properties have identified energy saving as one of its main Sustainable Development 
KPIs. Since 2001 we have carried out numerous energy saving initiatives including “low 
hanging fruits” such as chiller replacement. In 2016 we initiated our Monitoring-Based 
Commissioning (MBCx) Program, and we partnered with Tsinghua University to carry out 
parts of the MBCx Program. The Program aims to identify potential energy saving 
opportunities through detailed analysis and to realize such energy savings through Retro-
Commissioning (RCx) of buildings, and through continuous monitoring of real-time data to 
maintain energy savings as well as enabling early identification of new energy saving 
opportunities. In 2018, we along with Tsinghua University have carried out the MBCx 
exercise at Devon House and Cambridge House. 
 

2.1 Monitoring-Based Commissioning 

Monitoring-Based Commissioning (MBCx) is a combination of Energy Data Analysis, Retro-
Commissioning (RCx), and On-Going Analytics Monitoring (Mills and Mathew, 2014). 
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Through gathering historical energy data, preliminary energy data analysis can be conducted 
on the subject building. Collection of building information, interviewing of site staff, and 
performing initial site walk allows for a general picture of the building to be built, and an 
energy gap analysis can be performed. Through the initial analysis areas of interest can be 
identified and the RCx plan can be established. 
Operational data, including temperature feedback, setpoints, and equipment status, would be 
collected for analysis during the RCx phase. On-site testing would be conducted to verify 
data, in which recommendations, including control optimization and equipment upgrade, 
would be born from the analysis of historical data. Further testing would be conducted to 
substantiate the effect of the proposed recommendations and to provide a thorough action 
plan to help realize the potential savings. 
Monitoring criteria and KPIs are identified for continuous monitoring and analysis, 
completing the MBCx process, it is aimed that through monitoring, identified savings are 
maintained and new insights are uncovered, thus the building energy use would be 
maintained and further improved upon in the long run, as shown in Figure 1. This is unlike 
equipment replacement, where initial savings is achieved due to the new equipment, but the 
energy consumption of the building would trend back upwards over time due to equipment 
degradation. Nor would it be like RCx, which is labor intensive and only conducted 
periodically, where savings are identified and achieved in the short run but cannot be 
maintained in the long run, only for the next round of RCx works to uncover opportunities to 
reduce energy consumption once again for a short period of time. 

 
Figure 1. Different Energy Initiatives Impact on Building Energy Use Over Time (Mills and 

Mathew, 2014) 
3. System Overview 

Devon House is a 30-floor office tower with 74,643m2 GFA and Cambridge House is a 37-
floor office tower with 24,972m2 GFA. Both office towers are served by a shared chiller plant 
located under Devon House and the air-side system is of AHUs and VAVs. 
The chiller plant utilizes a sea-water cooling tower system, with a total of 10 cooling towers. 
There are 5 VSD chillers and 3 CSD chillers, which mainly act as back-up chiller. The chiller 
plant has a total cooling capacity of 19,379 kW (5,500 RT) and the chilled water distribution 
method is Variable Primary Flow. 

Table 1. Chiller Plant Overview of DEH and CAH 

 CH-1 CH-2 CH-3 CH-4 CH-5 
CH-
6 

CH-
7 

CH-
8 

Cooling 
Capacity 
(RT) 

850 850 850 850 600 850 330 330 

Load 
Control 

IGV+
VSD 

IGV+VS
D 

IGV+VS
D 

IGV+VS
D 

IGV+VS
D 

IG
V 

IG
V 

IG
V 

Rated COP 5.19 5.19 5.19 5.19 4.75 4.55 4.40 4.40 
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On the air side, fresh air is supplied by 3 FAFs at both DEH and CAH. Each floor of the 
office tower is served by two AHUs for both DEH and CAH. 
 

4. Energy Overview 

In 2017, DEH’s landlord EUI is 115.2 kWh/m2 and CAH’s landlord EUI is 124.0 kWh/m2, an 
average of 117.4 kWh/m2. Both are lower than the EMSD EUI Benchmarking for Office – 
Landlord which reports an EUI of 132 kWh/m2 (EMSD, 2018). However, to align with our 
SD 2030 Strategy, we have targeted an EUI of 100 kWh/m2 for both buildings by 2020, thus 
the MBCx exercise is one of our major initiative to help the two buildings in achieving the 
targeted EUI. 
In both buildings, we have implemented energy management system based on ISO 50001 
framework to improve the energy efficiency of the building. We have installed energy meters 
to give us a better picture of the system’s performance, with the energy meters providing 
coverage of over 95% of the major systems. We have broken down the building energy 
consumption into AC Waterside, AC Airside, Lighting and Small Power, Lift and Escalator, 
and Others, as shown in Figure 2. This allows for detailed energy trend analysis to identify 
areas for energy saving, and through comparison of Energy Use Intensity (EUI) of each of the 
system with our other buildings and benchmark figures we are able to identify areas of 
improvement. 
Through analyzing the energy consumption breakdown as well as the EUI of each category, it 
was identified that the AC Airside system of DEH was higher than that of CAH, whereas 
CAH’s Lighting and Small Power energy consumption was identified to be higher than that 
of DEH possibly due to equipment efficiency and operational differences. These two aspects 
were identified as potential energy saving opportunities. Even though the AC Waterside 
energy consumption breakdown of DEH and CAH was near normal for an office building, 
but the EUI was relatively high at around 60 kWh/m2, thus potential energy saving 
opportunities may also be found in the AC Waterside system. 

 

 
Figure 2. DEH and CAH Energy Breakdown by System in 2017 

 
5. Retro-Commissioning of DEH and CAH 

Retro-commissioning works on DEH and CAH were carried out in the summer of 2018 along 
with our partner Tsinghua University. 
 

5.1 AC Waterside Retro-Commissioning 

Similar to identifying the whole building energy performance, we have first identified the 
current operation of the waterside system by looking at a number of KPIs including: 
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 Chiller Plant COP 
 Individual Chiller COP 
 Pump Water Transfer Factor (WTF) 
 Cooling Tower WTF 
 Chiller sequencing performance 

 
We have identified a number of energy saving opportunities on the AC Waterside system 
including rectifying VSD chiller operation, airside system affecting the chilled water 
distribution system efficiency, optimization of pump operation through multi-pump low-
frequency strategy, and others. Below, rectifying VSD chiller operation is discussed in further 
details. 
 

5.1.1 Rectifying VSD Chiller Operation 

Through initial analysis of the operational data of the chiller, it was identified that the 
individual chiller’s COP under different operating conditions cannot meet that of the design 
COP. Chiller 4’s COP under different operating conditions as compared with the design COP 
is shown in Figure 3. 

 
Figure 3. Chiller 4 COP vs PLR under different CDW Inlet Temperature 

 
A thorough investigation was launched into why this was the case, and it was found that the 
IGV distribution of the 5 normally operating chillers was relatively low and that the frequency 
of the chillers was constantly at around maximum hertz. This reflected that the VSD chillers 
were not operating as designed as a normal VSD chiller should. This phenomenon occurred 
due to the surge protection of the chiller, resulting in the chiller unable to reduce in frequency 
and using the IGV to cater for the load. 
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Figure 4. Chiller 1-5 Annual Frequency and IGV Distribution 

 
Surge occurs due to high head condition, which typically translates to a high condenser 
refrigerant pressure, equivalent to a high condenser refrigerant temperature (Brasz and Tetu, 
2008). The condenser refrigerant temperature is affected by the condenser water entry 
temperature and condenser approach temperature. As the chillers are sea-water cooled, this 
resulted in a relatively higher approach temperature due to the dirty sea-water. Even though 
the chillers were specified to operate in the adverse conditions of a sea-water cooled system, 
the surge protection of the chiller was very strict, reducing the possibility of operating the 
VSD chiller as designed, thus the chiller was operating similar to a CSD where the IGV was 
used to cater for the differing load, resulting in increased energy consumption.  
In Figure 5, Chiller 4’s monthly average approach temperature ranged between 2-6oC, and 
that the frequency maintained at around 45-50Hz with IGV around 30-40% in 2018.  
Having identified this issue, we have altered our cooling tower operation to further reduce the 
condensing water temperature and enhanced our management of the condensing tube cleaning 
since December 2018. The frequency of the chiller is significantly lower in 2019 and that the 
IGV is now close to fully open, indicating that the chiller can use the VSD to cater for the 
load, as designed. During the summer months, the surge protection was observed to be 
activated due to the higher condensing water temperature from warmer weather, with the 
condensing refrigerant temperature reaching 39oC the frequency cannot be reduced. However, 
due to better management of the condensing tube cleaning resulting in approximately 0.5oC 
lower approach temperature, the overall chiller COP observes a 3-5% increase in the months 
of July and August. 

 
Figure 5. Chiller 4 Operation Data from January 2018 to August 2019 
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Overall, the chiller group’s COP have improved by 6% in January – August 2019 as compared 
to the same period of 2018 even under warmer conditions, and is especially significant during 
the colder months with COP observing up to 10% improvement. 

 
Figure 6. Chiller Group COP from January 2018 to August 2019 

 
5.2 Airside Retro-Commissioning 

During the airside retro-commissioning, we have identified the Air Transfer Factor and 
Airside System EUI as two important KPIs. It was identified that the ATF was 7.2 in 2017, 
with summer months being 9.0 and transitional months being 5.6. This signifies that there is 
room for improvement in the energy consumption of the airside system, especially during the 
transitional months as the lower ATF reflects that the energy consumption of the fans is not 
reducing sufficiently when the cooling load have reduced, indicating poorer part load 
condition performance. 
A number of opportunities are identified including AHU static pressure reset, VAV minimum 
flow reset, optimizing fresh air supply, and so on. Below, we talk about AHU static pressure 
reset and VAV minimum flow reset in detail. 
 
 

5.2.1 AHU Static Pressure Reset and VAV Minimum Flow Reset 

It was identified that VAVs tend to overcool in DEH and CAH. In a studied floor, 
approximately 43% of the VAV zones were overcooled while 90% of the overcooled spaces 
were operating at minimum flow setpoint. 
A combination of high minimum flow setpoint at the VAV and high pressure setpoint of the 
AHU resulted in this occurrence. Testing was conducted on selected AHUs by first lowering 
the VAV minimum flow setpoint and then the AHU pressure setpoint. Even after lowering 
both setpoints the indoor conditions remained relatively stable, including the return air 
temperature and carbon dioxide concentration. Through the lowering of both setpoints and 
conducting a number of tests on different AHUs it was identified that the energy saving 
potential is over 30%. 
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Figure 7. Selected AHU Testing Result Data 

 
5.3 Retro-Commissioning Summary 

Through the RCx exercise a total of 6 major strategies were identified with a total energy 
saving potential of 2,114,000 kWh/year identified, equivalent to 18% energy reduction to the 
landlord energy use. The RCx exercise also helps in identifying KPIs to continuously monitor 
to help maintain savings. A number of the strategies have been implemented and strategies 
that require further study and higher investment costs are under planning. As of mid-2019, 
approximately 1 million kWh have been saved, on track to realizing the identified energy 
saving, with EUI reducing to 105 kWh/m2 and 114 kWh/m2 for DEH and CAH respectively, 
an average of 107.5 kWh/m2, on track to achieving the targeted 100 kWh/m2.  
 
 

6. On-Going Monitoring Tool 

Identifying and realizing savings is only the first step in achieving an energy efficient building. 
It is important to maintain the savings as well as have early identification of energy saving 
opportunities, and this can be achieved through on-going monitoring. However, on-going 
monitoring requires big data analytics and can be labour intensive, and thus we have digitized 
this process. At Swire Properties Limited we have developed an On-Going Monitoring Tool 
for the building energy data. This tool is a centralized cloud-based platform, capable of 
receiving data from across our portfolio for display, monitoring, and analysis of energy and 
BMS data.  
 
A number of KPIs have been identified to be continuously monitored including those that we 
have identified earlier in the retro-commissioning exercise, such as: 

 
 Energy Use Intensity 
 Chiller Plant COP 
 Individual Chiller COP 
 Water Pump’s WTF 
 Air Transfer Facto 
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These KPIs give a quick overview on the performance of the building, system, and equipment. 
Comparison can be made between buildings to quickly identify the performance of the 
individual buildings. Trends can be visualized to understand the individual building operation 
characteristics. 
Thresholds are set and these KPIs are continuously monitored, if the KPIs trends downwards 
or threshold is exceeded, a deeper investigation would be conducted to understand the issue. 
This allows for preventive maintenance and identification of systems performing inefficiently. 
With the establishment of the On-Going Monitoring Tool, analysis, monitoring, and reporting 
can be done more efficiently. Lesson learned in different portfolios can also be transferred, 
increasing our connectivity of knowledge and thus further improving each portfolio’s 
performance. 
 

 
Figure 8. Group Chiller COP vs Cooling Load from the On-Going Monitoring Tool 

 
 

 
Figure 9. Chilled Water Transmission Factor of DEH from the On-Going Monitoring Tool 

7. Conclusion 



 

13 
 

As a developer with emphasis on sustainable development and ambitious targets in energy 
saving and decarbonization, we continue to strive for ways to achieve our goals. Since 2001 
we have conducted a various number of different energy saving initiatives. 
In 2016, we have partnered with Tsinghua University for our Monitoring-Based 
Commissioning Program. We believe data can give us valuable insights in energy saving 
potential. MBCx utilizes our vast amount of data to conduct energy analysis, retro-
commissioning, and on-going monitoring. Through these exercises we are able to identify 
energy saving opportunities. 
At Devon House and Cambridge House we have identified 6 major energy saving strategies, 
encompassing both AC waterside and AC airside system, with over 2 million kWh of energy 
saving identified, equivalent to 18% of the landlord energy consumption.  
We have also identified the importance of digitizing our process, and have created an On-
Going Monitoring Tool capable of displaying, monitoring, and analysing energy and BMS 
data not just within Devon House and Cambridge House but encompassing all our major 
portfolios. Through a central platform, we can conduct big data analysis, compare 
performance of different portfolios, and most importantly enabling knowledge transfer 
between different portfolios through the digital platform. 
We continue to explore modern technologies to help us achieve deeper energy saving and 
decarbonization and to help us align with the Paris Agreement. 
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Abstract 
 
The "Energy Saving Plan For Hong Kong’s Built Environment 2015~2025+" issued by the 
Hong Kong Government pledges to reduce energy intensity by 40% by 2025 with 2005 as the 
base year. Towards this goal, the government adopted multi-pronged initiatives; in particular, 
the Electrical and Mechanical Services Department (EMSD) has actively promulgated “Retro-
commissioning (RCx)”, a systematic process to periodically fine-tune existing building 
systems to achieve energy savings. In the U.S., many cities have even enacted legislation on 
RCx. Through a review of the regulatory controls on RCx in six cities, namely, New York, 
Seattle, Boulder, San Francisco, Orlando and Los Angeles, two notable findings were 
obtained. First, the requirements on RCx vary between the cities and, in some cases, energy 
audit is a mandatory activity that precedes an RCx process. Second, air-conditioning and 
lighting systems are under regulatory controls of RCx in all the six cities. Building envelope, 
which significantly impacts building energy use, is among the elements subject to RCx in 
some of the cities. Whereas the review findings can serve as potential reference when 
considering whether, and how, to impose regulations on RCx in Hong Kong and even the 
Guangdong-Hong Kong-Macao Greater Bay Area (GBA), further studies should be conducted 
on issues in other aspects, such as finance and public administration, that are also crucial to 
the success of RCx. 
 
香港政府發布的《香港都市節能藍圖 2015~2025+》承諾以 2005年為基年，於 2025年
將香港能源強度減少 40%。為實現這項目標，政府採取多管齊下的策略，尤其是機電
工程署積極推行的重新校驗（Retro-commissioning）— 透過定期微調現有建築物設備
以達致節能的系統性過程。在美國，許多城市甚至頒布了有關重新校驗的法規。透過

探討六個美國城市（紐約、西雅圖、博爾德、舊金山、奧蘭多和洛杉磯）對重新校驗

的規管，可以得出兩個值得注意的發現。首先，城市之間對重新校驗的要求有所不

同。在某些情況下，進行重新校驗之前必須進行能源審核 (Energy Audit) 。其次，六個
城市所制定的重新校驗法規均涵蓋空調和照明系統。在某些城市中，由於建築物外牆

對建築物的整體能耗有相當程度的影響，因此也被納入重新校驗的規管範圍。檢討結

果可作為香港和粵港澳大灣區進一步推行重新校驗等相關工作的參考，包括：是否規

管、怎樣規管等。然而，財政和公共行政等方面的研究，對重新校驗的成功也至關重

要。 
 
Keywords: Building; energy saving; facility management; policy; retro-

commissioning; regulation 
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1. Introduction  
 
In February 2019, the Central Committee of the Communist Party of China and State Council 
issued the development plan for the Guangdong-Hong Kong-Macao Greater Bay Area (GBA) 
which sets GBA as a world-class, low-carbon economic hub, taking on a pivotal role in 
climate action (Legislation Council, 2019). GBA contributed to 13% of the national GDP and 
accounted for 4% of the total national emission (Zhou et al., 2018). Considering the fact Hong 
Kong is one of the top three cities with lowest emission intensity in the GBA, Hong Kong 
could take lead to demonstrate how energy saving measures could be effectively implemented 
to mitigate carbon emission under massive urbanization and robust economic development, 
stepping up to become a model city for energy saving in the region and even the nation.  
 
HKSAR Government has been pursuing multi-pronged energy saving initiatives to reduce 
energy use in buildings. The spectrum of energy efficiency policies has covered domestic 
electrical appliances and new buildings as well as existing buildings undergoing major 
retrofitting. In the past few years, EMSD has actively promulgated RCx through conducting 
pilot projects at government buildings and private buildings with the industry. Different from 
traditional commissioning (Cx) that mainly checks if the different components of a system are 
installed, quality-assured, and functional as stated in the design intent, RCx aims at 
guaranteeing the system running at the optimum and energy-efficiency condition throughout 
the operation (Noye et al., 2016). In November 2018, EMSD signed a memorandum of co-
operation (MOC) with relevant institutions and universities in Guangdong, Hong Kong, 
Macao, Beijing, and Shanghai to boost the development of RCx in the GBA, marking a new 
chapter of energy efficiency policies (HKSAR Government, 2018). 
 
While the building sector accounts for 36% of global energy consumption and approximately 
40% of total carbon dioxide (CO2) emission, it becomes the second-largest source of CO2 
emissions (International Energy Agency, 2019). Thus, RCx has emerged as a key policy trend 
over the world to deepen energy efficiency in buildings. In many places such as Singapore, 
the U.S., the U.K. and Sweden, there are different RCx programmes led by the government or 
the industry (Tokyo Metropolitan Government, 2014). More importantly, the U.S. has become 
the pioneer to impose the regulation of RCx in many cities such as New York City (in the 
New York Bay Area) and San Francisco (in the San Francisco Bay Area) and so on.  
 
A wide range of regulations has been enacted on building services in Hong Kong (Lai and Yik, 
2004; Lai et al., 2011). However, little effort has been made to perform an in-depth study of 
the regulatory design for RCx. To address this research gap, this paper reviews and compares 
the RCx-related legislations of six U.S. cities and explores what lessons could be learnt from 
such places for formulating the future of RCx in Hong Kong and even in GBA. 
 
2. Buildings in the U.S. and Hong Kong 
 
As far as buildings are concerned, the U.S. and Hong Kong share some similarities (Lu and 
Lai, 2019). First, the energy-use distribution of the U.S. is similar to that of Hong Kong. In 
the U.S., residential and commercial buildings account for about 40% of total U.S. energy 
consumption, being responsible for almost 40% of U.S. CO2 emissions (Energy Information 
Administration, 2019a). Commercial buildings, in addition, contribute to 18% of the overall 
energy usage in the U.S. (Energy Information Administration, 2019b). Similarly, Hong Kong 
has around 50% of total energy use consumed by buildings, contributing to approximately 
60% of Hong Kong’s total greenhouse gas (GHG) emission (Environment Bureau, 2015a; 
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Environment Bureau, 2015b). Among the buildings in Hong Kong, existing commercial 
buildings contribute to at least 15% of the city’s total energy use (Environment Bureau, 2017).  
 
Second, ageing buildings have become an increasingly important issue for both the U.S. and 
Hong Kong.  On average, U.S. commercial buildings at the end of 2017 were approximately 
50 years old (Feldstein, 2017) and their median age in 2012 was 32 years (Energy Information 
Administration, 2015), albeit the newest buildings outnumbering the oldest ones. In 
Washington, D.C., over 45% of the largest commercial buildings exceed 35 years old (Palmer 
and Walls, 2017). In Hong Kong, there are 4,000 buildings that are over 50 years old, and this 
number of the buildings is set to increase by 500 every year, which has a similar growth rate 
as that of the newly constructed buildings (Hong Kong Institute of Surveyors, 2017; Electrical 
and Mechanical Services Department, 2018).  
 
The U.S. is among the frontiers who have enacted legislation on RCx for buildings, while the 
pilot RCx projects carried out by the Electrical and Mechanical Services Department (EMSD) 
of Hong Kong Government show that existing buildings have an immense energy saving 
potential (Kong et al., 2019). Therefore, it is necessary to review the U.S. legislation on RCx 
and analyze whether they are applicable to Hong Kong. 
 
3. Controls on RCx in six U.S. cities 
 
With years of effort, some cities in the U.S. have set up ambitious goals to reduce GHG 
emissions, especially through reducing energy consumption of commercial buildings. Such 
cities, including New York, Seattle, Boulder, San Francisco, Orlando and Los Angeles, have 
coupled their building energy saving policy with RCx requirements to identify opportunities 
for improving the energy efficiency of buildings. The key features of the RCx requirements in 
the six U.S. cities are summarized in Table 1, and the following reviews and compares the 
requirements. 
 
3.1 New York 
 
In 2009, Mayor Bloomberg, the Mayor of New York, first announced the Greener, Greater 
Buildings Plan (GGBP) to echo with New York City’s plan for sustainable growth through 
2030. GGBP comprises four individual pillars of energy-efficiency-related regulation 
targeting energy efficiency in large existing buildings: Local Laws 84, 85, 87, and 88. Local 
Law (LL) 87 mandates that buildings over 50,000 ft2 shall undergo a periodic energy audit 
and RCx measures in a 10-year cycle (New York City Government, 2009).  
 
LL 87 positions the parallel requirements - energy audit and RCx - as complementary 
activities. The law requires building owners to carry out energy audits which are not less than 
Level II ASHRAE Standard, i.e. analyses building’s energy equipment, systems, envelope, 
and operations and identify any potential equipment or system for capital investment in 
renewal. Still, the measures recommended in the report are optional for implementation. RCx 
seals the “action” gap by requiring the building owners to fix equipment or systems and other 
problems found during RCx. Thus, this law does not only intend to deepen the understanding 
of building owners on their buildings’ performance but also acts to push the transformation 
towards high-performance buildings. The law required the RCx agent, who is authorized by 
the authority to carry out RCx or certify RCx reports, to comply with the rule promulgated by 
the New York City Department of Buildings (DOB). The rule (Section 103-07 of Subchapter 
C of Chapter 100 of Title 1 of the Rules of the City of New York) provides more details on the 
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compliance with LL 87 (New York City Government, 2012). This rule, similar to a “code of 
practice”, specifies the requirements of analysis, correction and testing of different building 
systems or equipment for compliance.  
 
3.2 Seattle  
 
In 2016, Edward B. Murray, the Mayor of Seattle, signed the Council Bill 118631 to enact a 
new Ordinance 125002 and add a new Chapter 22.930 to the Seattle Municipal Code. The 
Building Tune-Ups ordinance phases in a tune-up requirement for building energy and water 
system once every five years for non-residential buildings of 50,000 ft2 or larger. Those 
buildings of 200,000 ft2 or greater are governed from 2018 onward while the governance for 
buildings of 100,000-199,999 ft2 occurs from 2019 onward. The third phase beginning in 2020 
includes buildings of 70,000-99,999 ft2, with the final phase-in for buildings of 50,000-70,000 
ft2 occurring in 2021 (Seattle City Council, 2015).  
 
Similar to New York, the City Office of Sustainability & Environment (OSE) published an 
“OSE Director’s Rule 2016-01”, which includes clarification of the Ordinance’s requirements 
on the following: buildings and spaces subject to the requirement; requirements related to 
tune-up assessments, corrective actions and reporting; requirements related to compliance 
extensions and exemptions; and qualifications for tune-up specialists. This ordinance targets 
the compliance of the private market. On the other side, the city-owned buildings are 
governed by the Municipal Building Tune-Ups Resolution (31652), which requires that tune-
ups on City buildings be completed one year in advance of deadlines for the private market. 
The relevant policy is expected to deliver a 5 % reduction in citywide commercial energy 
consumption (City of Seattle Office of Sustainability and Environment, 2017).  
 
3.3 Boulder 
 
To effectively reduce carbon emission from buildings, the Boulder City Council adopted the 
Building Performance Ordinance (No. 8071, in 2015) (revised as Ordinance No. 8279, in 
2018).  The ordinance comprises four components: annually rate and report the energy use of 
their buildings; perform periodic energy assessments; perform periodic RCx and implement 
cost-effective energy efficiency measures; and implement one-time lighting upgrades. The 
ordinance applies to city-owned buildings of 5,000 ft2 or greater and commercial and 
industrial buildings of 10,000 ft2 or greater, which should undergo both energy assessments 
and RCx every ten years in order to comply with two of the four requirements stated in the 
law (City Council of the city of Boulder, 2018).  
 
The law also conferred “City Manager Rules” to specify the requirement of analysis, 
correction and testing of different building systems or equipment for compliance 
(Government of Boulder City, 2017). For example, energy assessment for buildings of 50,000 
ft2 or more should follow ASHRAE Level II standard, etc. The Rules also state that when 
owners choose to pass the cost of the required energy assessment, light upgradation and RCx 
to its tenants, the cost must be amortized over a 10-year period, rather than expending the cost 
in a bulk assessment in a single year. In addition, technical difficulties such as inability to get 
data due to tenant noncooperation, staff changeover resulting in loss of access to reporting 
tool and so on are granted the right to apply extensions of time (EOT). It is important to note 
that Section 10-7.7-5 requires the building owners to implement any cost-effective measures 
identified from the RCx within two years of the study.  
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3.4 Los Angeles  
 
In 2016, the City of Los Angles passed an ordinance titled Existing Buildings Energy and 
Water Efficiency (EBEWE) Program (Los Angeles Municipal Code (LAMC) Division 97, 
Article 1, Chapter IX, Ordinance No. 184674 to establish a program to reduce energy and 
water consumption in buildings and reduce greenhouse gas emissions citywide. This 
ordinance has two pillars, namely, annual energy and water benchmarking and reporting, and 
energy and water audits and RCx. Regarding energy audit and RCx, the ordinance requires 
city-owned buildings over 7,500 ft2 and privately-owned buildings over 20,000 ft2 to undergo 
an energy and water audit as well as RCx every five years unless they are exempted from the 
audit by demonstrating sufficient energy and water efficiency improvement (Los Angeles 
Department of Building and Safety, 2016).  
 
Under the ordinance, energy audits shall meet or exceed ASHRAE Level II Standard while 
RCx shall be performed as per industry-standard practices, including ASHRAE Guideline 
0.2 Commissioning Process for Existing Systems and Assemblies. The RCx of the base 
building systems shall include, at minimum, the following: a) Heating, ventilation, air 
conditioning (HVAC) systems and controls; b) Indoor lighting systems and controls; c) Water 
heating systems; and d) Renewable energy systems.  
 
3.5 Orlando 
 
The City Council passed the City of Orlando’s Building Energy and Water Efficiency 
Strategy Ordinance (BEWES) – Ordinance 2016-64 to enhance the energy and water 
efficiency of the city’s largest buildings. This ordinance has three components: annual 
benchmarking energy use, annual benchmarking score sharing and “energy audits or RCx”. 
BEWES requires all city-owned buildings larger than 10,000 ft2 and private-owned buildings 
larger than 50,000 ft2 with ENERGY STAR score under 50 or equivalent Energy Use 
Intensity (EUI) to perform an energy audit, or a RCx once every five years (City Council of 
the City of Orlando, 2016; City of Orlando Government, 2018).  
 
Reports of the audits or RCx need to be filed to the authority, which collects the data for the 
purpose of annual benchmarking and publication. The audit standard should be as stringent as 
or comparable to the ASHRAE Level II Standard. RCx could be deemed as an alternative to 
energy audit. However, the ordinance only focuses on creating information to the building 
owners in better decision-making for energy saving instead of mandatory investment in 
energy saving measures. In view of this, the Green Works office and City of Orlando 
operations have adopted “soft landing”, which suggests that RCx could be completed 
simultaneously with energy audits to save the individual cost of RCx.   
 

3.6 San Francisco 
 
The San Francisco Board of Supervisors passed the Existing Commercial Buildings (ECB) 
Energy Performance Ordinance to gather information for building owners’ decision-making 
on the improvement of building energy efficiency and reduction of utility costs. Adopted in 
2011, this ordinance requires all existing non-residential buildings of 10,000 ft2 and larger to 
benchmark, publicly report their energy use each year and undergo an energy audit in 
accordance with ASHRAE Level I or II Audit Standard once every 5 years so as to identify 
cost-effective energy saving measures (City and County of San Francisco, 2011).  
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Table 1  Comparison of RCx between the six cities 
 

 New York Seattle Boulder Los Angeles Orlando San Francisco 

Relevant law  Local Law 87 
Building Tune-
Ups ordinance 

Boulder Building 
Performance 
Ordinance  

Existing 
Buildings Energy 

and Water 
Efficiency 
Ordinance 

Building Energy 
and Water 
Efficiency 
Strategy 

Ordinance  

Existing 
Commercial 

Building Energy 
Performance 
Ordinance 

Scope of 
regulation1 

Buildings ≥ 
50,000 ft2 

Buildings ≥ 
50,000 ft2 

City-owned 
buildings ≥ 5,000 
ft2, Commercial 
and industrial 
buildings ≥ 
10,000 ft2 

city-owned 
buildings ≥7,500 

ft2, Privately-
owned buildings 

≥ 20,000 ft2 

City-owned 
buildings ≥ 10,000 
ft2, Private-owned 
buildings ≥ 50,000 

ft2 

Commercial 
buildings ≥ 
10,000 ft2 

Implementation 
cycle   

10 years 5 years 10 years 5 years 5 years 5 years 

Criteria for 
exemption1  

LEED 2009 for 
Existing 
Building; 

Buildings ≤ 10 
years old, etc. 

Gold Rating 
under USGBC’s 

LEED v4 for 
Building 

Operation and 
Maintenance, 

ASHRAE Level 
II Audit with 

implementation; 
Buildings ≤ 3 
years old, etc. 

 
Energy Star-

certified building 
(min. 75); LEED 
for Operations 

and Maintenance, 
etc. 

Energy Star-
certified 

buildings, at least 
25% better than 

median, etc. 

Energy Star Score 
≥ 50, EUI ≥ 

Median; LEED 
for Operations 

and Maintenance 
etc. 

LEED-certified 
buildings; Energy 

Star-certified 
buildings; New 

Construction with 
≤ 5 years old 

Max. payback 
period required 
for improvement1 

≤ 7 years ≤ 3 years ≤ 2 years Not applicable Not applicable 
≤ 3 years or 

≤ 5 years 
1 Detailed scope or exemption criteria refer to the respective law.
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The measures are recommended to have a simple payback of not more than 5 years. A 
list of all RCx and retrofit measures with an estimated of both potential energy 
savings and implementation costs is required to be submitted to the building owners 
by the recognized energy professional who carries out the energy audit. The relevant 
building owners are also required to submit an Annual Energy Benchmark Summary 
to the Department of Environment for compliance with the ordinance. Although the 
ordinance does not mandate building owners to invest in energy-efficiency measures, 
it fosters the implementation of RCx by inclusion of detailing RCx measures in the 
required audit report. Technically, owners can select RCx as an alternative to energy 
auditing if only the procedure and submission document comply with the statutory 
requirement.  
 
4. Discussion 
 
4.1 Energy audit and RCx 

 
Having a close relation with RCx, the “energy audit” identified from the above review 
could be categorized into two forms. The first one is “RCx is complementary to 
energy audit”, which is adopted in New York, Boulder and Los Angeles. These cities 
bind the corresponding buildings to implement energy audit and RCx within the 
specified cycle. The second form, adopted by Orlando and San Francisco, is 
implementation of either “RCx” or “energy audit”. The law in Seattle allowed 
alternative compliance that is energy audit no less than ASHRAE Level II with all 
implementation of no-cost or low-cost energy efficiency measures. 
 
In the view of practical implementation, RCx has two more dimensions than energy 
audit. First, energy audit and RCx have different focuses on the action. Energy audit 
usually addresses energy conservation measures (ECM) which imply saving by 
reducing services or operations (e.g. service on demand for escalators), with a 
connotation of doing less with less and taking energy efficiency opportunities (EEO) 
that manipulate the activities associated with equipment installation or optimizing 
schedules. Second, RCx is a more action-based process for saving building energy. It 
addresses the correction of deficiency and even “fine-tuning” of the system for 
improvement. New York, Seattle, Boulder and Los Angeles require building owners to 
correct problems found from RCx. Boulder even mandates building owners to carry 
out corrections no later than 2 years after completion of RCx. Moreover, some cities 
like Hong Kong incorporate the concept of on-going commissioning into its RCx 
Technical Guidelines, in order to promote persistence of savings from RCx measures. 
Thus, in the action-based scenario, an energy audit could be deemed as the first step in 
identifying energy-consuming sector and operational issues and RCx could be deemed 
as a tool to fix the problems found from the audit.  

 
4.2 Different scopes of RCx 

 
Although all the above U.S. cities have similar definitions for RCx, they have 
different scopes for regulation, such as system, building area, cost-effectiveness, and 
implementation cycle. In terms of system, HVAC and lighting systems are the 
common coverage for all the six cities. This is reasonable given the significant energy 
consumption of these systems. Building envelope, which affects building energy 
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consumption, is also incorporated into the definition of “system” in the laws of New 
York and Orlando.  
 

 
Regarding building areas, 50,000 ft2 is set as a boundary line for compliance in New 
York and Seattle, and 10,000 ft2 is adopted as another threshold for San Francisco. 
This deviation could be attributed to the difference in building characteristics, 
regulation strategy, etc. In regards to the definition of “cost-effectiveness”, only 
Seattle, Los Angeles and San Francisco point out the required payback for RCx. 
Boulder sets 2 years as the maximum level for payback while Seattle sets 3 years as 
indicator. It is important to note that Boulder has mandatory requirements on 
implementation of energy saving opportunities identified from RCx. As for 
implementation, New York and Boulder take 10 years as a cycle, whereas the others 
adopt a 5-year cycle. It could be attributed to regulatory burdens such as cost of 
compliance, for example, the financial burden imposed on building owners, the 
human resource needed to enforce the implementation and spot any non-compliance, 
and so on. 

 
5. Conclusion 
 
The main features of the RCx laws in the six U.S. cities, as reviewed above, may 
serve as reference when cities such as Hong Kong consider whether, and how, to 
impose regulations on RCx. Among those U.S. cities, New York, Boulder and Los 
Angeles adopt the concept “RCx is complementary to energy audit” to recognize the 
importance of RCx in terms of detailed energy analysis and action-based approaches. 
In other U.S. cities, on the other hand, they focus on information collection and allow 
RCx as an alternative to energy audit.  
 
HVAC and lighting system are covered by the regulatory controls in all the six cities. 
Building envelope, which significantly impacts building energy use, is incorporated 
into the scope of RCx of New York and Orlando. Among the six cities, there are 
differences between the parameters (e.g. building area, implementation cycle) they 
use in the regulatory control. For Hong Kong, in future, explorations should be 
conducted to investigate other issues that are critical to the success of RCx, such as 
barriers (e.g. cost constraint) to RCx, practical difficulties of implementing RCx in 
buildings with incomplete operational records, and benefits to owners or tenants (e.g. 
free ridership). 
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Abstract 
 
For Hong Kong, which has the highest building density in the world, around 60% of 
the buildings are over 25 years old. According to our record data, more than half of 
Hong Kong’s total annual energy end-use is in the form of electricity consumption 
and buildings take up about 90% of our total electricity consumption. It is imperative 
to reduce the use of electricity in existing buildings to help combat climate change. 
 
In May 2015, the Environment Bureau of Hong Kong Special Administration Region 
Government (HKSARG) published “Energy Saving Plan for Hong Kong’s Built 
Environment 2015~2025+” which set target to reduce our energy intensity by 40% by 
2025 compared with the 2005 level. With this ambitious vision, the whole community 
have to further endeavour to achieve energy conservation with concrete supporting 
measures. 
 
Electrical and Mechanical Services Department (EMSD) of HKSARG is actively 
pursuing the cost-effective program of “Retro-commissioning (RCx)”, a new energy 
saving initiative, to further encourage energy conservation works in existing buildings. 
RCx is a cost-effective and systematic process to periodically check the energy 
efficiency performance of existing buildings.  
 
EMSD will implement RCx projects to major government buildings in coming 7 years; 
and before that launched the “Technical Guidelines on Retro-commissioning 
[TG(RCx)]”; led and co-organized with different stakeholders in Hong Kong, Macau, 
the Greater Bay Area and other Mainland cities on showcasing the government-
industry collaboration and promoting effort of RCx training for the industry.  The 
paper will introduce different technical approaches, and share the latest development 
of RCx in Hong Kong. 
 
香港是世界上建築密度最高的地方之一，當中約有六成的建築物擁有二十五年

樓齡以上。根據「香港能源最終用途數據」的記錄，香港每年能源最終使用總

量有超過一半以上是以電力形式消耗，而建築物佔本地約九成的用電量。因

此，減少現有建築物的電量消耗對於應對氣候變化非常重要。 
 
香港特別行政區政府環境局在二零一五年五月公布「香港都市節能藍圖２０１

５～２０２５＋」並制訂了減排目標，以二零零五年為基年，並於二零二五年

以前，把香港的能源強度減少四成。整個社會須進一步努力支持節能措施，推

動香港實現減排的新目標。 
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機電工程署正積極推動「重新校驗 (或稱為再調適)」這個具成本效益的新方
案，以進一步鼓勵現有建築物進行節能工作。「重新校驗」是一個具成本效益的

系統性測試過程，用作適時檢查現有建築物的效能表現。 
 
隨著推出《重新校驗技術指引》後，機電工程署將於未來七年為主要政府建築

物進行「重新校驗」；並在香港、澳門、大灣區和其他內地城市相關持份者的推

動下，展示政府機構與業界之間的合作，促進重新校驗的培訓工作。本文將介

紹重新校驗不同的實踐方法，並分享重新校驗在香港的最新發展。 
 
Keywords: Retro-commissioning, Energy Saving, Greater Bay Area Collaboration  
 
 
1. Introduction 
 
Hong Kong consumed about 158,662 TJ of electricity in 2016 (Hong Kong Energy 
End-use Data, EMSD, 2018). As Hong Kong is famous for its skyscrapers and thus it 
is not surprising that buildings take up about 90% of total electricity consumption 
(Energy Saving Plan for Hong Kong’s Built Environment 2015~2025+, Environment 
Bureau, 2015). It is therefore imperative to reduce the use of electricity in buildings to 
help combat climate change. Furthermore, 60% of the existing buildings are over 25 
years old, and it is expected to have great opportunities in optimizing energy 
performance for aging systems and installations. 
 
The 21st session of the Conference of the Parties (COP 21) to the United Nations 
Framework Convention on Climate Change (UNFCCC) was held in December 2015. 
The conference negotiated the Paris Agreement, and the expected key result was an 
agreement to set a goal of limiting global warming to less than 2 °C compared to pre-
industrial levels. The agreement calls for zero net anthropogenic greenhouse gas 
emissions to be reached during the second half of the 21st century. In the adopted 
version of the Paris Agreement, the parties will also "pursue efforts to" limit the 
temperature increase to 1.5 °C. 
 
To prepare for the COP21, the Environment Bureau published “Energy Saving Plan 
for the Built Environment 2015~2025+” in May 2015. With the launch of The Energy 
Saving Plan, it has set a target of reducing energy intensity by 40% reduction target by 
2025 using 2005 as base, where energy intensity is the ratio of energy end-use to 
Gross Domestic product (GDP), therefore the amount of energy end-use consumed in 
producing a unit of GDP. In Hong Kong, more than half of our total annual energy use 
is in the form of electricity consumption, with buildings accounting for about 90 per 
cent of the city's electricity use, the BEEO is one of the very important drivers for 
engagement of practitioners and citizens to achieve energy saving in combating 
climate change. 
 
2. Application of Building Energy Efficiency 
 
Benefitted from various energy efficiency policies and initiatives pursued by HKSAR 
Government coming into full operation, these policies and initiatives give a legislative 
foundation to continuously save energy with the target to utilize energy use in 
buildings. In 2009, Mandatory Energy Efficiency Labelling Scheme (MEELS) has 
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been fully implemented under the Energy Efficiency (Labelling of Products) 
Ordinance, Cap 598 for monitoring the energy performance of domestic electrical 
appliances. Meanwhile, in 2012, the Buildings Energy Efficiency Ordinance, Cap 610 
(BEEO) came into full operation. It requires new buildings as well as existing 
buildings undergoing major retrofitting to comply with the energy efficiency 
standards and requirements specified in the Building Energy Code (BEC). Besides, 
the Government built a large scale centralised air-conditioning system – District 
Cooling System (DCS) in Hong Kong at Kai Tak Development, which began 
operation in 2013. It can save electricity compared to conventional air-cooled air-
conditioning system. With implementation of energy efficiency policies, as of 2017, 
the energy intensity reduction is 31.4% using 2005 as base year. The good 
achievement to date depends on the joint efforts of the public and different sectors. In 
the future, we still need to make unremitting efforts to achieve the long term energy 
conservation goals, EMSD will regularly review on BEC for more stringent 
requirement, review of MEELS to cover more products and explore the feasibility of 
implementing DCS in other new development areas. However, current energy 
efficiency policies mainly focused on new installation and new developments. 
According to the current building stock, more than 60% of the existing buildings in 
Hong Kong are aged more than 25 years. Existing buildings in Hong Kong frequently 
undergo operational and occupancy changes that hinder optimal performance. 
Systems are highly interactive with sophisticated control systems that can create a 
trickle-down effect on building operations with impact on energy performance. No 
matter how well building operators and service contractors maintain equipment, if the 
equipment operates inefficiently, it can still lead to energy wastage and reliability 
problems. Retro-commissioning (RCx) for existing buildings, with cost-effective 
process for review and tuning aged services to improve their performance, provides 
significant energy saving potentials to contribute towards energy intensity reduction. 
 
3. Retro-commissioning (RCx) 
 
RCx is a systematic and cost-effective process to periodically check an existing 
building’s energy efficiency performances, such as equipment conditions, systems 
function, shift from the designed conditions, the effectiveness of operation and 
maintenance (O&M) strategies, etc. The process identifies operational improvements 
that can save energy which can be performed alone or with a retrofit project, such as 
replacement of inefficient appliances. 
 
3.1 RCx Framework 
 
In the Technical Guidelines (TG) on RCx 2018 issued by EMSD, retro-
commissioning consists of four work stages which include, (1) Planning, (2) 
Investigation, (3) Implementation, and (4) Ongoing commissioning stages. 
 
3.2 Stage 1 – Planning 
 
The first step for the RCx Team is to obtain as much building design and operational 
information as possible in order to familiarise the current building operation. The 
most critical document required for any project ahead of undertaking the RCx process 
is the O&M manual and the latest energy audit report. A O&M Manual is a composite 
document used by the owner/operator, which contains information about building 
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operations and maintenance. If the building has been previously commissioned, these 
documents should be updated to reflect current operating conditions of the building. 
An energy audit commences with the collection and analysis of relevant information 
that may affect the energy consumption of the building, followed by review of the 
collected information, analysis of the conditions and performances of existing 
equipment, systems and installations, and the energy bills, and comparison with 
performances at relevant energy efficient modes of operation, and finally the 
identification of areas of energy inefficiency and the means for improvement. 
 
If the O&M manual and energy audit report do not exist, the RCx Team can carry out 
a detail site walk through and spot measurement to collect the necessary information 
in order to have a better understanding of the existing installations. 
 
Apart from the O&M manual and energy audit report, the RCx Team will need to 
collect the latest HVAC, Electrical, Lighting, Plumbing, Lift and Escalator system 
schematic diagrams and relevant services layout plans in order to familiarise plant 
operation and for further planning of their site investigation work. If available, the 
RCx Team should collect the CCMS data / log sheet data of the critical systems, for 
analysis in later stages. 
 
The RCx Team should also collect the available electricity bills and metering data to 
enable analysis of the energy consumption breakdown and to understand how the 
building has performed in the past. This information is useful for the RCx Team to 
determine which types of installations may have the greater potential for energy/cost 
saving. 
 
3.3 Stage 2 – Investigation 
 
The process is to collect time-series operational data, at intervals typically ranging 
from fifteen minute to one hour. The RCx Team can collect the trend logged data 
directly from the Central Control & Monitoring System (CCMS), provided that a) 
there is a CCMS installed in the building, and b) the trend logged data are adequate 
and accurate enough for analysis. For buildings without CCMS, or where the CCMS 
has limitations in storing or presenting the data, it is recommended that the RCx Team 
uses portable data-loggers to collect operational time-series data instead. 
 
When all the underlying operational problems are found with the help of equipment 
and system investigation test results, the energy saving opportunities (ESOs) can then 
be identified. The RCx Team will develop a list of ESOs with details on estimated 
energy saving, payback periods, implementation periods, any anticipated interruption 
to normal services and the measurement and verification (M&V) methods to be used 
to validate energy savings. 
 
The steps for the M&V energy saving calculation should be clearly described to the 
building owner. Where a proposed ESO requires repair items, a list of potential 
appropriate repair items identified should be clearly shown to the building owner for 
consideration. 
 
For each proposed ESO, the detailed energy saving estimation, its calculation method, 
cost of implementation, and preliminary M&V plan should be reported to the building 
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owner. The calculation methods employed should be clearly agreed with the building 
owner so the RCx Team can perform the same calculation to determine the actual 
energy savings under the agreed measurement and verification (M&V) options during 
the Implementation Stage. 
 
3.4 Stage 3 – Implementation 
 
Selected ESOs can be implemented by internal O&M staff, or the building owner may 
engage contractors to perform the selected ESOs and associated implementation work 
if required. In the implementation plan, a clear description for each ESO should be 
presented. The RCx Team can choose the most suitable approach to execute the ESOs, 
and then organise and define the works needed in the RCx implementation plan. The 
building owner may choose to carry out a staged implementation plan to 
accommodate budget constraints or to minimise the interruption to system operation.  
 
After the selected ESOs are implemented, the RCx Team should collect the post 
implementation data and then verify the energy savings. The post-implementation 
data are compared to the original baseline data to check whether the anticipated 
energy saving are attained or not. 
 
The post-implementation data can also be used to update the energy savings estimates 
as needed. Finally, this data can be used to establish the new baseline for the 
performance of that building system. Throughout the life of the equipment or systems, 
the new baseline can be used to establish criteria or parameters for tracking whether 
improvements are performing properly. 
 
3.5. Stage 4 – On-going Commissioning 
 
In order to ensure that the benefits of RCx can be maintained and building services 
systems are operated in high energy efficiency condition, the RCx team should 
include an ongoing commissioning plan: (1) Track on energy performance of building 
services systems, (2) Maintain the energy performance. 
 
In post-handover stage, one of the major goals is to ensure the building services 
system after the RCx would be maintained at “good” energy performance. As such, an 
ongoing commissioning plan including key energy performance indicators should be 
developed for the operators to keep track the “good” energy performance. 
 
4. Pilot Demonstration Project in Government Buildings 
 
Retro-commissioning is a new energy saving initiative in Hong Kong. To investigate 
effectiveness of RCx applied to existing buildings, EMSD commenced a pilot study 
covering government buildings in 2016. For Government buildings, six existing 
government buildings of varying size, usage, age and annual energy consumption 
were selected as the RCx pilot projects. These government buildings include 
government offices, education services centre and municipal services buildings 
ranging from 10 to 30 years old. 
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4.1. Case Study of RCx implementation 
 
The pilot study for each building applied the four phases mentioned in the TG(RCx). 
To verify the effectiveness of the RCx, one of the pilot project, an education services 
building, is given as an example. 
 
The gross floor area of the education services building has around 22,000 m2. It is 
commenced operation in early 2006. The building includes public transportation 
facilities, office area for educational departments and provides communal facilities for 
holding conferences, seminars, training courses and meetings. 
 
After investigation stage, serval ESOs were suggested to be implemented including: 
(1) Adjust the chilled water flow of chilled water pumps across the night mode chiller, 
(2) Offset the supply chilled water temperature set-point for the night mode chiller, (3) 
Review the set-point of room temperature of VAV in office area, (4) Review the set-
point of AHU static pressure serving for VAV system and (5) Shut off harmonic filters 
with low harmonic load to reduce cooling load demand. 
 
4.2. Data Analysis 
 
After the RCx implementation stage, a review on electricity bills for the years before 
and after RCx action was performed. In order to make a valid comparison, 
consideration on Cooling Degree Days (CDD) is important. The CDD is a measure of 
how much (in degrees) and for how long (in days) that outside air temperature was 
higher than a specific base temperature (assumed 18.5oC in this calculation) to start to 
use air conditioning for cooling.  
 
Hence, the higher value of CDD, it represents the higher ambient condition that 
requires higher cooling demand over the period. The CDD of the year 2017 is larger 
than 2016. It means that the cooling requirement of the building in 2017 should 
require higher cooling load as well as energy consumption of MVAC system. 
However, the actual energy consumption of the building was reduced in 2017.  
 
The following chart shows the monthly energy consumption and CDD of Year 2017 
and 2016:- 

 
Figure 1 Monthly Energy Consumption & CDD of 2017 vs 2016 
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From the latest energy consumption data of the education services building, the 
energy consumption variation between 2015 & 2016 is not significant. After 
implementation of ESOs in 2017, the annual energy consumption of the building was 
reduced by 352,000kWh (i.e. 9.4%) as compared with 2016. 
 

Table 1  Annual Energy Consumption Summary of Past Three Years 
 

Year Annual 
CDD 

Change of CDD 
from last year 

Annual Electricity 
Consumption  

Change of 
Electricity 

Consumption from 
last year 

% ,000 kWh % 
2015 2,147 N/A 3,734 N/A 
2016 2,027 -5.6% 3,751 +0.5% 
2017 2,272 +12.1% 3,399 -9.4% 

 
This case study, shows that low cost or no cost process can identify operational 
improvements to optimize energy efficiency performance of the buildings and thus 
lower electrical consumption. Because of the low initial cost in RCx, the payback 
period of ESOs from RCx usually ranges from several months to a few years, about 3 
years in average, which is more cost-effective than replacement of equipment.  
 
Similarly, other RCx pilot projects can identify different ESOs, ranging from system 
tunings (such as adjusting timer setting, optimising system control sequencing, fully 
utilising energy management systems, recalibrating critical sensors/actuators, 
trimming down fresh air, reviewing set point of temperature and static pressure, fine-
tuning the ratio of gas and air supply to improve boiler combustion efficiency, further 
adjustment of lighting level, etc.) to recommendations involving capital improvements, 
such as installing sensors and actuators with demand control function, adding variable 
speed drives, modifying and upgrading existing building management systems, and 
replacement of equipment, etc.  
 
The energy saved from the ESOs of six pilot projects is around 2 300 000 kWh per 
year, which is equivalent to about 5% of the annual total energy consumption of the 
buildings concerned. The payback period of these ESOs ranges from several months 
to several years, or about three years on average. A summary of the six pilot projects 
of government buildings are shown below:- 
 

Table 2  Electricity Saving in six pilot projects of government buildings 
 

Building Name Total 
Internal 
Floor 
Area 

Anticipated 
Annual 

Electricity 
Saving 

Change of 
Electricity 

Consumption 
from last year 

Payback 
Period 

m2 ,000 kWh % year 
Education services building 22,000 350 9.4 2-3 

Police station building 38,000 490 7.0 3-4 
Government office building I 49,000 430 3.3 2-3 
Government office building 81,000 450 3.0 3-4 
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II 
Municipal services building I 19,000 320 5.0 3-4 
Municipal services building 

II 
24,000 280 5.0 5-6 

 
5. Importance of Operation Data 
 
During different stages of the RCx project, operation data are among the most 
important sources of information for study, analysis, investigation, verification, 
monitoring, etc. It is essential and important to store the data adequately and measure 
the data accurately, therefore quality database can be formed for continuous 
monitoring and study. 
 
5.1. Data Adequacy 
 
In order to study and compare the performance of the system in different seasons, 
adequate data are essential for forming a database. Some of the existing buildings 
have been equipped with Central Control & Monitoring System (CCMS) for control 
and monitoring the building services installations and operations. The operator can 
collect the trend logged data from the CCMS. The trend logged data can be collected 
directly from the CCMS, provided that the trend logged data have been stored 
properly. According to the Code of Practice for Energy Efficiency of Building 
Services Installation 2018 (BEC 2018), the measured data are required to be trended 
every 15 minutes and include hourly, daily, monthly and annual data. The metering 
devices and the associated monitoring facilities are required to be capable of 
maintaining all data collected for a minimum of 36 months (i.e. 3 years). Therefore, 
the operator should have 3 years trend logged data after carrying out of the Major 
Retrofitting Works (MRW) on the upgrading of the AC installations.  
 
5.2. Data Accuracy 
 
A quality database cannot be formed by adequate data only but also accurate data. 
Accurate data collection shall be based on selecting accurate sensors and installing 
them in correct position. 
 
In general, the measurement data are used for monitoring and control. It is important 
to determine the usage of the readings before selecting sensors. More accurate sensors 
shall be used to measure more important readings. For example, the chilled water 
temperature sensor will be installed in the chilled water supply main pipe and the 
chilled water pipe adjacent to the air handling units (AHUs). The chilled water 
temperature reading of the supply main pipe is the key element for calculation of 
cooling capacity of the development and for monitoring. Therefore, more accurate 
sensors shall be used for measuring chilled water temperature of the supply main pipe. 
 
The installed location shall be another factor affecting the accuracy of the reading.  A 
lot of time, effort and money have been spent for using higher accuracy measuring 
devices. However, it seems that not as much consideration is given to its installation. 
We can take the chilled water flow sensor as an example. Fluid flowing through a pipe 
generally assumes a desirable flow profile at or near the centre of the pipe. Flow 
disturbances can occur via improper flow meter installation, thus reducing 
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measurement accuracy. In this case, when talking about improper installation, it is not 
referring to improper piping alignment or meter orientation. It is referring to the 
placement of the meter in the process piping and its relation to valves, elbows, 
strainers, reducers, and a host of other devices that can be inserted into the piping that 
can have an effect on the flow profile. Reasonable straight pipework without other 
devices shall be allowed for flow meter installation in order to collect accurate 
readings for appropriate control. 
 
6. RCx Development in Hong Kong 
 
While the concept of RCx is not new to some stakeholders in the built environment in 
Hong Kong, its adoption and practice is not that widespread due to various reasons.  
In fact, many building owners and management companies are unfamiliar with the 
RCx processes, technical requirements, and the potential benefits of RCx. There is 
insufficient professional and technical manpower with adequate RCx knowledge in 
Hong Kong. To overcome the above challenges, the following measures to promote 
RCx in Hong Kong are being implemented: – 
 
6.1. Update of Technical Guidelines on Retro-commissioning (TG-RCx) 
 
Following the launch of the first edition in the TG-RCx in 2017, the EMSD has 
received feedback and information from various professional bodies and stakeholders, 
and has updated the TG-RCx and issued the Retro- commissioning Technical 
Guideline 2018 (TG-RCx 2018) in December 2018. New sections and topics are 
introduced in the TG-RCx 2018, which include the preparation of RCx, data 
management and CCMS requirements on RCx and KPIs for continuous monitoring. 
The content in the M&V methodology is also enriched. Furthermore, a new separate 
booklet on the RCx supplementary information is also issued. The supplementary 
booklet provides practical background information to facilitate RCx, including service 
provider engagement, technical guidance note for building services system diagnosis 
and Central Control Management System (CCMS) data sample. 
 
6.2. Setting up RCx Online Resources Centre 
 
In order to promote RCx, EMSD has launched an online resources centre since 2018 
for providing common RCx technical tips, uploading RCx events, trainings & 
seminars and sharing successful RCx cases, etc. The online resource centre is 
evolving. It will become a repository platform for providing latest information about 
RCx for trades and stakeholders.  
 
6.3. Conducting RCx to Major Government Buildings 
 
The Government is leading by example to enhance energy efficiency of existing 
government buildings. We are gearing up to conduct RCx progressively in suitable 
major government buildings to improve their energy efficiency. In the coming years, 
more than 200 government buildings were selected for implementation of RCx by 
phases. The first batch of buildings are now in progress.  
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6.4. Energy Saving Championship Scheme 
 
The launching ceremony of the “Energy Saving for All Campaign 2019” was held on 
5 July 2019 with the Secretary for the Environment as the officiating guest. The 
ceremony covered the launch of the “Energy Saving Championship Scheme 2019”. 
 
The Energy Saving Championship Scheme 2019 aims to recognize sector to promote/ 
implement retro-commissioning (RCx) for improving the energy efficiency of existing 
buildings.  The targeted participants were building owners, property management 
companies and RCx services provider so as to promote concerted efforts in the 
industries for energy saving.  The category for students competition would continue 
this year to keep on the momentum and encourage youth to express their ideas on 
EE&C and/or RE initiatives or technologies. 
 
6.5. Promoting RCx to Greater Bay Area (GBA) 
 
In order to enhance collaborations for synergy effect on promoting RCx in the region, 
a Memorandum of Co-operation (MOC) on RCx was signed amongst different 
organizations in Hong Kong, Macau, the Greater Bay Area and other Mainland cities, 
including the Hong Kong Green Building Council (HKGBC), the Building Services 
Operation and Maintenance Executives Society (BSOMES), the Macao Institution of 
Electrical and Mechanical Engineers (AEEMM), the City Air-conditioning Energy 
Conservation and Control of Guangdong Project Technology Research Exploitation 
Center of the South China University of Technology (SCUT), the Building Energy 
Conservation Research Center of Tsinghua University (TU) and the Shanghai 
Research Institute of Building Sciences (SRIBS) in November 2018. The signing of 
the MOC embodies further collaboration among the signatories to promote RCx as a 
pragmatic new solution for achieving higher building energy efficiency. The MOC 
also offers a solid foundation for the partners to build capacity through sharing their 
knowledge, experience and expertise. EMSD will actively work with all signing 
parties to share and promote RCx knowledge and practices to other cities in the 
Mainland. The first plenary meeting among the signing parties was held in Beijing in 
March 2019. The following areas under three Task Forces would be focused, namely: 
technical advancement, capacity building and promotion & publicity. The first task 
force meetings were held in Hong Kong in August 2019.  
 

   
Figure 2 Photo for Signing Ceremony of Memorandum of Co-operation (MOC) 

in November 2018 (Left) and First Plenary Meeting in March 2019 (Right) 
 
 
 
 
 



 

35 
 

7. Conclusion 
 
To be an initiator of RCx for effective energy conservation, EMSD will continue to 
promote RCx, which is a new, cost effective energy saving tool, to different 
stakeholders in both public and private sectors, liaise with professional institutions 
and trade associations for training on RCx and development of RCx technologies for 
enhancing energy efficiency and reducing greenhouse gases emission. We hope that 
both public and private sectors can work hand-in-hand to promote the RCx and 
achieve our energy saving target. 
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Applying Artificial Intelligence (AI) to Optimize Chiller Plant Energy Use 
 

P. Lee, D.C.C. Chan and K.K.Y Lee 
ATAL Building Services Engineering Ltd 

 
Abstract 
 
In recent years, artificial intelligence (AI) has undergone a remarkable development. 
AI works best when large amounts of data are available. This characteristic is 
particularly suitable for the building energy management field where large sets of 
building operating data can be obtained through building management systems (BMS). 
This paper discusses how AI can be used to optimise energy use of central chiller 
plants. In order to determine the optimal control settings under different cooling loads, 
a model which truly represents the actual performance of chiller plant system needs to 
be developed. This paper introduces the physics-guided machine learning (ML) 
approach to develop individual equipment models, including chillers, pumps and 
cooling towers, using the actual operating data. With the representative ML models, 
the real-time optimisation search can be performed to determine the optimal control 
settings under various cooling loads and weather conditions. A comparison of 
different optimisation methods is made to illustrate the advantages and limitations of 
the existing optimisation methods. Apart from real-time optimisation, AI can be used 
to predict cooling load for optimal morning start-up. Based on the historical data 
including weather data, cooling load and work schedule, the machine learning (ML) 
model can be trained for cooling load prediction. A typical office building in Hong 
Kong is used to demonstrate the above applications.  
 
近年人工智能技術發展迅速，隨著數據量的增加，人工智能效率亦相應提升。

豐富的數據可從樓宇管理系統中獲取, 這正好發揮人工智能優勢於樓宇的能源管

理。這篇文章會分析如何運用人工智能, 優化中央冷凍系統的能源效益。爲了找

出在不同冷負荷情況下最佳的控制設定，我們需要建立一個能夠真實反映中央

冷凍系統表現的模型。同時, 亦會介紹如何透過「物理指導式機器學習模型」，

利用實際運行數據，為各個獨立設備建立模型，包括冷水機、泵和冷水塔。建

立個別設備模組後，用戶可以基於不同冷負荷和天氣情況下, 透過實時優化搜索

功能取得最佳控制設定。文章亦比較了各種的優化方法，並附以描述現有方法

的優點及限制。除了實時優化的功能，人工智能技術還可預測早上開機適宜的

冷負荷設定。利用以往的天氣、冷負荷和工作行程的數據，並經過反覆的訓練, 
機器學習模型能夠預測冷負荷設定。文章亦會引用一棟香港典型辦公室大廈以

闡釋上述應用。 
 
Keywords: artificial intelligence, chiller plant, optimisation, cooling load 
prediction 
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1. Introduction 
 
Since the 1980’s, most large commercial buildings in HK are equipped with a 
building management system (BMS). In the high-rise buildings, more than 10,000 
sensors are installed to monitor the performance and conditions of building services 
systems. These sensors record major operating parameters such as temperature, flow 
rate, power and air pressure in various equipment and systems. Therefore, a huge 
volume of data can be obtained and analysed. For the advanced BMS, the data 
resolution (log interval) can be reached to 5 seconds, and the volume of data can be up 
to 1 terabytes (TB) per year.  
 
Artificial intelligence (AI) works best when large amounts of data are available. This 
characteristic is particularly suitable for the building energy management field where 
large sets of building operating data can be obtained through building management 
systems (BMS).  
 
In this paper, a dynamic chiller plant control optimisation is proposed to optimise the 
performance of the whole central chiller plant. The dynamic control optimisation is 
built upon the basis of self-trained physics-guided machine learning (ML) models 
using actual operating data. This hybrid blend of physical principles and ML approach 
ensures accurate modelling of the actual performance of chiller plant equipment.  
 
Apart from real-time optimisation, AI can also be used to predict the cooling load for 
the optimal morning start-up. Based on the historical data including weather data, 
cooling load and work schedule, the machine learning (ML) model can be trained for 
the short-term cooling load prediction.  
 
2. Dynamic optimisation 
 
Dynamic chiller plant control optimisation is a data-driven optimisation which 
requires the accurate operating data for equipment modelling and real-time 
optimisation search. To ensure the high quality of data being used for equipment 
modelling, the advanced data management shall be implemented.  

 
2.1. Advanced data management 
 
Data quality is crucial to accurate equipment modelling. If there are any biases in the 
data being used for building the models, the models will be flawed, and therefore, the 
accuracy of calculated results is adversely affected. The key purpose of advanced data 
management is to comprehensively collect, pre-process, enrich, store, and analyse 
data from various sensors in central chiller plants and relevant open data (e.g. HK 
Observatory’s weather data). The features of this function are shown as follows: 

• Collection of BMS raw data 
• Aggregation – combining multiple pieces of data 
• Time alignment with different dataset 
• Classification – separation of data into various categories 
• Data cleansing –filtering abnormal/ transient state operating data 
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Figure 1: Different types of data and its relationship 

 
To eliminate the impact of noise in the raw data, the domain-specific data cleansing 
techniques are used, and this ensures high quality of data for modeling and analysis. 
For example, the percentage of heat balance of chiller can be used as an indicator to 
determine the steadiness of the chiller (e.g. steady or transient states).  
 

 
 

where: Qe = chiller cooling load (kW) 
Wch = chiller power (kW) 

 Qc = chiller heat rejection (kW) 
 
 
As such, the non-steady state data can be detected and filtered, allowing the 
underlying patterns and actual performance to surface. Figure 2 & 3 show the 
difference between the chiller models with/without the domain-specific data cleansing 
techniques. The dataset in Figure 3 becomes less noisy as the transient data is 
discarded from the dataset.  
 

  
Figure 2: Model visualisation without 
domain specific data cleansing 

Figure 3: Model visualisation with 
domain specific data cleansing 
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2.2. Development of representative equipment models using a physics-guided 

machine learning approach 
 
Different from the traditional rule-based optimisation control, the dynamic chiller 
plant optimisation is built upon the basis of physics-guided machine learning (PGML) 
models by using actual operating data. This hybrid blend of physics and machine 
learning (ML) approach reveals the actual performance of individual chiller plant 
equipment, including chillers, pumps and cooling towers.  
 
In ML settings, the objective is to build a model function f, usually a parametric 
model, which accepts input X and predicts a certain quantity Y. 
 

 
 

To determine both the functional form and parameters of the function f, a model 
training is performed by numerical methods (e.g. gradient descent) in order to 
minimise the empirical loss, Loss( ), of its model predictions, Ypred, on the training set 
as follows:  
 

 
 
where R acts as a constraint on the complexity of the model. In PGML models, 
physical principles are introduced to further guide the model. With the physical 
principles, the model is trained by minimising the following loss function: 
 

 
 
where Rphy is a measure of physical inconsistency. As a result, the model produces 
predictions that are consistent with the physical principles. 
 
An example is given to the development of chiller model. In the PGML chiller model, 
cooling load Qe, chilled water supply temperature Tchws, condensing water supply 
temperature Tcdws, chilled water flow rate Frchw and condensing water flow rate Frcdw 
are taken as the input data, and the chiller power Wch is the prediction objective. The 
physical constraints are as follows: 
 

 
 
To introduce these constraints in the PGML model, the physical inconsistency is then 
written as: 
 

 
 
where ReLU is the rectified linear unit function and D is the region of interest of the 
input parameters. 
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Governed by the physical principles in PGML, this combined approach provides a 
basis towards the self-adaptive ML while ensuring physically consistence and 
interpretable results.  

  
Figure 4: Only applying machine learning 
for chiller model development 

Figure 5: Physics-guided machine 
learning for chiller model development 
(with predictability outside the range of 
available data)  

Figure 4 & 5 show the difference between the chiller models with/without the 
physical principles for machine learning. With the physics principles, the PGML 
chiller model can provide accurate performance prediction under different operating 
conditions. If there is no physical principle guiding the machine learning in 
developing chiller models, the predictability will be limited or even invalid outside the 
range of available data (Goldon & Ng, 2008). 
 
To ensure that the raw BMS data truly reflects the actual performance of air-
conditioning systems, the transient state data extracted from the raw BMS data would 
be discarded for models development, which means only the steady state data is taken 
into account for model development.  
 
2.3. Real-time determination of optimal control setting 
 
Once each equipment is developed with the PGML model to represent the actual 
equipment performance, the optimal control settings under various cooling load and 
weather conditions can be determined. The possible control settings include the 
combination of different equipment operations and the relevant system settings, such 
as  

 Chilled water supply temperature set point 
 No. of chillers to be run 
 No. of chilled water pumps to be run 
 No. of cooling towers to be run 
 Condenser water pump speed 
 Cooling tower fan speed 
 Chilled water pump speed 
 Chilled water flow rate demand 
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With the holistic plant model, the overall plant energy use corresponding to various 
possible combinations of the control settings can be evaluated for comparison. In 
order to perform the real-time optimisation, the gradient-based optimisation search is 
adopted to determine the optimal control settings, which are defined as the control 
settings leading to the minimum energy consumption of the whole chiller under the 
given cooling load and weather conditions.  
 
2.3.1. Enhanced control regulator  
 
The main purpose of the enhanced control regulator is to prevent the hunting of chiller 
plant operation due to transient changes in cooling load and weather conditions. In 
order to prevent control hunting, the energy use of whole chiller plant will be 
predicted if the current control settings remain unchanged under the latest cooling 
load and outdoor wet bulb temperature. The energy use under the optimal control 
settings will be compared with the one under the current control settings. If the energy 
difference is less than a certain percentage, the optimal control settings will not 
override the current control settings for system stability 
 
2.3.2. Flexible control constraint setting 
 
This setting allows engineers to set any constraint on the optimisation search (e.g. the 
chilled water supply temperature in Chiller 1 should not exceed 8.5oC) to suit system 
requirements. Apart from the temperature-related constraints, constraints regarding 
operation pattern can be also taken into account. For example, if the chiller 1 and 3 
are unable to operate together at nearly full load due to the current limit of transformer, 
the optimisation search can eliminate this possible operation pattern and settings.  
 
2.4. Comparison of different optimisation methods 
 
Table 1 shows the comparison between the rule-based and data-driven optimisation. 
Traditionally, the rule-based optimisation is used for minimising energy consumption 
in the central chiller plant. However, there are several limitations in this control 
optimisation method, including:  

 The optimisation rules might not be applicable if there is any significant 
change in building operations and/or system configurations; 

 Rule-based optimisation is often unable to holistically consider all control 
variables for real-time optimisation; 

 Design data is used to formulate the control strategies (not consider equipment 
deterioration) 

 
In comparison with the rule-based optimisation, the data-driven optimisation can 
bring the following advantages: 

 When the actual operating data is used to develop Physics-Guided Machine 
Learning (ML) models, the equipment deterioration can be considered for 
dynamic optimisation; 

 All control variables are taken into account for real-time optimisation 
(including the control variables of chillers, cooling towers, and chilled water 
and condenser pumps); 

 Data-driven optimisation can be adaptive to any sudden changes (the real-time 
optimisation is still applicable if some chillers are with sudden faults or 
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under maintenance) 
 

Table 1: Comparison of different optimisation methods 
 Traditional method Dynamic method 
Optimisation  Rule-based optimisation Data-driven optimisation 
Control parameters  Consider a few parameters Consider all parameters, including: 

- Chilled water supply temperature set point 
- No. of chillers to be run 
- No. of chilled water pumps to be run 
- No. of cooling towers to be run 
- Condenser water pump speed 
- Cooling tower fan speed 
- Chilled water pump speed 
- Chilled water flow rate demand 

Adaptability to any 
sudden change 

Fail to adapt to the latest 
changes 

Adaptive to the latest changes 

Data Fixed Data (design data) 
- Fail to consider 
equipment deterioration 

Dynamic Data 
- Consider equipment deterioration 

 

3. Machine learning-based cooling load prediction 
 
Apart from real-time optimisation, AI can be used to predict cooling load for optimal 
morning start-up. Based on the historical data including weather data, cooling load 
and work schedule, the machine learning (ML) model can be trained for the short-
term cooling load prediction (Wang et al, 2018). 
 
Machine learning (ML) allows systems to automatically learn and improve from data 
without being explicitly programmed. The performance of machine learning is 
particularly good at revealing nonlinear and complex patterns in big data. To develop 
such a ML-based model, it is important to identify the critical features relating to 
cooling load for machines to learn.  
3.1. Feature extraction 
 
The main purpose of feature extraction is to obtain the representative information 
from data for the model input. In this study, the following features are extracted based 
on the literature review and domain knowledge, and the year of 2018 data are used as 
the raw dataset. 

 Outdoor dry-bulb temperature 
 Outdoor relative humidity 
 Ultraviolet (UV) radiation 
 Hours of day 
 Days of week 
 Day type (holiday or not) 
 Cooling load 

 
These features can be categorised into three types, namely weather features, time 
features and load features. Weather features include outdoor dry-bulb temperature, 
relative humidity and ultraviolet radiation. These weather features have a direct 
relationship with the cooling load as the heat is transferred from the ambient air to the 
indoor air, as well as from solar radiation. The time features refer to hours of day, days 
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of week and day type (holiday or not). These time features have a strong correlation 
with the occupancy, which is one of the key factors affecting the cooling load. The 
load features mean the actual cooling load measured by temperature and flow sensors 
in the chiller plant. 
 
3.2. Model development 
 
In this study, random forest (RF) is adapted as the machine learning prediction 
technique (Liaw & Wiener, 2002). Random forest has been successfully used for 
building energy predictions in the previous studies (Fan et al, 2017). In random forest, 
the predictor comprises a collection of randomised base regression trees by bootstrap 
aggregating or bagging. Random forest works by averaging multiple deep decision 
trees, and the model is trained on various parts of the same training set with the goal 
of reducing the variance. 
 
3.3. ML-based prediction results 
 
Figure 6 shows the comparison result between the predicted and actual cooling load. 
It is demonstrated that random forest provides the accurate prediction and leads to R2 
scores of 95.6% for hour-ahead predictions.  
 
In addition, the result of hour-ahead prediction can be used to formulate the optimal 
chiller start-up operation. Prior to the transition from the night mode to morning mode 
in the chiller plant operation, the operators often use their experience to determine the 
chiller start-up pattern. However, the improper start-up pattern will lead to the 
excessive provision of cooling capacity, and thereby the unnecessary peak demand 
(Shan et al, 2018).  
 
Based on the input data of the weather forecast result by Hong Kong Observatory, 
days of the week, special day (e.g. holiday) and the summary statistics of pervious 7-
day cooling load, the ML-based cooling load prediction model can determine the next 
hour cooling load. 
 

 
Figure 6: Comparison between the predicted and actual cooling load. 
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Table 2 illustrates the result using the ML-based cooling load prediction for the chiller 
morning start-up. It is found that 96.1% of accuracy can be achieved to predict the 
optimal cooling capacity of chillers in operation to deal with the start-up load in year 
of 2018. 
 
Table 2: Result comparison between the predicted and optimal chiller operation 
pattern for the morning start-up. 
 Predicted Chiller Start-up Pattern 

0L1S 1L0S 1L1S 2L0S 

Optimal 
Chiller Start-
up Pattern 

0L1S 20.8% 0.4% - - 
1L0S 0.4% 45.3% - - 
1L1S - 0.8% 14.0% 0.4% 
2L0S - - 1.9% 16.2% 

 
4. Case study 
 
The dynamic chiller plant optimisation was implemented in a Grade-A office building. 
Without replacement of any equipment, the performance of the chiller plant in the 
building has been improved from an average plant COP of 3.04 to 3.46, leading to the 
chiller plant energy saving of 12.3% in the first three months of implementation.  
 
There are some challenges during the project implementation. At the beginning, the 
sensor biases were observed in several sensors (e.g. temperature and flow sensors). 
Therefore, it is necessary to correct sensor biases of the historical data such that the 
more accurate historical data can be used to build the physics-guided machine 
learning model for each equipment. In order to verify the sensor bias results, sensor 
calibration work was carried out for the suspicious sensors with biases (including 
temperature and flow sensors). The sensor biases can be evaluated based on the 
conservation of energy and mass. With a large amount of different combination of 
chiller operating data, the sensor biases can be determined using a least square curve 
fitting method. 
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5. Conclusions 
 
In this paper, a dynamic chiller plant control optimisation is proposed to optimise the 
performance of the whole central chiller plant. The whole optimisation is built upon 
the basis of self-trained physics-guided machine learning (PGML) models using 
actual operating data. This ensures accurate modelling of the performance of chiller 
plant equipment.  
 
This data-driven optimisation has been adopted in the case study building. The COP 
of chiller plant has been increased from an average plant COP of 3.04 to 3.46, leading 
to the chiller plant energy saving of 12.3% in the first three months of implementation. 
 
To provide the optimal cooling capacity of chillers to deal with the start-up load 
before the office hour, a machine learning model is developed for the short-term 
cooling load prediction. Based on the historical data such as weather conditions, days 
of the week, special day and the summary statistics of pervious 7-day cooling load, 
the ML-based cooling load prediction model can achieve 96.1% of accuracy to predict 
the short-term cooling load for the optimal morning start-up. 
 
With the use of big data and machine learning, the real-time optimisation of the 
central chiller plant can be achieved to ensure the minimum energy consumption at all 
time.  
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Introduction of Sun Control Window Film - for Energy Conservation 
and Building Sustainability 

 
Turis C.W. Li 

Technical Department, 3M Hong Kong Ltd. 
 
Abstract 
 
Different technologies to improve lighting and HVAC control have been widely 
discussed and adopted more than a decade to achieve energy saving in different kinds 
of buildings. Sun control window film is an alternative passive technology to reduce 
energy consumption especially in modern architectures with maximized window 
façade design. An over 60-year-old technology has been majorly upgraded and 
transformed in these 10 years, but there has not been extensive discussion. In this 
paper, the newest constructions of multilayer optical film (MOF) and traditional types 
of sun control window films will be compared with its operating principles. Various 
principles are based on window film construction, band-pass properties and light 
properties at different frequency bands. By comparing the optical results, we proved 
multilayer optical film having excellent visible light transmission at the same time 
contributes to good solar rejection. Color depth of film does not belong to the overall 
arbitrators. In the case study in Hong Kong illustrated the latest construction of 
multilayer optical films outcome 2.87°C and 8.32°C for average and maximum 
temperature reduction respectively. Adding high clarity multilayer optical film either 
inside or outside of curtain wall was effective because of the significant temperature 
reduction verified the solar heat gain decreased through glazing. In addition to 
controlling sun energy, a multilayer optical film add-on with both solar control plus 
security feature has been developed to prevent hurricanes from attacking and deter 
unwanted individuals from entering your building. The product is certified by ANSI 
Z97.1, ASTM E1886 and ASTM F1642. The introduction can give audience a holistic 
view of sun control window film development, understand of the implementation of 
decision criteria to achieve energy saving and maintain the building sustainability. 
 
在過去的十多年中，業界已經廣泛討論採用各種不同照明和暖通空調

（HVAC）的技術，以達到建築物的節能減排效果。太陽防曬隔熱玻璃膜(簡稱: 
隔熱玻璃膜)是另一種減少能耗的被動技術，尤其是在備有大型玻璃幕牆的現代
建築設計中。這種使用了超過六十多年的技術在過去的十年進行了重大升級和

改造，但還沒有進行廣泛的討論。本文將基於最新多層光學膜(MOF)技術與傳
統類型的隔熱玻璃膜在構造上、波長通過特性、光學特性、詳細操作原理、選

擇標準及評估性能的科學方法進行比較。通過比較結果，我們證明了同時具有

優異可見光透射率的多層光學膜有助於良好的日光吸收。同時說明膜色深淺度

不屬於整體隔熱效率的最終判定。在香港的案例研究中，最新構造的多層光學

膜分別使平均和最大降溫度達 2.87°C和 8.32°C。因為顯著的溫度降低證明了通
過玻璃窗減少的太陽熱增益，不論在幕牆的內部或外部添加高清晰度多層光學

膜都是有效的選擇。除控制太陽外，還開發了具有隔熱和安全功能的多層光學

膜，可防止颶風襲擊並阻歹徒進入建築物，該產品還通過了 ANSI Z97.1，
ASTM E1886 和 ASTM F1642 等認證。文章可以加深讀者對隔熱玻璃膜的了
解。以實現高效節能並保持建築物的可持續性。 
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Keywords:  Sun control window film, , multilayer optical film energy 
conservation, building sustainability 
 
1. Introduction 
 
The Energy Efficiency Office (2018) conducted a research study of the Hong Kong 
Energy End-use Data 2018 mentioned that the total greenhouse gas (GHG) emission 
in Hong Kong was 41,900 kilotonnes CO2-e13, around 90% of which originated from 
the consumption of energy in 2016. “Air conditioning” was the largest end-use 
consuming 29% of the total energy in commercial sector, followed by “lighting” 15% 
which is just closely a half of air-conditioning, see Figure 1. To encounter a situation 
of the year-on-year growth of energy consumption, “Green” building concept has 
been widely discussed for many years. Launching an efficient HVAC system is a 
popular active solution to reach significant energy saving. Furthermore, installation of 
sun control window film is becoming a new trend for passive energy saving way 
because of even no annual maintenance and daily operation costs. Traditional window 
film was not performed well due to the reason of technology limitation, short product 
life and lack of energy saving efficiency.  New window film technologies have been 
recently well emerged with promise of great energy savings. Innovation of nano-
coating technology in recent 10-15 years, more durable plus excellent sun control 
performance window films have been developed. Lisa and Renee (1997) opined that 
installing window films to existing windows is one of the most cost-effective options 
in terms of payback period. In fact, sun control films are overlooked, and building 
owners were more likely to optimize their HVAC system in the real situation. To large 
extent, creating an efficient building façade before HVAC equipment replacement 
could help on both cost and environmental energy saving. The newest technology, 
energy saving efficiency of sun control window film with local case study as well as 
new window film development trends will be discussed in following paragraphs.  
  

 
Figure 1 All commercial energy End-uses in 2016 (The Energy Efficiency Office, 

2018) 
 
 

2. Construction of sun control window film 
 

2.1 Basic of solar radiation 
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Before the explanation of the sun control window film design, firstly, the 
identification of where the thermal heat come from is needed. Solar energy comes 
from the sun through the universe is a kind of electromagnetic radiation which the 
radiation passes through the atmosphere into the place we live. The entered solar 
radiation consists of heat can be identified into three types of radiation: Ultraviolet 
(UV), Visible light and Infrared (IR), see Figure 2. Wetzel (2001) and Harald et al 
(2001) mentioned the distribution of solar radiation against wavelength. Although the 
values are not exact the same, they are still very close. Ultraviolet is a destructive 
radiation leading to product color fading and human’s skin cancer. Itis not the main 
contribution of heat but only consists of approximately 3-5% of solar radiation. 
According to the solar spectrum, UV defined as 100 -400nm included UVC (100-
290nm) mainly blocked by the ozone layer and atmosphere, the medium wave UVB 
(290-320nm) and UVA (320-380nm). While UVA penetrates the human skin more 
deeply than UVB, action spectra for biological responses indicate that it is radiation in 
the UVB range that is absorbed by DNA – subsequent damage to DNA appears to be a 
key factor in the initiation of the carcinogenic process in skin (Robyn et al, 2006). The 
visible light is counted from (380 – 780nm), it is a portion of wavelength that 
is visible to the human eyes. Unlike Ultraviolet, visible light is one of the main heat 
carriers, it contributed around 43-44% of entered solar radiation. Therefore, clear 
glass with no tint will have more solar heat passes through. Finally, the IR is counted 
from 780-10,000nm, the range is much wider than UV and visible light.  Typically, we 
divided IR into the two parts; near infrared (NIR) and the far infrared (FIR). The NIR 
is measured from 780 to 2500nm. It contributed 52-53% of the solar radiation and that 
is the reason it is also named thermal infrared. On the other hand, the FIR is a portion 
beyond NIR measured from 2500 to 10,000nm (but some scientist may define at 2500 
to 13000nm depends on application). FIR contributed zero solar radiation and it is 
commonly used in healthcare aspect. For instance, heat therapy for pain relief. 
 

 
Figure 2 The graph of solar radiation spectrum from 300 – 2500nm. (Hebrink, 2012) 

 
2.2 Optical design of sun control window film 
 
Theoretically, the best way to design a sun control film is to eliminate all heat related 
radiations, in addition to keep all wavelength we desired to pass through. However, 
there is a contradiction for window film design in connection with the heat gain theory. 
As discussed in above section, VISIBLE LIGHT consists of 43 to 44% solar radiation, 
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thus, the intensity of visible light transmission is also considered as a major factor of 
total solar energy rejected (TSER). To compare the films with same UV and IR 
rejecting performance but different visible light level, lower percentage of visible light 
transmission is performed better in term of TSER. It proved that people tend to 
believe darker film must have good solar rejection, nevertheless, it is not always true. 
The IR band rejection is more critical for sun control window film design, but which 
is occasionally ignored because of its invisible nature. Traditional window films 
always tinted dark, probably there are two reasons: 1. the use of color dyed to achieve 
heat reduction by lowering the solar heat gaining from visible light transmission. 2. To 
embed high reflective metal in the film layer for blocking the solar radiation. Yet, 
there are several limitations for above technologies. For dyed window film, 
manufacturer developed darker film to enhance solar rejection performance and to 
maintain good privacy with limited visible light penetration. However, filtering IR or 
UV radiation effect is not significant and low durability due to excessive UV exposure 
causing color fading. Metal coated window film has been technologically advanced 
for a long time. Small metallic particles are embedded for solar radiation reflection. 
Metal film provides excellent heat rejection and UV blocking owing to denser 
metallic molecular structures. While the film has several negative functions, the metal 
particles may interfere in communication frequency such as radio, cellular, WIFI or 
GPS signal. Also, corrosion will be happened if the water or chemicals get inside the 
interlayer. Corroded particles formed tiny colored dots appeared inside the clear film, 
then the window clarity is strongly affected. Moreover, embedded metal brings 
another issue of higher internal and external reflection. According to the updated 
Practice Note APP-2 published by Buildings Department in 2017, the external 
reflectance of the glass used in the curtain wall system should be under 20% 
(Buildings Department, 2017). Hence, either high reflective window film or low E 
glasses are restricted to be used for new building code of practice. Hybrid film with 
combination of dyeing and metallization technology is commonly introduced for 
getting rid of the former disadvantages. Owing to the dyed layer, visible light can be 
blocked, while metal layer gives an effective solar rejection. In other terms, it can 
block heat well and keep reasonable visible light transmission compare with 
traditional dyed film. Still, the same shortcoming as metal coated window, such as, 
color fade, corrosion and communication interference issues are unavoidable. Figure 3 
describe the common inter construction of dyed, metal and hybrid films.  

 

 
Figure 3 The common inter construction of dyed, metal and hybrid films. 

 
 

2.3 Multi-layer optical film technology 
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Jiang et al (2018) opined that multi-layer optical film has been found to afford 
important applications in optical communication, optical absorbers, optical filters, etc. 
Different algorithms of multi-layer optical film design have been developed, such as 
simplex method, colony algorithm and genetic algorithm. Nowadays, the development 
of optical thin film industry is mature enough to create more than hundreds of layers 
optical film in nano-scale. By precision controlled of thickness and refractive index of 
materials in each layer, light waves are selected to pass through or reflect off. 
Regarding to solar control applications, using the nano-coating technology is possible 
to develop high performance multilayer optical film with up to 97% near infrared 
radiation (900-1000nm) blocks, 99.9% UV is blocked and rejected up to 65% of total 
solar energy. Figure 5. shows a graph of spectrum scan for percentage of light 
transmission from 300 to 2500nm measured by Lambda 1050 UV/Vis/NIR 
Spectrophotometer according to ASTM E903 setting, the IR transmission from 900 to 
1000nm enhanced from 81.73% to 2.36% by adding a multilayer optical film (3M 
CR70) on top of 4mm clear glass. Simultaneously, visible light transmission can be 
controlled in different level from 20% up to 90% for achieving end-user’s satisfaction 
of better clarity or stronger solar rejection and privacy. An ideal multilayer optical 
film design contains no metallic materials, aiming for low internal/ external reflection, 
corrosion-free and no signal interference. In recent years, manufacturers got more 
breakthroughs in developing durable outer most scratch resistance coating for the 
exterior window film application which the film can reject heat at the first surface, 
minimize the heat gain from the glass panel and increase energy saving efficiency. 
 

 
Figure 4 Cross section of multi-layer optical film (Hebrink, 2012) 
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Figure 5. Percentage of light transmission from 300 -2500nm for 3M CR70 applied on 

4mm glass vs 4mm glass only 
   

2.4 Installation and maintenance of sun control window film 
 
Sun control window film is comparatively simple, user-friendly and highly 
recommended to be applied on dissipation glass like Insulated Glass Unit (IGU) for 
building upgrading. For new generation sun control window film, combination of 
pressure sensitive adhesive layer (PSA) and multilayer optical film can be found 
beneath the polyester lining. With the above technology, installers can be easily 
applying the film by simply trimming the film to desirable size, removing the liner 
and using proper slip solution and tools, such as squeegee. Though the steps are 
simple, some manufacturers require the installation to be done by their team in order 
to provide customers with satisfaction. Meanwhile, warranties are issued to build 
customer confidence. In terms of maintenance, the outer most layer of film is a 
scratch resistance coating layer, therefore the surface of the film can be cleaned by 
soap and water. However, alcohol base or abrasive cleaning agents should be avoided. 
Additionally, the film surface will be damaged if scratched by sharp objects (The 
Energy Efficiency Office, 2015). 
 

 
3. Energy efficiency of sun control window film 
3.1 Overall Thermal Transfer Value (OTTV) 
Solar heat in the form of radiation with wavelengths from around 780 – 2500nm 
penetrates through the glazing into indoor. The radiation heats up the indoor space 
resulting in more air-conditioning energy required to remove the heat. It is estimated 
that the solar heat gain through glazing can account for 15-20% of the air conditioning 
cooling load. Hence reducing solar heat gain through windows can save energy (The 
Energy Efficiency Office, 2015).  
 

Solar radiation 
type

Average %T
3M CR70 applied on 
4mm glass

4mm glass only

UV 320-380nm 0.10% 64.89%
Visible Light 420-680nm 68.23% 88.89%
NIR 900-1000nm 2.36% 81.73%
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Building Authority (1995) conducted the code of practice for Overall Thermal 
Transfer Value (OTTV) in building after a consultancy study in 1991, they found that 
if the envelope of a building was constructed to a suitable OTTV, electricity demand 
from air-conditioning and thus the emission of greenhouse gases from power 
generation could be reduced. The Government’s aim is to establish of a building, of 
which OTTV controls would form a part. As a first step, legislative control over 
OTTV has been introduced in the Building (Energy Efficiency) regulation (Building 
Authority, 1995).  OTTV is a value to indicate the average rate of heat transfer into a 
building through the building. The term building envelope refers to the outermost 
layer of a building. The roof, the walls and glazing surrounded are all included. There 
are two major components include: 1. Rate of heat transfer through conduction 
through opaque walls, Qwc and 2. Rate of heat transfer through solar radiation 
through window glass, Qgs. The calculation of OTTV for external wall shows in eq 
(1).  
 

        
Where  
Aw  =  Area of opaque wall, m2 

U  =  Thermal transmittance of opaque wall, W/ m2 

α  = Absorptivity of the opaque wall  
TDEQw  =  Equivalent temperature difference for wall, °C 
Afw  =  Area of fenestration in wall, m2 

SC =  Shading coefficient of fenestration in wall 
ESM  =  External shading multiplier 

SF  =  Solar factor for the vertical surface, W/ m2 

Aow  =  Gross area of external walls, i.e. Aw + Afw, m2 

 
To describe the heat gain equation of glass in (eq 1), Afw is the window area in meter 
square.  External Shading Multiplier (ESM) is the shading of windows is of 
paramount importance in reducing solar heat gain to the building. This shading can be 
provided by projections over the window, at the side of the window, or a combination 
of both. The details ESM can be referred to table 6 of code of practice for OTTV 
(Building Authority, 1995). The Solar Factor (SF) is the hourly radiation per unit area 
for horizontal and vertical surfaces. The SF values listed in table 7 of code of practice 
for OTTV in building for engineering calculation.  Finally, shading coefficient of 
fenestration (SC) is the main factor to show how the glazing system was improved by 
installing sun control window film. Basically, SC is the ratio of the solar heat gain 
through a particular type of glass. Nevertheless, SC is an older means of assessing the 
total amount of solar radiation passing through a glazing system but not including the 
frame and is not commonly used nowadays. It has been replaced in literature by the 
Solar Heat Gain Coefficient (SHGC). Charlie (2018) mentioned the definition of 
SHGC is determined by an area weighted average of contributions from the 
transparent and the opaque elements in the window. The entire vision area is 
multiplied by the center-of glass SHGC. Typically, SC can be estimated by dividing 
SHGC / 0.86. So, energy assessors may forecast the energy saving and payback for 
sun control window film project by SC reduction in OTTV calculation. Because of the 
great performance regarding multilayer optical film, the glass can be improved up to 
halve of the original SC value. Mores, an excellent film design will cover the 
calculation of entrance angle at 45 or 60 degree, hence to take care the tilt angle 
between the sun and vertical glazing, also to assure the film works for horizontal 
skylight.  

(1) 
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Computer modeling has been widely accepted for glazing simulation or even energy 
saving estimation. For example, computer programs Optics and Window developed 
by Lawrence Berkeley National Laboratory (national laboratory system supported by 
the U.S. Department of Energy) has been used globally for glazing design which 
integrated with the use of International Glazing Database (IGDB) for calculation such 
as total window thermal performance indices (i.e. U-values, SHGC, SC, and visible 
light transmission). Table 1 shows some references of computer modeling programs 
for energy saving in different countries. 
 

Table 1 References of computer modeling programs for energy saving in different 
countries 

Software name Developer Country Purpose

Window Lawrence Berkeley National Laboratory US
Calculation of U-values,SHGC, SC,

VLT

Optics Lawrence Berkeley National Laboratory US
Design work for optical data of glass

and glazing layers

EnergyPlus (Efilm) National Renewable Energy Laboratory US Building energy simulation

EDSL TAS
Engineering Development Solutions

Limited
UK Building energy simulation

LESCOM-wind / LESOCM-mint
Life Energy Saving Computer Method

(LESCOM) Institute, Inc.
Japan Building's thermal load calculation

BESTAI
Industrial Technology Research Institute

(ITRI)
Taiwan Building energy simulation

 
 

3.2 Thermal comfort for building  
 
To prove the mentioned concept and give evidences for multilayer optical film 
functionality, our team has setup a test to determine the film performance in term of 
temperature reduction in different buildings in Hong Kong. Finally, the team selected 
4 locations for study as shown in table 2. The study covered different locations, 
building type, applied film type and installation side. To compare the different 
between with/without film installed, those selected windows for comparison are 
identical and at the same orientation. Onset HOBO U-12 temperature loggers were 
used in the study, which placed approximately 1ft. behind individual windows and 
temperature changes against time were recorded for later analysis, the details setup 
shown as Figure 6.  
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Figure 6 The setup of temperature logger study 
 
To emphasize the function of solar control film, the cloudy and rainy days data were 
eliminated in the study. The graphs of temperature against time were plotted in Figure 
7 to 11. The blue curves represented the logged temperature without sun control film 
applied and the orange and grey line indicated to temperature recorded behind 
window with different types of film installed.  Base on the results in Figure 7 to 11, 
curve patterns in different locations are similar with various numbers of peaks against 
time, and every peak represented the temperature change of a day. Sunrise to upon 
angles leading more solar heat penetrated inside the building raising temperature up 
until maximum value. Then the solar heat gain started decreasing because of reducing 
solar heat gain until sunset. Temperature dropped to the approximately initial value 
and became flat before another new cycle. As shown in Figure 7 to 11, we found that 
the temperature without film applied always higher than the temperature with 
multilayer optical film applied, no matter the multilayer optical film type or 
installation options. A summary of heat reduction also prepared in table 2 to 
demonstrate the average and maximum temperature reduction with sun control film 
applied during the solar peak hours. The solar peak hours mean the period screened 
with maximum solar heat gain, it is not a constant regarding different testing location. 
The results in table 2 shows the average and maximum temperature reduction 
increased from 1.50°C to 4.31°C and 5.74°C to 12.33°C respectively. We obtained 
remarkable results in 3 locations, YMCA-Kowloon, San Po Kong lift tower and 
exhibition center at Lantau Island, the average temperature reduction is more than 3°C 
and maximum reduction in peak hour is more than 8°C.  Theoretically, external 
application of sun control film is more effective than internal application as we have 
already discussed in section 2.3. However, we’re not able to obtain similar results 
during the study after compared the results of Chinese YMCA of Hong Kong - 
Kowloon Centre and Chinese YMCA of Hong Kong - Wu Kwai Sha Youth Village. 
Therefore, the team further investigated the test setup and found a concrete shading 
built on top of the glazing system, which provide an extra shading for the building at 
certain period of hours that blocked the direct sunlight. But the sun control film still 
provided solar enhancement for the time that concrete shading cannot be functioned, 
thus we have measured 1.5°C, 1.75°C in average temperature reduction and 5.74°C, 
6.96°C in maximum temperature reduction. Those numbers are not as effective as 
other studies we have done in table 2. Also, we measured 12.33°C maximum 
reduction in San Po Kong lift tower study, we believed there are two main reasons to 
obtain such an unexpected high number in term of temperature reduction. The first 
reason is the building location. Unlike the YMCA Kowloon center, the lift tower is 
built in a very open area without shading or even shading from other buildings, hence 
a longer time suffered from solar radiation. The second reason is the design 
differences compare with normal building, the lift tower constructed with all glass 
surrounded by 4 sides like a glass box. Consequently, the film application area is the 
largest compare with other studies. We found that the building types, HVAC system, 
window shading, window orientation and dimensions...etc which these kinds of 
variation between test locations are probably contributed in the measurement 
deviations. Further studies should be conducted to determine the relationship between 
film application size, glazing types, application side and building construction 
differences. The case studies illustrated the newest constructions of multilayer optical 
film outcome 2.87°C and 8.32°C for average and maximum temperature reduction 
respectively showed in Table 2.  The results generally proved the multilayer optical 
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film applied are functioned well in Hong Kong, which rejected excessive solar heat 
penetrated through the windows causing temperature dropped. 
 
 

 
Figure 7 The graphs of temperature logging at YMCA – Kowloon Centre  

(comparison with/without 3M PR60 applied interior vertical) 
 

 
Figure 8 The graphs of temperature logging at YMCA – WKS village  

(comparison with/without 3M PR40ex applied exterior vertical) 
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Figure 9 The graphs of temperature logging at YMCA – WKS village  

(comparison with/without 3M PR70ex applied exterior vertical) 
 
 

 
Figure 10 The graphs of temperature logging at San Po Kong, Kowloon glass lift 

tower  
(comparison with/without 3M PR40ex applied exterior vertical) 
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Figure 11 The graphs of temperature logging at North Lantau Island, exhibition center 

/ mall  
(comparison with/without 3M PR40ex applied exterior horizontal) 

 
 

 
 

Table 2 Summary of temperature logging case studies 
Location Building type Film type Application

Average temp. reduction 
in solar peak hours

Max. temp. reduction 
in solar peak hours

Remarks

Chinese YMCA of Hong Kong  
- Kowloon Centre

Office building
3/f & 4/F office

3MTM Sun Control 
film PR60 (MOF)

Interior
Vertical 

3.13°C 8.54°C
solar peak hours 

0800 - 1500

Chinese YMCA of Hong Kong 
- Wu Kwai Sha Youth Village

Bungalow
Canteen

3MTM Sun Control 
film PR40ex (MOF)

Exterior
Vertical

1.75°C 6.96°C
solar peak hours  

1000 - 1830

Chinese YMCA of Hong Kong 
- Wu Kwai Sha Youth Village

Bungalow
Canteen

3MTM Sun Control 
film PR70ex (MOF)

Exterior
Vertical

1.50°C 5.74°C
solar peak hours  

1000 - 1830

San Po Kong, Kowloon
Glass Lift tower

Glass Lift tower
3MTM Sun Control 

film PR40ex (MOF)
Exterior
Vertical

4.31°C 12.33°C
solar peak hours  

0700 - 1900

North Lantau Island
Exhibition center/ mall

Exhibition center/ 
mall

3MTM Sun Control 
film PR40ex (MOF)

Exterior
Horizontal skylight

3.67°C 8.03°C
solar peak hours  

0800 - 1800

Average 2.87°C 8.32°C
 

 
 
4. New trends  
 
As mentioned in section 2.4, the new developed multi-layer film has already 
performed an excellent work in NIR rejection. To further upgrade the solar heat 
performance, scientists may need to focus on advancing NIR reflection and to keep 
clarity and low visible light reflection. Alternatively, sun control plus shatter 
resistance window film is one of the common multi-function products. Combined the 
multilayer optical film and tear resistant PET are engineered to hold broken glass in 
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place and help to prevent flying shards damaging property. Product engineers further 
developed the safety film application with impact protection attachment system for 
windstorm or bomb blast mitigation. It provided a quick solution for building owner 
to enhance their windows not only for sun control but also minimized potential risk 
such as typhoon attack. Mores, the strong adhered films help deter intruders, provide 
precious time by helping to deter unwanted individuals from entering your building. 
Multilayer optical film accessories with daylight control and safety features have been 
developed to prevent hurricanes from attacking and preventing harmful personnel 
from entering the building. This product has been certified to ANSI Z97.1, ASTM 
E1886 and ASTM F1642. Sun control window film has been approved as a simple 
and cost-effective retrofit method for energy saving in hot summer. Furthermore, 
climate control window film has been introduced for winter. The precision design of 
individual nano-optical layer can achieve radiant heat generated by heating system in 
long wavelength 2500 to 5000nm reflected to the interior and keep inside warm. 
Adding this unique film to existing windows benefited from the U-value, while the 
appearance of building basically unchanged because of the high visible light 
transmission.       
 
Other than sun control purpose, “Daylight redirected film” has been announced which 
the window light redirection technology has the potential to reduce energy consumed 
for interior lighting in some types of commercial buildings (Karma S., 2014)  by 
bringing more natural light for occupants meanwhile helping to reduce the need for 
artificial lighting aim at passive energy saving. Because of the application flexibility 
of window film, further development corresponding with different functions are 
penetrating the market, for examples anti-reflection, super hydrophobic or anti-graffiti 
functions products. Anti-reflection film is basically constructed with nano-coated 
Magnesium Oxide on top of PET base film to increase the percentage of visible light 
transmission around 4-5% at the same time minimize the internal/external light 
reflection. It is usually applied to museum glasses or shop front glasses for visual 
enhancement. Super hydrophobic film is based on a polyester film with a hydrophilic 
hard coat layer. Manufacturers succeeded in maintaining the hydrophilicity for a long 
time by strongly chemically bonding the hydrophilic group to the hard coat layer. Two 
main effects are the reduction of dirt such as water stains on the glass, and the 
reduction of haze that obstructs the view of windows and makes the mirror difficult to 
see. Today, graffiti is a common issue regarding in areas of access to the general 
public by unwanted spray paint or permanent markings. A method has been developed 
which involves mixing a hydrocarbon to HDPE which are repellent to such unwanted 
ink has been developed and named as “Anti-graffiti” film. 
  
 
5. Conclusion 
 
Global warming has been attracting attention. With the same situation in Hong Kong, 
the "Energy Saving Plan for Hong Kong’s Built Environment 2015~2025+" has been 
issued by the Government to reduce energy intensity by 40% against year 2005 
(Environment Bureau, 2015). The CLP Eco Building Fund is one of the programs 
introduced by CLP Power Hong Kong Ltd. to implement the Government plans. The 
CLP Eco Building Fund has been established since 2014 to provide financial 
assistance to eligible shopping malls, residential buildings, and commercial and 
industrial buildings to implement energy efficiency improvement. The 
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subsidies included the upgrade of air-conditioning, lighting and retro-commissioning 
works or smart equipment, to increase energy efficiency and reduce electricity 
expenses for building sustainability as well as greener Hong Kong (CLP, 2019). In last 
year, the application of multilayer optical film for glazing has been adopted as one of 
the certified solutions in the CLP Eco Building Fund. Building owner now has more 
options e.g. to renew their HVAC or create an energy efficient building façade 
especially with multilayer optical film. Although computer modeling for energy 
saving estimation of sun control window film is not popular in Hong Kong, the OTTV 
equation can be used to predict the annual energy saving as well as the project 
payback. The case studies in Hong Kong illustrated the newest constructions of 
multilayer optical film outcome 2.87°C and 8.32°C for average and maximum 
temperature reduction respectively. The results generally proved the multilayer optical 
film applied are functioned well in Hong Kong, which rejected excessive solar heat 
penetrated through the windows causing temperature dropped. However, the variation 
such as the building types, HVAC system, window shading, window 
orientation/dimensions and test locations are probably contributed in the measurement 
deviations. Further studies should be conducted to determine the relations between 
film application size, glazing types, application side and building construction 
differences. We forecast the application of sun control window film is becoming more 
common in the market because of its uniqueness and conveniences. The next 
generation of window film with better energy saving plus multi-functions is also a 
new trend.   
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Abstract 
 
After the normal lifespan of BMS, the O&M team will find that it will be costly and 
difficult to maintain the system because it is proprietary and the parts are no longer 
available in the market. However, to replace the system would even be more costly 
because a one-stop replacement plan demands high capital expenditure and deemed 
interruption to existing operations. Furthermore, a one-stop total replacement plan 
will impact to the existing user of the building and time and cost will escalate. The 
owner will always have to take the last resort of employing the existing vendor to 
perform a phase by phase upgrade where technology will again be locked to a certain 
vendor. 
In this paper, we are sharing a case study where various proprietary BMS systems can 
be integrated into a single and open platform and how the platform enables the owner 
to regain the driver’s seat and decide their own pace in performing the retrofit/upgrade 
of the BMS and introducing the newer technology to his building. 
 
當樓宇控制系統的有效壽命完結之後，因為其系統專用性而非開放式軟件硬

件，加上采用的電子零件不再在市場上普遍通用，維修費用便開始日益昂貴。

如果完全更新系統，一來所需資金比較高，二來對現有樓宇使用者亦帶來不

便。故往往要採用原系統的供應商的升級並只能繼續沿用其系統，失卻了選擇

的自由。 
在此報告中，我們會分享一案例，說明如何把原來不同的專用系統加改並整

合，成為一個開放式平台，且讓由該平台成為以後系統加改的核心並重掌控制

杆。 
 
Keywords: BACnet, BMS, replacement, strategy  
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1. Introduction 
 
BMS system would normally reach its end of lifespan after certain years of 
installation. Such ending usually becomes apparent when the system software can no 
longer support incorporation of new and advanced functionality, or spare parts and 
electronic components are no longer available in the market. The end user, then, has to 
consider the upgrading or even replacement of the BMS before the system becomes 
inoperable. However, users will usually find it difficult to handle such upgrade or 
replacement in a manageable manner. This is because the system elements are usually 
closely coupled and supplied by a single vendor. In other words, the system is locked 
and all renewal to the system must operate inside the eco-system of the system vendor. 
The end user does not have too much freedom to explore different options in terms of 
products, time and even total cost. 
 
A large campus with ten buildings were erected during the start of the millennium. 
The BMS systems installed within these buildings are reaching their end of service 
life span. They are still operable, however, they are no longer serviceable nor 
maintainable. That is, they can no longer meet the rising demands of the O&M 
services. The management is facing the problem of how to replace the BMS system 
and its components in a controllable way. They do not want to replace the all the 
system components in a single project. They want to be able to replace the different 
parts of the system at their own pace. Nor they want to be kept being locked to 
proprietary systems. Moreover, they want to be able to integrate the different systems 
within the buildings into a holistic open platform so that future expansion and upgrade 
can be catered. BACnet was chosen as such a platform. 
 
 
2. General BMS Architecture and BACnet 
 
In order to make this paper more readable, a few terminologies in BMS are to be 
clarified in this section. 
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Figure 1 Standard BMS Architecture 
 
 
Figure 1 showed a typical BMS system architecture. Different BMS vendors would 
have different system architecture, however, the basic structure would be similar to 
that of the system architecture shown. This typical architecture will be used 
throughout in this paper. It consists of groups of BMS equipment, namely, 
Workstation, Building Controller, Application Controller and Field Equipment: 
 
The Field Equipment – this is the collective term for both sensors (e.g. temperature 
sensor) which collect building information regarding the status of building operation 
and controlling devices (e.g. fan-coil valves, damper actuators) which exert control to 
change the building environment. 
 
The Application Controllers – these are controllers which will process electronic 
signals from sensors, perform logic and calculations. The results of such will be 
deployed to the controlling devices. 
 
The Building Controllers – these are controllers which perform networking functions 
such as routing of information among different levels of controllers and workstations. 
They perform also in-house and network functions among the application controllers, 
other building controllers and the workstation. In some architecture, they may not be 
present as the Application Controllers may communicate directly to the Workstation. 
 
The Workstations – these are the man-machine interface which present all the 
information from the controllers to the human operators, in form of graphics or tables. 
They accept commands form operators and communicate such commands to the 
controllers to exert supervisory controls. They would also generate alarms, reports and 
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even analysis. They are usually in form of general purpose computer/server with 
specific BMS application/server software installed. 
 
All these levels of BMS equipment are connected via communication network of 
some kind. Figure 1 also showed some network which are typical for BMS within a 
building: 
 
Ethernet – it is actually a computer network which can connect up the Workstations 
and Building Controllers. In some architecture, the Ethernet can be extended to 
intranet or even internet. TCP/IP is a very common protocol deployed at this network 
level to connect the different equipment. Moreover, a lot of higher level protocols can 
co-exist within the same network by riding on the TCP/IP. BMS workstations and 
building controllers usually communicate on their proprietary protocol but still riding 
on TCP/IP. 
 
Twisted pair wires – they are usually a pair of wires that run along each floor of the 
building connecting up the application controllers. RS-485 is a common standard 
adopted for such electrical connection. Since there is no transport layer protocol at 
this level (like TCP/IP on Ethernet), thus, different protocols cannot co-exist in the 
same network at this level. That is, application controllers in the same network must 
share the same protocol. For example, both MODBUS and BACnet/MSTP can run on 
RS485 wires, the application controllers which communicate in MODBUS cannot be 
mixed with application controllers which communicate in BACnet/MSTP on the same 
pair of RS485 wires. When they are connected together on the same network, they 
would not be damaged as the electrical connection are compatible. However, they will 
not be able to communicate at all, even with other devices of their own kind in the 
same network. 
 
BACnet – BACnet is an ASHRAE standard (Standard 135) defining the 
communication protocol among the different levels of controllers and the Workstation. 
This is a universal protocol targeted for interoperability among equipment from 
different vendors at all levels of BMS equipment. BACnet communicating on 
Ethernet is called BACnet/Ethernet and BACnet communicating on TCP/IP is called 
BACnet/IP. BACnet communicating on RS485 is called BACnet/MSTP. The HKSAR 
Government adopted1 BACnet as the standard for communication. Even though they 
accept other standards at the twisted pair network level, BACnet is the only standard 
adopted at the Ethernet level. 
 
 
 
3. The Existing System Architecture 
 
Figure 2 showed the simplified version of existing system architecture of BMS 
systems within the buildings of the campus. Each of the buildings are installed with a 
BMS of their own, complete with Workstations and Controllers. Each building has 
their own system networks at the Ethernet and Twisted pair levels and communicating 
with their own proprietary protocol. 
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Figure 2 Existing System Architecture 

 
 
Moreover, the buildings with BMS belonged to the same vendor are connected at the 
Ethernet level to form a single network. Thus, two separate networks were formed in 
the campus based on the vendors. However, interaction between these two networks is 
not possible as they cannot communicate with each other. 
 
The facility management team has to learn to maintain and operate the two different 
systems. This would deter the learning curve of new staff especially when they need 
to switch between the different operations. Moreover, they have to maintain two 
different sets of spare parts from respective systems. 
 
Our task was to integrate the two separate systems into a single open platform. 
 
 
4. The New System Architecture 
 
Figure 3 showed that the Ethernet networks of both networks are connected to form a 
single open platform based on BACnet. However, the connection was done in the 
following carefully engineered logical steps. 
 
The first step was to connect the network at the Ethernet layer physically. This can be 
done at the Ethernet level because even though both systems communicate with their 
own proprietary protocol, TCP/IP still remains as the underlying transport layer 
protocol at the level of Ethernet network. Even the two networks are connected 
physically, they remain in different subnet so there will be no address collision arises 
when we connect them physically. We have adopted this approach to configuration 
because BACnet allows communication across subnet by configuring certain Building 
Controller to be BBMD (BACnet/IP Broadcast Management Device) and maintain a 
BDT (Broadcast Distribution Table), which is in effect a routing table. Both systems 
remain as different logical networks and interaction between them is still not possible. 
However, with one subtle difference, they can be seen as a single BACnet network 
with appropriately configured Building Controller to be connected. 
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The second step was more involved as BACnet was to be introduced into the Ethernet 
TCP/IP network level. BACnet was chosen because it is field proven and widely 
accepted in the industry. It is even adopted by the HKSAR ArchSD1 as the only 
communication standard for BMS at this level of communication. A BACnet 
workstation was setup to act as the new man-machine interface to the operator. 
Training was conducted to get the operator familiar with the new operation interface. 
Man-Machine Interfacing (MMI) graphics were prepared to the best likeness of the 
previous systems to minimise the learning curve. 
 

  
Figure 3 New System Architecture 

 
 
With the Workstation prepared and operator trained, a single building was chosen to 
be the pilot for conversion into BACnet. A gateway (the proprietary to BACnet 
gateway in Figure 3) was inserted into the BMS of the pilot building alongside with 
the building controllers. Such that information from the proprietary network can be 
translated into that of BACnet. Such translated information will also be 
communicated to the new BACnet Workstation installed. 
 
Three important points must be noted. Firstly, the gateway is running in parallel with 
the existing building controllers. The implication is that the existing systems are still 
operable from their respective workstation. Operators will find no difference in the 
operation, except that the system can be operated from both workstations, namely, the 
existing one and the new BACnet workstation. 
 
Second point to note is that the Ethernet network now contains three different 
protocols (the two proprietary protocols of both Vendor A and B and lastly the 
BACnet/IP protocol) running in parallel without conflict. This is possible because all 
of them are riding on TCP/IP as the underlying transport protocol. A good analogy to 
this would be people who speak different language may ride on the same plane, 
except that they are not able to communicate with each other. Unless to the attender 
who can speak different languages. 
 
Thirdly, there is no change at the Application Controller level. All application 
controllers are still operating without even noticing any change at the upper level 
control equipment. We did not make any disturbance to the existing tenants. The FM 
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team can replace controllers at this level at their own pace. They can choose to do the 
replacement when the tenants move out and through proper tendering process when 
they can spread their capital investment into several epochs rather than in one lot. 
 
We are now in the final handing over stage of the total system to our client. We have 
finished integration of 9 buildings into the open platform. The whole process from 
design to installation and testing and commissioning and handover has taken about 12 
months. There are 10 buildings with over 100 building controllers totalling to about 
60,000 points. There are several lessons learned during this integration/migration. 
 
 
5. Lessons Learned 
 
During the first step of integration where we connect the Ethernet wires. Though it 
involved just the connection of the two main switches together, there are a lot of 
precautions we have to take before such connection. One of them was to making sure 
the IP addresses of existing systems do not have conflict. As both systems are 
engineered and configured by different parties, IP address coordination is very 
important to ensure there is no network address conflict before the connection. 
Network switch reprogramming is also important to ensure both networks are 
compatible and yet remain separate to each other and relevant ports were released for 
communication. 
 
Operator has to learn to use the new workstation after its installation, even with no 
controllers yet installed. This is an important step to get operators to be familiar with 
the new interfaces and adjusting their work habits into the new workstation. The 
earlier the involvement from the operators the better the learning curve can be shaped. 
Moreover, our engineering staff was present on site during the project stage. 
Questions can be asked even before the system handover. Such interactions should be 
encouraged to facilitate a smoother transition to a new system. 
 
We have taken a very careful choice of proprietary to BACnet gateway devices. We 
have to make sure that they supported parallel running. This means that the gateway 
will be inserted into the system in such a way that the existing Building Controller 
will be able to maintain communication with the Application Controllers in their 
proprietary protocol. That is, we are not disturbing the communication between the 
Building Controller and the Application Controllers. This is a very important 
engineering choice because we can achieve a much faster system verification phase 
by comparing the values communicated via the vendor workstation and BACnet 
workstation with both workstations graphics side-by-side. If we cannot let both 
system running in parallel, it will be very difficult to prove the point value that is 
displayed in the new system is the same as that in the existing system. Without this 
approach, system verification would have been a nightmare. 
 
Protocols of different vendors are very different in nature, the gateway connection 
strategy change from different vendor depending on the nature of their protocol. 
Figure 4 showed the actual gateway connection of vendor A and B. In our case we 
used upstream connection strategy for vendor A where all messages to the building 
will pass through the gateway. In fact, the gateway is listening (or spying) the 
communication in between the building controller and the application controllers. 
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While doing so, it translates the messages listened to that of BACnet and release those 
messages into the BACnet/IP stream upward. On the other hand, we used parallel 
connection strategy for Vendor B. In this case, the gateway is pretending as yet 
another device in the Twisted pair network so that it can retrieve from and issue 
messages into the Twisted pair network while translating the messages into the 
Ethernet network at the same time. Both strategies worked and allowed parallel 
running of the original Vendor systems and BACnet systems. 
 
 

 
 

Figure 4 Types of gateway connection 
 
 
8. Conclusion 
 
Our case study proved that upgrading and migrating BMS system from proprietary to 
BACnet can be achieved. It is not necessary to be locked by the original BMS vendor. 
Nor it has to be an overhaul that would induce disturbance to the tenants. Moreover, 
replacement of lower level BMS equipment, such as application controllers and field 
equipment can be made according to the budget pace of the building owner. All these 
can be achieved by careful engineering planning and not much rocket science 
involved. 
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Abstract 
 
Even with the rapid advancement of intelligent building management 
technologies, buildings have become more complex and difficult to operate 
and maintain with the increase in the number of silo systems.  With the 
emerging of building energy management systems (BEMS), disparate 
systems in a building are integrated to provide building owners and operators 
with a holistic view; which in turn, helps to maximize operational inefficiencies, 
reduce energy wastes and lower overall utility costs.  However, great effort is 
required for this massive integration undertaking and even with open protocol 
development, it’s not always a cost-effective approach.  This paper explores 
how smart buildings can leverage Smart Controllers at the edge together with 
BEMS and Cloud-based Analytic Software to positively impact and improve 
building performance and save costs. 
 
Keywords: Integrated Controllers, BMS, Energy Analytic Software, Cloud, 

Building Analytic, MSaaS 
 
 
 
 
1. Introduction 
 
One of the most important purpose of a building management system (BMS) 
is to provide facility managers and building operators with intelligent 
information that will aid them in understanding their facility’s operational and 
energy performance.  And as a result, help to identify deficiency root causes 
for correction. 

 
Figure 1. BMS utilization by facility managers 
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Unfortunately, studies show that 80% of facility managers use only 20% of the 
potential functionalities of their BMS (figure 1).  And with the increasing 
complexities of BMS integrated with many other disparate building systems, 
the effort and continued system maintenance required do not always yield a 
cost-effective result.  Therefore, intelligence at the edge using smart 
controllers (Modular Integrated Controllers) should be adopted and combined 
with BMS for data collection plus cloud-based Managed Software as a Service 
(MSaaS) for data analytics and system diagnostics.  The combined utilization 
of these tools can effectively provide actionable insights that can reduce 
overall energy costs. 
 
The following will be discussed in detail: 

 
 Smart Controller versus Traditional DDC 

 
 Cloud-based Analytic Software / Managed Software as a Service – 

Application Examples 
o Airport 
o Research Laboratory 
o Municipal Buildings 
o Multi-Tenant Office Building 
o Manufacturing Facility 

 
 
 
2. Smart Controllers (Modular Integrated Controllers) vs Traditional 
DDC 
 
First developed in the 1950s, DDC is a staple of building automation.  Basic 
DDC control loop takes inputs from sensors, feed them into the DDC for logic-
based decision-making, and outputs to the controlled devices for automating 
processes.  The drawbacks of DDC are:  amount of time and resources for 
installation and wiring, individual controllers programming and complexity that 
comes with increase in number of sensors the controller manages. 
 
For many, many years, DDC was the only option; but in recent years, smart 
controllers have emerged to disrupt the status quo in system design.  HVAC 
functionality-wise, smart controllers can use the same advanced PID control 
logic as DDC to reduce energy waste and prevent premature failure of HVAC 
equipment.  The big difference is that smart controllers have typical 
functionalities all built in plus the option to scale up and do more as needed. 
 
In comparison to DDC, edge level smart controller is incredibly flexible and 
scalable to handle any building applications plus more.  For example, a hotel 
guest room requires typical functionalities such as heating, cooling, lighting 
control, blind control and occupancy sensing.  The required logics for these 
functionalities are already pre-programmed into smart controllers and can be 
configured simply with clickable dropdown menus.  If the same smart 
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controller is to be used for a hospital ward, additional functionalities such as 
maintaining humidity level, pressure level and other required features can be 
handled by the same exact device without much additional engineering.  DDC 
on the other hand, cannot be easily adapted as a multi-purpose controller. 
 
 
 
 
3. Cloud-based Analytic Software / Managed Software as a Service 
(MSaaS) 
 
Before diving into cloud-based analytics application examples, let’s first revisit 
BMS to designate its place in this entire ecosystem and then define and clarify 
what MSaaS is as compared to traditional Software as a Service (SaaS). 
 
With BMS shedding its processing load from a centralized control system and 
letting smart controllers facilitate at the edge level, BMS is relegated to 
operate as a centralized system for database collecting, alarms and reports 
generating, and dashboard presenting.  Its importance is not diminished as it 
still remains as the enterprise system for the building and can still function 
when remote control is still required. 
 
The general definition of SaaS describes software and/or application that are 
centrally hosted by the provider, that are typically accessed via internet using 
thin clients (web browsers) and are licensed based on a subscription model.  
SaaS software are also referred to as hosted software, web-based software or 
on-demand software.  As for MSaaS, the most important difference from SaaS 
is the introduction of human element into the offer.  With experienced building 
engineers in the background monitoring 24/7 (based on level of subscribed 
service), summarizing and interpreting analysed data and then presenting and 
discussing findings with its customers in detail.  These added values from the 
‘Managed’ are invaluable. 
 
 
Hereunder is an important checklist when deciding on a MSaaS solution: 
 
Advanced FDD Library 
A robust library of hierarchical, rule-based fault detection and diagnostics 
(FDD) that can be quickly adapted through mass customization is a key 
feature in MSaaS analytics solutions.  Adding these essential functionalities 
later may result in significant additional costs. 
 
Detailed Reports 
A comprehensive solution offers regular detailed reports that prioritize fault 
findings based on comfort, energy savings, and maintenance impact.  
 
Scalability 
A flexible software platform that can consume billions of data points - from a 
single building to an entire enterprise - enables cost efficiency and better 
building management as an organization grows. 
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Open Protocols 
Open software protocols allow integration with all third-party building 
automation systems to maximize efficiency and ease of installation. 
 
Global Presence and Service Support 
Proven industry expertise in efficient building management, along with a 
global presence, enables seamless services across an enterprise.  BMS, 
building analytics data software, and MSaaS analytics solutions are 
continually evolving, so it is important. 
 
 
 
4. Application example – Airport 
 
A major international airport in Asia looking to improve its energy efficiency 
and reduce its electricity consumption on cooling has agreed to an initial, one-
year subscription for MSaaS in diagnosing its HVAC system for retro-
commissioning.  Air-handling units were first in line to be checked. 
 
In figure 2, chilled water value was driven to 100% open (red line) but desired 
set point cannot be reached.  In addition, valve could not be fully closed when 
valve control signal is set to 0% so when the AHU is off, approximately 3% 
valve leakage is observed. 
 
Actionable items suggested were: 

 Check supply air temperature reset schedule, modify if required 
 Check the PI control loop settings, fine tune PI loop if required 
 Check valve open/close action, calibrate if required; check 

actuator close-off pressure rating 

 



 

76 
 

 
Figure 2. Supply air temperature set point cannot be met even with 100% valve 

opening 
 

In figure 3, after applying the first fix, valve is now under control according to 
supply air temperature read and supply air temperature set point.  However, 
valve feedback is still not following valve control signal.  After the second fix, 
valve action feedback now follows the control signal and supply air 
temperature set point is maintained. 
 

 
Figure 3. Results after suggestions, fixes were taken 

 
In summary, the following AHU issues were addressed and fixed: 

 Return air temperature set point was configured to be too low 
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 Supply air temperature was configured to be too low 
 Valve position not following control signal commands 
 Unnecessary opening of chilled water valve 

 
Estimated savings of ~17,000 kWH per month was realized. 
 

 
Figure 4. Issues addressed and associated energy savings 

 
 
5. Application example – Research Laboratory 
 
A research laboratory in the greater Boston area used the fault detection analytics in 
an Managed Software as a Service (MSaaS) solution to ensure optimal HVAC 
operations in its state-of-the-art laboratory.  The five-year-old, 450,000 ft2 (137,160 
m2) facility includes a mix of laboratory, office and educational space served by 
energy-efficient HVAC systems.  The HVAC systems compromise of 10 ventilation 
units (each with a capacity of 50,000+ CFM) and several hundred variable-air-volume 
(VAV) boxes. 
 
The MSaaS analytics solution provided monitoring services in which analytics 
identified and recommended repairs for several major problems.  It uncovered leaking 
and malfunctioning cooling valves in three air-handling units, and leaking heating coil 
valves in nearly 200 VAV boxes.  The building analytics data, plus insights from 
expert engineers, helped the operations team prioritize actions and fix the most 
wasteful leaks first.  Additional repair work will help accelerate retro-commissioning 
and automate verification of energy initiatives.  
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The fault-detection monitoring services have already helped identify 
$286,000 (€219,000) in verified annual savings. 
 
 
 
 
6. Application example – Municipal Buildings 
 
A city in Nevada will soon be using automated fault detection and diagnostics for 
forecasted energy and cost savings in 13 municipal buildings totaling 903,000 ft2 

(83,891 m2).  Through the use of an MSaaS analytics solution, the city will be able to 
identify and prioritize repair recommendations based on their impact on cost, comfort, 
energy savings and maintenance.  
 
The city’s operations employees will have a proactive maintenance tool for all HVAC 
equipment, which is expected to lower annual operating costs.  Data will be collected 
and processed in the cloud and experienced technicians and engineers will access it to 
provide maintenance recommendations and detailed reports.  The city has set up an 
annual budget for fixing faults identified by the analytics and the MSaaS provider has 
been tasked with ensuring a positive return on investment (ROI). 
 
The city has made a 10-year commitment to its MSaaS analytics solution, 
which will monitor more than 1,200 pieces of equipment for performance and 
fault detection through over 12,000 data points.  Additionally, savings from this 
project will cover the cost of a full BMS upgrade across all facilities.  The 
estimated cumulative net savings including all projected costs over 10 years, 
based on making the identified recommended repairs, is expected to exceed 
$364,000 (€264,000). 
 
 
 
7. Application example – Multi-Tenant Office Building 
 
A multi-tenant office building in Massachusetts used monitoring and verification 
services from an MSaaS solution to justify a utility incentive program.  The 
operations team in this facility deployed data analytics diagnostics and reporting to 
help discover efficiency opportunities, as well as facilitating participation in the 
Massachusetts Pay for Performance (P4P) utility incentive program. 
 
The diagnostics in this solution reported on the building’s central air handlers, chilled 
water loop, and hot water loop.  Because of the findings, the building’s management 
committed to six low-cost energy conservation measures (ECM) for pre-ECM and 
post-ECM monitoring to prove the energy savings targeted in their P4P project 
application.  Other equipment issues found by the diagnostics are being corrected as 
they are discovered. 
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The anticipated incentive award will be $32,000–$44,000 (€17,600–€33,700), 
while the projected savings will be $60,000–$75,000 (€46,000–€57,400) 
annually.  The simple payback of this project is less than 6 months. 
 
 
 
 
8. Application example – Manufacturing Facility 
 
A multi-national, French energy management company’s manufacturing 
facility in Seneca, South Carolina, realized an 83% decrease in avoidable 
HVAC energy costs through its own building analytics solution, for an annual 
savings of $9,000 (€6,525). The solution paid for itself during the first year by 
providing automated, sophisticated analysis of root-cause inefficiencies. 
 
Instead of facility managers relying primarily on monthly check-ups to track 
performance, comfort levels, and maintenance and energy data, the solution 
automatically analyses the 280,000 ft2 (26,013 m2) plant’s data every five 
minutes.  The analytics was able to diagnose and troubleshoot HVAC 
problems the facilities staff didn’t even know they had. 
 
Besides the annual utility savings, the manufacturing plant has seen a 29% 
reduction in the number of maintenance incidents, and comfort incidents 
decreased by 33%. 
 
9. Conclusions 
 
Buildings with BMS/BEMS have building performance data that are gathered 
and stored in a database often not utilized.  Current building management 
systems do have the capability to help facility managers visualize the 
collected data using variety of reports and dashboards to point out where 
inefficiencies are, but still cannot tell you why it is and how to fix it.  And that’s 
where cloud-based data analytics solution and Managed Software as a 
Service come in.  To interpret and make sense of the BMS data and transform 
them into actionable items that building operators and facility managers can 
reference, build and prioritize their building maintenance plans on; which 
leads to proactive management of operational efficiency of their building. 
 
 
 
 
Acknowledgement 
 
Application examples were provided by: 
- Brandy Moore for cloud-based analytic software 
 
 
 
 
 



 

80 
 

References 
 
B. Moore, 2014, “Optimizing Buildings Using Analytics and Engineering 
Expertise”, Application examples on pages 9-10 
 
J. Estes, 2014, “Integrated Application-Specific Controllers: A New Approach 
to Zone-Level Control”, pages 3-7 
 
 



堅輝工程有限公司



 

81 
 

 
 
 
 

Papers without oral presentation: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

BIM Applications for 
O&M 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

82 
 

Enhancing Walkability between Buildings in CBD: Smart Operation 
and Maintenance via BIM 

 
Philip Y.L. Wong*, Elvis M.L. Lee** and Joseph H.K. Lai* 

 
*Department of Building Services Engineering, The Hong Kong Polytechnic 

University 
**Mott MacDonald Hong Kong Limited 

 
 
 
Abstract 
 
Walking is beneficial to mental and physical health. Walking exercise is important to 
people working in central business districts (CBDs), as they spend a lot of their time 
in confined office premises. A high walkability in CBDs creates an enjoyable walking 
environment to and from office buildings and encourages office workers to do 
walking exercise. In this paper, a review of the typical operation and maintenance 
(O&M) cost of walkways and the benefits of sustainable design and operation of 
walkways is reported. After discussing the attributes of walkability and how BIM 
could be applied to analyse the attributes, further research using quantitative data and 
qualitative information for cost-benefit analysis of smart O&M of walkways is 
proposed.  
 
步行有益於身心健康，對於在中央商務區（CBD）工作的人們很重要，因為在
CBD 工作人仕大部份時間都花在狹窄的辦公室內。 CBD 的高步行性為往返辦
公樓的人仕創造了令人愉悅的步行環境，並鼓勵上班族進行步行運動。本文對

行人道 (例如：行人天橋) 的典型運營和維護（O＆M）之成本以及人行道的可
持續設計和運營的好處進行了回顧。在討論了步行性的屬性後，再展示如何應

用 BIM 分析這些屬性，提出了使用定量數據和定性信息對行人道的智能 O＆M
進行成本效益分析的進一步研究。 
 
Keywords: BIM; CBD; footbridge; O&M; walkability  
  
 
 
 
1. Introduction 
 
Providing an enjoyable and safe environment for pedestrians is important for 
maintaining a healthy community. Walking has become an important exercise in cities. 
Leyden (2003) proved that persons living in walkable, mixed-use neighbourhoods 
have higher levels of social capital compared with those living in car-oriented suburbs. 
The Hong Kong government has been improving the walkability in the city. For 
example, a significant investment was made on The Central to Mid-Levels Escalator 
Link; as shown in Figures 1 and 3.  
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While recognizing the importance of walkability and connectivity in CBDs, the cost 
of O&M of walkways is significant. This paper first reviews the typical O&M cost of 
walkways and the benefits of sustainable design and operation of walkways. After 
discussing the attributes of walkability, how BIM could be applied to analyse the 
attributes is described, followed by suggesting what further research should be 
conducted for optimizing the walkability of walkways. 

 
Figure 1  The Central to Mid-Levels Escalator Link, Hong Kong 

 
2. O&M Costs of Walkways 
 
Traditionally, walkways in CBDs are concrete structure. In Hong Kong, footbridges 
are often built to connect buildings and link to transport terminals, e.g. bus terminus, 
underground stations. The O&M cost of a concrete structure is not substantial 
provided that their initial design is safe.  For safety and security, the following 
facilities are often installed along the walkway of most footbridges in CBDs: 
 

i. A CCTV system with cameras working round-the-clock  
ii. Lighting installed on the walkway ceiling 

 
In 2012, the Hong Kong Government introduced the Universal Accessibility Program 
to provide barrier-free access facilities to public walkways. In 2016, the program was 
expanded. Lift towers were installed at suitable places where it was necessary to 
retrofit barrier-free access facilities, as illustrated in Figure 2. The average annual 
O&M cost for each of the lift towers is about HK$300,000 and the average monthly 
electricity expenditure is about HK$3,000 (Hong Kong Legislative Council, 2014). 
Considering the environmental condition of Hong Kong, a life cycle of 25 years for an 
electrical and mechanical (E&M) system is assumed (Lee and Lee, 2015).   
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Figure 2  Addition of a lift tower for an existing footbridge 
 
In many cities like Hong Kong, connectivity systems in CBDs have the function of 
transferring the pedestrians from ground level to footbridge. Therefore, vehicular 
traffic in a CBD can occupy more time and space on the ground level. A landmark 
example is The Central to Mid-Levels Escalator Link. It has operated since 1993 and 
is the longest outdoor covered escalator system of the world. The following are the 
Link’s details (Transport Department of the Hong Kong Government, 2016): 
 

i. A patronage of over 78,000 per day in late 2016 
ii. It comprises 18 escalators and 3 travellators   

iii. The 800m long escalator link bisects 13 streets, with a height of 135m  
 
The map in Figure 3 illustrates the positions of its electrical rooms, escalators and 
travellators. It starts at Queen's Road Central, passes through narrow streets and ends 
at Conduit Road. It runs one-way downhill from 6:00 a.m. to 10:00 a.m. and then 
uphill from 10:00 a.m. to midnight (Transport Department of the Hong Kong 
Government, 2016). The system is managed by The Electrical and Mechanical 
Services Department. Because of its inclination requirements, a dedicated production 
line was made for this project. Apart from the standard security and lighting facilities, 
the Link also included a public address system with 200 speakers and 4 LED display 
boards (Lee and Lee, 2015).  A control room and a UPS room are located at the mid-
section of the Link. The operator can control the travelling direction and start/stop of 
individual escalator (Lee and Lee, 2015).  
 
The Link successfully enhances the walkability and relieves the pressure on public 
transport services. According to the information from the Legislative Council of Hong 
Kong, the construction cost for The Link was HK$253 million (at money-of-the-day 
prices). In 2014, the annual maintenance cost is about $12.5 million (Hong Kong 
Legislative Council, 2014). 
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Escalators:    1E, 2E, 3E, 9E, 10E, 11E, 12E, 13E, 14E, 15E, 16E, 17E, 18E, 

19E, 20E, 21E, 22E, 23E 
Travellators:  5T, 6T, 7T 
Electrical rooms:  M1 to M5 
 

Figure 3 Map of Central to Mid-levels Escalator Link (adapted from Lee and Lee 
(2015)) 

 
 
3. Sustainable design and operation of walkways 
 
A simple footbridge is made up of structures of staircases, deck, support and cover. 
There is no facility of sustainability. Nevertheless, the public become more concerned 
about sustainability in the design and operation of walkway. Stakeholders and their 
representatives are willing to support the developments which are with sustainable 
measures. More sustainable facilities on footbridges are installed for enhancing the 
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safety, health, security and walkability. Some common sustainable facilities on 
footbridges/ walkways are discussed below: 
 
3.1 Green roof 
 
Different from those green roofs of buildings, green roofs of footbridges are not easily 
accessible. Footbridge green roofs are of smaller scale and better be installed with 
recycled water for irrigation. Species of plant on the roof should be drought tolerant 
and require less maintenance. Rain detection system can help adjust the irrigation 
duration. According to Tan and Sia (2005), a green roof in Singapore can absorb 6% 
of atmospheric Particulate matter (PM) and 37% of SO2 per year. A similar study was 
conducted in Hong Kong. Peng and Jim (2015) investigated the intensive green roofs 
in Hong Kong, and concluded that the annual reduction for SO2, NO2, and PM is 
31kg/ha, 12.4kg/ha, and 195kg/ha respectively. Green roofs also help reduce the 
walkway temperature. 
 
3.2 Installation of solar panel 
 
Solar panels can be installed over the roof of footbridges to meet the lighting and 
pumping needs. Surplus electricity can be fed into the power network grid. The roof 
area for solar panel installation is often limited, therefore its cost effectiveness is an 
issue. The solar panel can be adjusted for the solar angle according to the BIM data 
source. Solar panels should face south if installed in the northern hemisphere, or north 
if installed in the southern hemisphere. However, because the sun is higher in the 
summer and lower in the winter, a panel can capture more energy during the whole 
year by adjusting the tilt of the panels according to different seasons. 
 
3.3 Air quality detecting system 
 
Footbridges in CBDs are often in an area of heavy air pollution. Sensors may be 
installed for measuring PM 2.5 and other gases. Collected data are uploaded to the air 
management and ventilation system. 
 
3.4 Smart ventilation system 
 
The filters of smart ventilation systems for enclosed footbridges can be adjusted 
according to the air quality. It is set to stop the air exchange with outdoor when air 
quality is very poor. 
 
3.5 Smart lighting system 
 
A smart lighting system with a smart cloud platform can serve footbridges’ 
illumination and provide images for people detection with artificial intelligence and 
the installation of a CCTV system. It can enhance the walkway security. Besides, 
sensors can control lighting depending on occupancy and levels of ambient light.  
This ensures a suitable level of light is provided at the right time, and contributes to 
energy saving. 
 
4. Walkability of a Walkway 
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Walkability is difficult to define. Walkability may be interpreted in terms of the 
quality of walking conditions. Some important criteria are safety, comfort, and 
convenience. High walkability provides a variety of benefits, including enhanced 
accessibility, consumer cost savings, public cost savings (reduced external costs), 
more efficient land use, better community liveability, improved fitness and public 
health, better economic development, and support for equity objectives (Litman, 
2003).  
 
Hong Kong and other cities in the Greater Bay Area share similar urban features and 
characteristics, such as high building density, mixed land use, constant traffic and 
pedestrian flow, use of space and connection with public transport. A city with high 
walkability should consider the following principles (Civic Exchange, 2016):  
 

A. Accessibility and connectivity to nearby destinations;  
B. Safe, comfortable and healthy walking environments;  
C. Equitable access;  
D. Streets treated as public spaces that require appropriate facility 

management; and  
E. Integration with public transport. 

 
The above may be categorized into the headings below (Ewing and Handy, 2009), as 
illustrated in Figure 4: 
 

a. Physical features; 
b. Urban design quality; and 
c. Individual reactions. 

 
 

 
Figure 4 Relationships between physical features of the environment and walking 

behaviour (adapted from Ewing and Handy (2009))  
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5. Application of BIM 
 
The improvement of walkability can be considered as a facility management (FM) 
process because FM is a multi-discipline which ensures the functionality of the built 
environment by integrating people, place, process and technology (Cotts et al., 2009). 
Therefore, the current FM practices are related to information collection, retrieval and 
sharing. 
BIM is a data-based, modelling tool. It is “a new approach to design, construction, 
and FM, in which a digital representation of the building process is used to facilitate 
the exchange and interoperability of information in digital format” (Eastman et al., 
2008).  
 
To utilize BIM for enhancing walkability through FM practice, practitioners need 
accurate models of the walking environments and the models should include 
formalized definition and information about service zone, specifications, and 
attributes (Becerik-Gerber et al., 2011). However, some utilization of BIM for 
walkability is limited in current practice because existing BIM cannot formally 
present a definition of walkability and the relevant information required to evaluate 
the walking environments.  
 
With reference to a footbridge in Kwai Fong of Hong Kong (Figure 5), some possible 
BIM applications are listed in Table 1. The footbridge is chosen because it connects 
Kwai Fong MTR station and a crowded commercial complex. Some pedestrians 
choose walking on the ground level instead of the footbridge (Figure 5d); some of 
them do not follow the traffic light and cause safety problems. It is submitted that if 
the footbridge walkability is enhanced, more pedestrians will cross the road with the 
footbridge. The road safety will be improved.  

 

 
(a) 
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(b) 

   

 
(c)  

 
(d)    

Figure 5 (a, b, c, d) A footbridge in Kwai Fong, Hong Kong. 
 
 

Table 1  Applications of BIM for walkability enhancement 
Category Walkability factor BIM tool 
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Physical features Width (W1) BIM provides a database of 
properties, quantities, means 
and methods for designing the 
suitable size of a footbridge. 
Designers may consider and 
review various options with the 
environmental factors. 

 Headroom (H2) 

 Sunlight Sun Path Visualization which 
takes account of the 
information like the footbridge 
dimensions, e.g. W1, H1 and H2. 

Urban design quality Services level/ Density/  
Human scale  

Designers may use BIM and 
virtual reality to create a 
simulation, with the inputs of 
dimensions, pedestrian flow 
(Fped1 and Fped2) and special 
facility requirement details, e.g. 
a designated width of a 
footbridge (W2). 

 Enclosure BIM may simulate the 
environmental factors (like 
temperature, wind) for 
enclosure design.  

 Transparency Subject to the outdoor 
environment, footbridge 
designers may decide the 
degree of transparency. Smart 
windows and glass coatings 
may be installed.  

 Coherence All the above factors are 
correlated to one another. BIM 
may analyze the above factors 
with the cost and time of 
construction.  

 
The quantitative data (e.g. patronage, dimensions) mentioned above may be visualized 
with BIM. BIM can establish a linkage between the collected data and decision 
makers, e.g. clients, architects. It introduces a new framework for the support of the 
implementation of the proposed changes. For example, a pedestrian analysis may be 
carried out with BIM as follows: 
 
5.1 A pedestrian count survey was carried out to investigate the pedestrian behavior 

along the footbridge connecting Kwai Fong MTR station and Metroplaza on 28 
September, 2019. 
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Figure 6 Pedestrian flows in the survey 

 
A1: Pedestrian from the Exit E of Kwai Fong MTR Station (To Tsuen Wan 
direction) 
A2: Pedestrian from the ground level escalator 
A3: Pedestrian from the ground level ramp 
 
During the survey, it was observed that 90% of pedestrians walking out of Exit 
E crossed the footbridge towards Metroplaza and 10% walked through 
staircases or ramps. 
 
There were a lot of pedestrians walking at the ground level, across two traffic 
lights of Kwai Yan Road and Hing Ning Road. During the survey, it was 
observed that only a few pedestrians at the ground level walked towards 
Metroplaza:  
 
B1: Pedestrian crossing the zebra crossing of Kwai Yan Road 
B2: Pedestrian crossing traffic light on Hing Ning Road 
B3: Pedestrian entering the Metroplaza on ground level 
 

5.2 A summary of the survey results is shown in Table 2. It was found that the peak 
period was 2:30pm to 3.30pm on Saturday. 

 
Table 2 Summary of the pedestrian survey results 

Pedestrian flow From MTR exit 
to Metroplaza 

From Metroplaza 
to MTR exit 

A1 2160 1720 
A2 624 640 
A3 336 360 
B1 2388 2440 
B2 852 880 
B3 492 452 
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5.3 According to The Transport Planning and Design Manual Volume 6 (Transport 
Department, Hong Kong, 2011), the Level of Service (LOS) can be found and 
Pedestrian Simulation may be created by VISSIM software as Figure 7.  

 

 
Figure 7 Pedestrian simulation created by VISSIM software with BIM data 

 
According to the data analysis, LOS C = 33-49 persons / metre / minute; density 
= 1.4-2.3 m2 / person. From a traffic engineering point of view, space is 
sufficient for normal walking speeds. Reverse-direction or crossing movements 
can cause minor conflicts, and speeds and flow rate are somewhat lower 
(Transport Department, Hong Kong, 2011). 

 
5.4 BIM can set the walls as obstacles; extract footbridge structural data and 

calculate the areas for LOS analysis.  
 

5.5 Similarly, sun path visualization and thermal images may be presented by BIM 
with considerations of green roof and other sustainable facilities. 

 
5.6 Finally, facility manager may adjust the O&M planning of the footbridge and 

the related facilities, e.g. ventilation, according to the pedestrian loadings with 
seasonal effects. 

 
 
 
6. Further research 
 
Enhancing the walkability of CBDs is obviously beneficial to the community. Due to 
the demand from the society, facilities of sustainable functions should also be 
considered in the design and operation of walkways. It is noted that the cost of a 
comprehensive connectivity system in a CBD is significant as more facilities for 
health and security are installed. Therefore, the relevant costs and benefits of a 
comprehensive walkway system should be evaluated in a cost-benefit analysis process 
that uses quantitative and qualitative data, e.g. the forecast number of pedestrian and 
the induced benefits of safety and health. 
 
 
7. Conclusions 
 
This paper elaborates the items that represent the main costs and benefits of a 
walkway system in a CBD. The O&M costs of a typical walkway during its life cycle 
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is nearly HK$20 million. The maintenance cost of a large-scale walkway is much 
more expensive. For example, the Central to Mid-Levels Escalator Link cost about 
HK$325million (Hong Kong Legislative Council, 2014) on maintenance during the 
last 25 years. The case study in this paper assumed the O&M costs of walkway 
remains constant, the increase of pedestrian number and various walkway facilities of 
sustainability will enhance the cost benefit effectiveness. Given the high cost of 
construction and O&M, the walkway designer should enhance the benefits of a 
walkway system through its walkability and sustainability.  
 
BIM can be applied during various stages of design and maintenance. Further research 
is proposed by collecting quantitative data and qualitative information for cost-benefit 
analysis of a walkway in the design stage. BIM applications enable examining various 
building design options with rich building and environmental information, thereby 
enhancing the walkability in CBDs.  
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BIM Applications for O&M – Don’t Re-invent the Wheel! 

Simon C.W. Ng 

WSP Hong Kong Limited 

Abstract 

Building Information Modelling (BIM) is a hot topic in the construction industry. While 
BIM implementation in design stage and construction stage is quite mature, recently there 
are a lot discussions about how to extend BIM applications to Operation and 
Maintenance (O&M) stage and hence the whole building life cycle. Some concepts such 
as Asset Information Model (AIM) and Digital Twins are introduced trying to complete 
the whole Building Information Management cycle to O&M stage. However, due to the 
technology gap in software and mis-understanding about the practice between BIM and 
O&M domain. BIM and O&M integration is not as effective as expected. 

How exactly BIM can help in O&M stage? Some people think about “Works Order 
Management”, “Preventive Maintenance”, “Spare parts”,… etc  and then looking for 
BIM plug in to fulfil such requirement. However, these requirements are exactly the 
functions for Computerised Maintenance Management System (CMMS), Enterprise 
Asset Management (EAM) system, or Integrated Workspace Management System 
(IWMS) which exists in the industry for more then 20 years!  Are we re-inventing the 
wheel if we just talk about this function? 

So, what is the value of BIM + O&M?  It is about smooth transition from construction 
stage to O&M stage.  It is about location-based maintenance.  It is about future 
preparation of building Big Data and Artificial Intelligence (AI). In this paper, the author 
will discuss about the gap between BIM and O&M, and explore the true value of BIM in 
O&M. And provide recommendations for successful BIM O&M integration. 

建築資訊模擬 Building Information Modelling (BIM) 是現時建築工程業的熱門話

題。當 

BIM 在設計、施工上的應用漸趨普及，越來越多項目也希望把 BIM 延伸至物業管

理營運階段。㇐些理論，例如”資產資訊模型” Asset Information Model (AIM), “數

字雙胞胎” 

Digital Twin 等應運而生。然而，在 BIM 和物業管理營運兩個範疇，不論在軟件要

求，工作習慣上都有落差，而且很少人員能夠同時完全瞭解兩方面範疇。因此很

多 BIM 在物業管理營運階段的應用都未如理想。 

究竟 BIM 在物業管理營運階段應如何應用？有些人會花大量精力去開發"BIM 運維

軟體"，例如：維修工單，預防性維護、BMS，IoT。等㇐下，這些不是原來運維管

理己有的 CMMS, EAM 或者 IWMS 系統嗎？這些系統比 BIM 歷史更久，更成熟。

我們不應該"重複發明" (Re-invent the wheel)！ 作者認為，BIM 是應該有效地把設
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計、施工階段的資訊帶到管理營運階段，以 BIM 為本實行以位置為本的維修管

理，從而採集建築大數據，走向人工智慧化物業管理。這才是成功的 BIM 物業管

理營運階段應用。 

Keywords: Building Information Modelling (BIM) 
Computerised Maintenance Management System (CMMS) 
Integration 

1. Introduction 

The idea of Building Information Modelling (BIM) is about managing information of 
building elements and systems across the whole lifecycle. Ideally, information is stored 
and updated in a single model from planning, design, construction and handover to 
Operation and Maintenance (O&M) stage. 

With the great effort in promoting BIM in the Architectural, Engineering and 
Construction (AEC) industry, BIM has been implemented successfully in design and 
construction stages such as visualisation, coordination and documentation. Recently it is 
a hot topic in the industry about extending the application of BIM to Operation and 
Maintenance Stage. With this mind, 2 important concepts are raised. 

1.1 Asset Information Model (AIM) 

According to British Standards Institutions (BSi) (2013) PAS1192-2:2013 about 
information management for the capital / delivery phase of construction projects using 
BIM, information in a BIM model should develop gradually along a project life-cycle 
from design, construction and finally handover to building operator. At the point of 
handover, the BIM model should be known as an “Asset Information Model” (AIM) that 
contains 3 types of information: 

i) Graphical Data – data that describes the shape, dimensions and setting out of an 
object. E.g. length, height, radius, distance from grid.   The data can be parametric 
or static 

ii) Non-graphical data -  the product information or technical information about the 
object. E.g. brand name, serial number, warranty, commission date 

iii) Documentation – document in association with the object. E.g. product manual, 
testing and commissioning certificate 
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Figure 1: Information management and the development of Asset Information Model 
(AIM) 

1.2 Digital Twin 

According to Wikipedia (2019), a digital twin is a digital replica of a living or non-living 
physical entity. By bridging the physical and the virtual world, data is transmitted 
seamlessly allowing the virtual entity to exist simultaneously with the physical entity. 
Digital twin refers to a digital replica of potential and actual physical assets (physical 
twin), processes, people, places, systems and devices that can be used for various 
purposes. 

In the construction industry, it is commonly understood that digital twin is the conversion 
of as-built BIM model to include all necessary digital data in the O&M stage. Similar to 
the concept in PAS1192-2:2013, it a digital twin contains graphical data, non-graphical 
data and documentation. 

In this paper, the author will discuss about the gap between BIM and O&M, and explore 
the true value of BIM in O&M. 

2. Discussion – the Misconception and technology gap 

Despite the effort in pushing the application of BIM to O&M stage, it is often not as 
effective as expected. Some reasons are identified and discussed: 

2.1 Technology gap 

The major BIM software are designed for Building design and Construction planning / 
coordination, but not for O&M. For example, the flagship BIM software products are 
excellent for design aid, clash detection and coordination, walkthrough, but has a lot of 
limitation for O&M whose focus is to retrieve information from BIM model for building 
operation use. 

The major limitations about the use of common BIM software in O&M are: 
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1. Lack of web base and mobile devices support – this is a fundamental need for 
O&M field operation. A big obstacle was the big file size of BIM model and the 
requirement of big computing power to view a model, therefore in early stage 
most BIM software are desktop base only. Although in recent years there are 
some web-based BIM platform that supports mobile devices, the choices are 
limited. A lot of those platform requires a conversion of BIM file format to viewer 
format that slows the efficiency and lost some O&M information embedded in the 
BIM model. 

2. Lack of robust search function – the search function in common BIM software is 
very limited, it need to follow the data structure of that software, but not 
anonymous search. For example, an operator may want to search for a Fan coil 
unit in 2/F and brand name XYZ. The brand name of the object in BIM model 
may appear in object name, object type or custom field “brand name”, in such 
case most of BIM software do not offer obvious and easy function for such search. 

3. Lack of flexibility in creating views – creating views in common BIM software 
are very free-hand, but all viewpoints need to set manually. What O&M personnel 
needs 

is a function automatic generate views or automatic bring users to some specific 
locations. (e.g. bring to 3/F lobby without pre-setting views) 

Therefore, when a BIM model is integrated to O&M system such as Building 
Management System (BMS) or Computerised Maintenance Management System 
(CMMS), it does not show much value due to the difficulty of searching for elements and 
locating a point in a model. 

2.2 Mis-understanding between BIM and O&M (re-invent the wheel!) 

In the market, most of BIM personnel are of Design or construction background but 
seldom O&M background. Whereas O&M personnel usually knows very little about BIM. 
Therefore, it is difficult for 2 parties to communicate and agreed on the common 
requirement for BIMO&M Integration. 

The below figure shows a typical requirement about O&M application, most of the 
requirement can be fulfilled by most of the CMMS software system available in the 
market. However, in some projects it will end up developing the whole system from 
scratch, or some projects developing Revit/Navisworks plug-ins to fulfil the requirement. 
As discussed in previous paragraph, Revit and Navisworks are not user-friendly for 
O&M personnel, BIM personnel (without in-depth knowledge of CMMS) often end up in 
developing new plug-ins and force users to use Revit and Navisworks for O&M functions. 
It complicates the usage but the value cannot be seen. 
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Figure 2. typical requirement about O&M application 

3. Discussion – the real value of BIM to O&M 3.1 

Information available at day one of building operation 

We can classify the Information for O&M into the following: 

Static data (or initial data) – refers to the repository of building element such as 
equipment, parts, systems, floors,  rooms/space, zones. 

Dynamic data (or running data) – includes running data generated / collected after when 
building operates, e.g. maintenance record, works order, instant data collected from 
Building Management System (BMS) or Internet of Things (IoT) devices. 

All dynamic data needs to refer to a static data as the base. For example, a work order 
needs to refer to i) what equipment ii) what room. CMMS generates work orders every 
day that refer to the same equipment and rooms list. Another example, an IoT devices 
refers to a location of an equipment and then continue generating data of its status such as 
temperature and humidity. 

To manage dynamic data, it requires a robust database system, in which most CMMS and 
BMS or IoT system does well, with the current database technology, data in/out to this 
system is smooth under normal building operation. 

On the other hand, managing static data is not as straight forward as expected under the 
current industry practice. Ideally the static data repository should be available at day one 
of building operation, which is the handover from the construction contractor to building 
operator. However, in reality, the handover material is a pile of O&M manual, and the 
data is not digitalised or un-organised. Therefore, in day one of building operation it is 
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not easy to obtain a complete and accurate static database, hence affect the quality of 
dynamic data. 

The idea of BIM is to setup an organised static database of a building before day one of 
building operation, and it refers to design stage and construction stage when the designer, 
contractors and suppliers can input these data easily. So, at day one these static data is 
made available and can transfer to the dynamic database smoothly. (Figure 3 refers) 

 
Figure 3. Comparison between traditional handover and BIM handover 

The question comes: is there any standard of static data to be prepared for handover? 

Construction Operations Building Information Exchange (COBie) is an international 
standard to describe most common used static information in a building. It is a non-
proprietary data format that can be in excel spreadsheet or XML format. With the 
approval by the US National Institute of Building Science, a COBie format dataset is 
compatible with most of common 
CMMS in the market. Therefore, if a BIM model is setup to contains building static data 
in COBie, it will be exported to CMMS smoothly at day one of building operation. Hence, 
the CMMS, BMS and IoT system is able to up and continue generate dynamic data 
(running data). 
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Figure 4. COBie is a non-proprietary data format to represent static data (initial data) of a 

building 

3.2 Asset Information requirement (AIR), equipment naming and O&M document 
folder structure 

While the idea of BIM is to setup an organised database for static data, or in other words 
to digitalize the handover process, the Asset Information requirement (AIR), equipment 
naming and O&M document folder structure should also be well-defined so that the 
deliverable from design and construction team will be a digitalized dataset. 

According to PAS1192:2-2013, the AIR should be provided at the beginning of the 
information cycle as part of Employer’s Information Requirement (EIR). A message 
“think end at the beginning” is delivered to the design and construction team, secondly, 
the equipment numbering method and O&M folder structure should be well defined. 

There is no a standard commonly used to define these, O&M team should base on its 
organizational practice to define a requirement that suits its organization use. 

3.3 Location based maintenance 

CMMS software is a robust database that offers analytics function to building operators, 
all information output is a list of result that is text based. When a 3D BIM model is 
integrated with CMMS, analytical results is not just a text based list but a representation 
of “where are they”, it gives operator another dimension of insights that leads to better 
decision. 

For example, traditionally a CMMS can list out top 10 most frequent breakdown 
equipment, but an integrated BIM CMMS is able to tell where are these equipment 
graphically. 
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4. Recommendation 

First of all, a successful BIM-O&M integration need a proper tool first. It should not be 
developing new software plugin to common BIM software that is not suitable for O&M 
operation nor carry big amount of dynamic data (don’t re-invent the wheel!). 

The right tool should be a BIM viewer that enable O&M users to quickly retrieve 
information, quickly location a position, and easily link up with O&M systems such as 
BMS, CMMS. Also it should be web based and able to run on mobile platform. If there is 
no suitable BIM viewer in the market, a simple development of such viewer is achievable. 

Apart from tool, the BIM implementation should consider the O&M as well: 

1. During design and construction stage, the BIM Manager should set out the “think 
end from beginning” goal, setup AIR, equipment naming and numbering standard 
that suits the organizational use. 

2. During handover, a digitalized O&M repository including COBie dataset, O&M 
manual in an organised folder structure is imported into CMMS at day one of 
building operation. 
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Conditioning System based on Random Forests 
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South China University of Technology, China. 
 
Abstract 

The refrigerant charge breakdown(RC)) in air conditioning system is a high risk 
fault that directly affect the air conditioning operational efficiency. At present the 
judgment for RC mostly depends on the expertise.Moreover, The on-line detection is 
difficult to identify RC with many representative parameters effectively, quickly and 
accurately based on Data-driven data. To solve this problem ,a fault detection method 
based on random forests(RF) is proposed by using the fault database of refrigeration 
provided by ASHARE in 1999. 49-dimensional direct parameter were analyzed by the 
RF with strong generalization ability and high parallel computing power to reduce 
their dimension under the premise of retaining the physical meaning. Then the effect 
of three machine learning algorithms were compared including Random Forest 
Algorithms (RF), Support Vector Machines (SVM) and Decision Tree (DT) 
Algorithms.  The results showed that the RF algorithm had better recognition 
efficiency and higher classification accuracy compared with DT and SVM increased 
by 2.5%and 24.44% respectively in average diagnostic accuracy.Further, the first 
three fault characteristic quantities which have a high impact on the diagnosis of RC 
are analyzed to provide theoretical for ensuring the operation performance and safe 
operation of refrigeration system. 

 
制冷剂充注量异常是一种高风险故障，直接影响制冷系统性能，且其表征参数诸

多，难以有效、快速、准确地在线识别。针对上述问题，本文提出一种基于随机森林

（RF）的制冷剂充注量故障监测与诊断方法。该方法用 ASHARE 1999年提供的制冷主
机故障数据库，对制冷剂充注量相关的直接测量特征数据进行分析，在保持各特征变

量物理意义的前提下，利用随机森林具有较强的泛化能力和并行运算能力，研究各故

障特征量贡献度，并在不同样本规模和维度的条件下，比较了多种机器学习算法的制

冷剂充注量故障诊断效果，包括随机森林算法（RF）、支持向量机（SVC）与决策树
（DT）算法。结果表明: RF算法具有比较好的识别效率以及较高的分类准确率，平均
诊断准确率分别比 DT算法、SVC算法提高约 2.5%和 24.44%。此外，论文还分析了充
注量异常诊断贡献度影响较高的前 3个故障特征量，为保证制冷系统运行性能与安全
运行提供理论依据。 

 
Key words: fault detection and diagnostics; air conditioning system; refrigerant 
charge; random forests 

1. Introduction  

The refrigeration mainframe is an important part of the refrigeration system. 
With the development of refrigeration technology and production needs, it presents 
large-scale, complex, non-linear, high-power and other characteristics. He S et 
al.(2016) pointed out refrigeration host failure directly affects the economics, 
effectiveness and rationality of refrigeration system operation. Fault Detection and 
Diagnosis (FDD) refers to monitoring various operating states of the cooling host. It 
judges whether it has a fault through various technologies, analyzes the cause of the 
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fault, and promptly fails or has occurred. The prediction or alarm of faults is of great 
significance for ensuring the safe operation of the refrigeration system, reducing the 
wear and tear of the refrigeration system equipment and saving energy and reducing 
the system (Wang Z et al.2017). 

The main refrigeration machine consists of refrigerant cycle, water cycle and oil 
cycle. The refrigerant circulating circuit includes two parts: low pressure and high 
pressure. The low pressure part refers to the part of the circulating circuit in which the 
refrigerant leaves the throttle valve and enters the evaporator through the suction pipe 
to the suction valve of the compressor. The pressure of the refrigerant in this part of 
the pipeline and equipment is close to the evaporation pressure, so it is called the low 
pressure system. The part of the circulating circuit in which the separator, condenser, 
drain pipe, reservoir and high-pressure transfusion pipe reach the throttle valve is 
called high-pressure system because the refrigerant pressure in this part of the pipeline 
and equipment is close to the condensation pressure. For refrigeration systems without 
high-pressure reservoirs and low-pressure vapor-liquid separators, the control of 
refrigerant charge is particularly important. Excessive refrigerant charge will be stored 
in the condenser and submerge the condenser radiator cluster tube, which will reduce 
the radiation area and increase the condensation pressure, resulting in a decrease in 
refrigeration capacity. The insufficient refrigerant filling will lead to insufficient heat 
transfer area of evaporator, reduce heat transfer efficiency, and can not meet the end 
energy demand. The leakage of refrigerant is one of the reasons leading to insufficient 
refrigerant filling. Based on the characteristics of low environmental protection, 
flammability and explosion of existing refrigerants, the leakage of refrigerant may 
lead to environmental pollution, fire, and even explosion; the excessive refrigerant 
filling may lead to incomplete heat transfer in the evaporator, low superheat and liquid 
shock in the compressor; in addition, the abnormal refrigerant filling will also make 
the expansion valve of the system. Adjustment fluctuation is large, which seriously 
reduces the stability, safety and efficiency of the system. Through statistical analysis 
of important faults in centrifugal refrigeration system by ASHRE, it is found that 
refrigerant leakage is a high-risk fault with high frequency and serious consequences 
(COMSTOCK M C and BRAUN J E 1999). At present, the accurate detection and 
control of refrigerant charge is still a major difficulty in refrigeration system control. 
Scientific and effective monitoring of refrigerant charge is of great significance to the 
identification of refrigeration system operation status. Zhang Liangjun et al. (2006) 
studied the influence of the charging capacity on some performance parameters and 
stability of the refrigeration system through experiments, which provided the basis for 
the optimal charging capacity of the system. Kong Xiangqiang (2010) et al. 
established the mathematical model of heat pump system, and used numerical 
simulation to study the relationship between the system charge and some operating 
parameters, in order to find the best charge. 

However, the above studies mainly focus on the single operation parameters of 
refrigeration system, and the selection of parameters is based on experience and 
artificial judgment, and the single data characteristics sometimes can not fully reflect 
the time-varying and diversity of unit operation state (Jia Ziwen et al .2018). At the 
same time, the large data provide a new opportunity for the in-depth research and 
application of condition monitoring and fault diagnosis of air conditioning units (Lei 
Yaguo et al .2012). Fault diagnosis of refrigeration system based on principal 
component analysis-probabilistic neural network is proposed for seven common faults 
of refrigeration system, which improves the diagnostic accuracy and shortens the 
diagnostic time(Liang Qingqing et al .2016). Qinghong et al. (2018) combined with 
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least squares support vector machine and particle swarm optimization, especially 
improved the accuracy of fault diagnosis of refrigerant leakage. Wang Jiangyu et 
al.(2019) proposed a method for fault detection and diagnosis of refrigerant charge 
based on principal component Analysis-Decision tree (PCA-DT), which combines the 
advantages of principal component analysis and decision tree. Yuan Yue et al. (2017) 
proposed a diagnosis method based on PCA-BP for the refrigerant charge fault of 
multi-connection mechanism. Compared with the traditional BP algorithm, the 
diagnosis time of the algorithm is reduced, the storage space of the system is saved, 
and the diagnosis accuracy is improved. Cotrufo N and Zmeureanu R (2016)  
conducted that based on principal component model (PCA-based) for different 
working conditions, set ellipse outlier range, and then determine the abnormal mode 
to realize the fault diagnosis of air conditioning system. Li Get et al.(2016) combined 
PCA and Support Vector Machine Description (SVDD) method to study the early 
fault detection and diagnosis of chillers. Hu Y et al.(2016) proposed that Sensitivity 
analysis of sensor faults in refrigeration system was carried out by PCA. Guo Y et 
al(2017) pointed that Aiming at multi-online faults, a fault diagnosis model based on 
modular PCA model and expert rules is proposed. The results show that the method is 
effective in diagnosing multi-online faults. Li G and Hu Y (2018) improved the 
original PCA algorithm and proposed a fault diagnosis method for Screw Chillers 
Based on density clustering and principal component analysis. The results show that 
the method has lower average absolute percentage error (MAPE) value and better 
diagnosis effect than the original method. On the basis of a large amount of data 
collected, most of the research uses PCA and other algorithms to reduce 
dimensionality and diagnose faults. Usually, data features will be retained while the 
redundancy of information is removed and the dimensionality of data is reduced. 
However, when data are processed by PCA method, its mathematical characteristics 
are well preserved, but its physical meaning is lost. The above scholars have studied 
three failure states of refrigerant charge: insufficient refrigerant charge, normal 
refrigerant charge and excessive refrigerant charge, and lack of further detailed 
analysis of the severity of refrigerant charge fault. 

Therefore, for refrigerant system, a fault monitoring and diagnosis method based 
on random forest is proposed in this paper. Compared with the existing fault diagnosis 
methods, the fault monitoring and diagnosis method based on Stochastic Forest not 
only retains the physical meaning of the original data, but also improves the accuracy 
and speed of diagnosis. 

2.Fault Diagnosis Framework 

The fault diagnosis of refrigerant charge in refrigeration system can accurately 
determine the refrigerant charge and evaluate the severity of the fault by on-line 
monitoring the refrigerant charge, and then take effective measures to reduce the 
possible harm caused by the fault. 

The proposed algorithm includes three parts: data preprocessing, feature 
selection and fault diagnosis, as shown in Figure 1. Firstly, the data are preprocessed 
and divided into training set and test set. Then, the importance of fault feature in 
training set is quantified by using random forest Gini index feature selection method. 
Finally, the important fault feature values in training set are selected as the input of 
RF algorithm to establish the fault diagnosis model. Then, the refrigerant filling state 
is identified and classified by inputting the corresponding fault feature values in test 
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set, so as to calculate the accuracy of classification and seek the high-precision fault 
diagnosis output under low-dimensional input. 

 (1) Data preprocessing 
Data pre-processing includes data cleaning and data normalization; data cleaning 

mainly eliminates outliers and dead values; data normalization is used to minimize the 
impact of dimension and order of magnitude differences; 

(2) Feature selection 
In the training set, a feature selection method based on the reduction of average 

impurity of random forest Gini index is used to rank the contribution degree of the 
traits, quantify the importance of the traits, and then select the value with higher 
cumulative contribution rate. 

As the input of diagnosis model, the cost of diagnosis is reduced. 
(3) Fault diagnosis 
The M-dimension fault feature of training set is selected and the diagnostic 

accuracy is taken as the objective function value of Stochastic Forest optimization as 
shown in Formula 1. The diagnostic accuracy of RF algorithm under different 
dimension fault feature quantity and different sample size is obtained by modeling the 
training set. 
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Fig.1 Framework of fault diagnosis 
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3.Random Forest Algorithms 

Random forest is a supervised machine learning algorithm which combines 
Bagging ensemble learning theory with stochastic subspace method. Random forest is 
a classifier based on decision tree. On the basis of decision tree, by introducing the 
idea of integration, the randomness of the algorithm is increased, and the application 
scope of the algorithm is greatly improved. The idea of integration increases the 
difference of decision tree, the randomness of training set extraction and the 
randomness of node candidate segmentation feature set increase the difference of 
decision tree, and the difference and diversity lead to the improvement of 
generalization ability and diagnostic accuracy of algorithm. The random forest 
algorithm consists of two parts: decision tree generation and classification diagnosis. 

4.Case study 

4.1 Experimental data 

The research object of this paper comes from the refrigeration engine fault 
database provided by ASHARE. The experimental data mainly simulate different 
faults of abnormal refrigerant charge by overfilling refrigerant or releasing refrigerant 
in proportion. The experimental data cover 27 typical working conditions, of which 
49 dimensions are obtained by direct measurement of sensors. In order to better apply 
to engineering practice, this paper only deals with the parameters obtained by direct 
measurement of sensors. This paper mainly focuses on the typical global failure of 
refrigerant charge deviating from normal threshold. There are nine states of refrigerant 
charge, as shown in Table 1. 

 
Table 1 Degree of refrigerant charge 

Refrigerant charge label  
Charge Label 

1 2 3 4 5(normal） 6 7 8 9 

Refrigerant filling state (%) 60 70 80 90 100 110 120 130 140 

Actual charge (lbs) 180 210  240  270 300  330 360  390  420 

4.2 Preprocessing of experimental data 

The data preprocessing mentioned in this paper mainly includes data cleaning 
and data normalization. Data cleaning is mainly used for eliminating abnormal data of 
fault detection results such as dead value and sudden change value, and unstable data 
when switching on and off. Data normalization refers to the normalization of data 
with different dimensions. 

4.3 Sequence of fault characteristic quantity based on Random Forest 

Aiming at the 45-dimensional fault feature after training set screening, this paper 
determines the importance of parameters based on Gini index criterion of random 
forest, ranks the contribution degree of features, evaluates the importance of fault 
feature to fault diagnosis, and then guides the number and frequency of fault diagnosis 
acquisition parameters in practical engineering, effectively reduces the cost of 
acquisition and storage, and improves the efficiency of diagnosis. Table 2 shows the 
ranking results of cumulative contribution rate of important fault characteristics. 
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Table 2 Fault contribution ranking table of important characteristic quantities 

 
contribution 
ranking 

Characteristic 
quantity 

description Cumulative 
contribution rate 

1 TWI Temperature of City Water In  0.151241 
2 TRC_sub Liquid-line Refrigerant Subcooling from 

Condenser  
0.26208 

3 TCA Condenser Approach Temperature 0.370906 
4 TR_dis Refrigerant Discharge Temperature 0.403236 
5 THI Temperature of Hot Water In 0.4277436 
6 TWO Temperature of City Water out 0.4499323 
7 TSI Temperature of Shared HX Water In 0.4709826 
8 TCI Temperature of Condenser Water In 0.4912178 
9 TRC Saturated Refrigerant Temperature in 

Condenser 
0.5119616 

10 P_lift Pressure Lift Across Compressor 0.5330298 

 

4.4 Fault Diagnosis 

The accuracy of fault diagnosis classification can effectively evaluate the 
effectiveness of fault diagnosis methods. The diagnostic accuracy of model fault 
diagnosis is affected by the dimension of sample size and fault feature. In this paper, 
the highest diagnostic accuracy is taken as the objective function. The diagnostic 
results of different sample size and fault feature dimension in different diagnostic 
models are compared and analyzed. 

4.4.1 Fault Diagnosis 

In order to test the influence of sample size on model accuracy, four groups of 
different sample sizes are selected for fault diagnosis. The sample sizes are 3000, 
5000, 10000 and 15000 respectively. Each group of samples is selected randomly 
according to the ratio of training set to test set at 3:1. At the same time, according to 
the contribution degree, the feature with large contribution degree is selected first, and 
the input bar of fault feature dimension is gradually increased. In this paper, RF 
algorithm, decision tree (DT) algorithm and SVC algorithm are used to diagnose the 
fault. The average accuracy of the model diagnosis results for five experiments is 
shown in Table 3. 

 
Table 3 Accuracy of model diagnosis 

 
(a) Diagnostic accuracy of RF model 

Fault feature dimension Sample size 
3000 5000 10000 15000 

5 0.898 0.859 0.951 0.966 
8 0.916 0.872 0.966 0.968 
15 0.914 0.934 0.960 0.973 
20 0.916 0.934 0.961 0.974 
25 0.915 0.935 0.963 0.972 
30 0.906 0.935 0.961 0.972 
45 0.903 0.933 0.961 0.973 

 
(b) Diagnostic accuracy of DT model 
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Fault feature dimension Sample size 
3000 5000 10000 15000 

5 0.866 0.880 0.936 0.950 
8 0.881 0.894 0.935 0.952 
15 0.881 0.888 0.935 0.958 
20 0.883 0.903 0.935 0.953 
25 0.884 0.897 0.931 0.951 
30 0.868 0.888 0.932 0.953 
45 0.886 0.886 0.933 0.949 

 
(c) Diagnostic accuracy of SVC model  

Fault feature dimension Sample size 
3000 5000 10000 15000 

5 0.577 0.613 0.645 0.670 
8 0.629 0.669 0.724 0.759 
15 0.660 0.689 0.749 0.775 
20 0.648 0.676 0.741 0.773 
25 0.633 0.675 0.747 0.791 
30 0.613 0.664 0.747 0.785 
45 0.591 0.648 0.756 0.802 

4.4.2 Algorithm Comparison 

It can be seen from the above table that among the three algorithms of RF 
algorithm, decision tree (DT) and SVC, the SVC algorithm has the worst diagnosis 
result, and the RF algorithm model has the highest diagnostic accuracy. The average 
diagnostic accuracy of the RF algorithm is about 2.5% higher than the diagnostic 
accuracy of the DT algorithm, and about 24.44% higher than the diagnostic accuracy 
of the SVC algorithm. It can be seen that the RF algorithm has the best generalization 
ability among the three algorithms. When the fault feature quantity dimensions are the 
same, the average accuracy of the three models increases with the increase of the 
sample size, but the upward trend gradually becomes slower. It can be seen that 
increasing the sample size can improve the accuracy of model diagnosis, but when the 
sample size is large enough, the diagnostic effect of the model can not be significantly 
improved. When the sample size is the same, the average accuracy of the three models 
increases first and then decreases with the increase of the dimension of the fault 
feature. When the fault feature dimension is 15 dimensions, the average accuracy of 
the SVC algorithm is about 71.8%. When the fault feature dimension is 20 dimensions, 
the average accuracy of the RF algorithm is about 94.6%, and the average accuracy of 
the DT algorithm is about 91.8%. It can be seen that when the fault feature quantity 
dimension reaches a certain level, the model diagnosis effect does not increase with 
the increase of the fault feature quantity dimension. This is because the redundancy of 
the feature dimension leads to the generalization ability of the model; Considering the 
feasibility of engineering practice, the first five-dimensional fault characteristics are 
typical air conditioning system monitoring data. The average accuracy of RF 
algorithm can reach 91.85%, the average accuracy of DT algorithm can reach 90.8%, 
and the average accuracy of SVC algorithm can be Reached 62.13%. Under the 
condition of limited system monitoring cost, the RF algorithm can be used to select 
the 5D fault feature quantity to realize the effective diagnosis of refrigerant charge. 
Based on the average accuracy of the model, the average accuracy of the SVC 
algorithm is about 71.8% when the fault feature dimension is 15 dimensions. When 
the fault feature dimension is 20 dimensions, the average accuracy of the RF 
algorithm is about 94.6%, and the DT algorithm is accurate. The rate is up to about 
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91.8%. For precision equipment with high diagnostic requirements, the RF algorithm 
is used to select the 20-dimensional fault feature quantity to achieve high accuracy 
diagnosis of refrigerant charge. 

5. Conclusions 

Aiming at refrigerant faults in air-conditioning system, a fault diagnosis method 
based on Stochastic Forest algorithm is proposed. Firstly, data is preprocessed, then, 
based on Stochastic Forest Gini index principle, fault feature selection is carried out to 
quantify the importance of fault feature quantities. Finally, the accuracy of RF 
algorithm is taken as the optimization objective, and fault feature quantities in 
different dimensions are obtained for different sample sizes. In order to find the 
diagnostic accuracy of low-dimensional fault features, the corresponding optimization 
algorithm parameters are selected to diagnose refrigerant charge fault. 

1) By ranking the contribution degree of fault feature quantities, the fault feature 
quantities with large contribution are selected to diagnose. This method can 
effectively reduce the cost of data acquisition while retaining the physical meaning of 
data. 

2) Considering the diagnostic accuracy, it can be found that using RF algorithm 
and taking 20-dimension fault feature as input has the best recognition efficiency and 
classification accuracy. 

3) Considering the feasibility of Engineering practice, the first five dimension 
fault features are typical monitoring data of air conditioning system, and the effective 
diagnosis of refrigerant charge can be achieved by using RF algorithm. 

4) random forest algorithm has many advantages in data processing, and it has 
great flexibility and adaptability in dealing with data with fuzzy rules. 

For the fault diagnosis model in this paper, the complexity is still large. In future 
research, we can try to improve the algorithm to better achieve fault diagnosis. 
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Energy-saving Optimization Operation of Central Air-conditioning 

System Based on Double-DQN Algorithm 

 
Yan Junweia, Huang Qia,*and Zhou Xuana 

 
South China University of Technology, China. 

 
 
Abstract 
 

A method about energy-saving optimization operation of central air-conditioning 
system based on adaptive modeling and self-learning was proposed due to mechanism 
modeling and parameters identification problem. The Markov decision process model 
of air-conditioning system was designed and the reinforcement learning algorithm 
with dual neural network structure was used to solve dimensionality curse and 
overestimation of value function during the learning process. In this paper, a TRNSYS 
simulation platform based on the central air-conditioning system of an office building 
in Guangzhou was built. Under the premise of meeting the requirement for indoor 
thermal comfort, the energy-saving optimization operation of the system was realized 
with the goal of minimizing the energy consumption. Compared to PID control and 
single neural network reinforcement learning control, the total energy consumption of 
the system was reduced by 5.36% and 1.64%, the proportion of total uncomfortable 
time was decreased by 2.32% and 1.37%. The simulation results shown that the 
reinforcement learning controller can effectively solve the overestimation problem, it 
has good robustness, self-adaption optimization capability and better energy-saving 
effect, which can provide new ideas for building energy efficiency. 

 
针对中央空调系统机理建模困难和参数辨识工作较为复杂的问题,提出了一

种基于自适应建模和自学习机制的中央空调系统节能优化运行方法；设计了空

调系统马尔可夫决策过程模型, 采用具有双神经网络结构的强化学习算法解决学

习过程中容易产生的维数灾难和值函数过估计问题.然后以广州市某办公建筑中

央空调系统为研究对象,建立该系统的 TRNSYS仿真平台, 对算法的有效性进行

了验证。仿真结果表明：该方法在满足室内热舒适性要求的前提下,以系统能耗

最小为目标,实现了系统的节能优化运行；与 PID控制和单神经网络强化学习控

制方法相比,系统总能耗分别降低 5.36%和 1.64%,非舒适性时间总占比分别减少
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2.32%和 1.37%.文中提出的强化学习控制器能够有效解决值函数过估计问题,具

有良好的鲁棒性,自适应优化能力和较好的节能效果,可为建筑节能提供新思路. 

 
Keywords: central air-conditioning system; energy-saving optimization 
operation; reinforcement learning; Double-DQN algorithm; dual neural network 
structure; total energy 

1. Introduction  

In recent years, the energy consumption of large public buildings had increased 
year by year. The energy conservation and consumption reduction of large public 
buildings have become the main component of energy conservation work in public 
institutions. The central air conditioning system is the main equipment for building 
energy consumption, so its operation optimization become an important part of 
building energy conservation (CHEN J and SUN Y, 2017). Traditional control 
methods (such as experience control and PID control) are widely used in practical 
engineering projects due to their simple design and low cost. However, as a typical 
complex multivariable system with high nonlinearity, coupling, time-varying and 
uncertainty, the central air-conditioning system is often difficult to achieve the desired 
operational results. At present, many researchers have tried to use the heuristic 
algorithm to realize the energy-saving optimization operation of the central air-
conditioning system, but those optimization method needs to establish a black box 
model, and its mechanism modeling and parameter identification work is more 
complicated (CONGRADAC and KULIC F, 2009). 

The development of new technologies such as the Internet and the Internet of 
Things have greatly reduced the cost of data collection and expanded the application 
field of data mining, so explore the application of data-driven methods in the field of 
energy-saving optimization for central air-conditioning systems has become very 
urgent. As a machine learning method that has emerged in recent years, reinforcement 
learning has the characteristics of model-free, self-learning and online learning. 
Through the “action and reward” mechanism, the adaptive optimization of the 
controller can be realized in the absence of the control system model, which is a data-
driven control method. Some researchers have already applied reinforcement learning 
to the field of energy-saving optimization operation for air-conditioning systems. 
Gracia A D et al. (2018) use the traditional Tabular Q-learning algorithm to optimize 
the operation of the air conditioning system, but in the actual control problem, the 
system state space and the action space dimension are large and the algorithm will 
face the dimension disaster. Chen Y et al. (2018) based on the strong generalization 
ability of neural networks and parameterized approximation value function to solve 
the dimensionality disaster problem. However, in the process of algorithm learning, 
the single neural network structure is prone to overestimate the value function. Wang 
Y et al. (2017) solved the problem of gradient disappearance by using LSTM neural 
network and improved the stability of the reinforcement learning algorithm, but the 
overestimation of value function is still not improved.. Hasselt H V et al. (2017) 
proposed that use different value functions to complete the action selection and action 
evaluation to solve the overestimation problem during the learning process. Therefore, 
using the dual neural network structure, where action selection and motion evaluation 
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through different neural networks, is an effective means to avoid overestimating 
problems. 

In view of the above issues, this paper analyzes the characteristics of central air-
conditioning system, establishes the Markov decision process model of central air-
conditioning system and attempts to use the reinforcement learning algorithm with 
dual neural network structure to solve the dimensionality disaster and value function 
overestimation faced by conventional Tabular Q-learning. Then, a simulation platform 
based on TRNSYS is established to validate the effectiveness of algorithm. 

2. MDP Model of Air-Conditioning System 

Reinforcement learning is a special machine learning method which takes 
environmental feedback as input and adapts to the environment. The main idea of 
reinforcement learning is the intelligent controllers can optimize decision sequences 
by interacting with the environment constantly, which use feedback signals of 
evaluation. Its basic principle is that if an action of the system leads to positive reward 
in the environment, the trend of the action produced by the system will be 
strengthened later, otherwise the trend of the action produced by the system will be 
weakened, which is similar to the conditional reflex in physiology (Lillicrap T P et al. 
2015). The goal of reinforcement learning is to find a strategy, which can get the 
greatest cumulative expected reward. 

The reinforcement learning task of air-conditioning system can be modeled as 
Markov decision process(MDP), expressed as a quaternion{ S, A, p, r }, where S is the 
state space divided by the state parameters of the cooling area; A represents the action 
space composed of the available instructions of the air conditioning controller; p is the 
transition probability between states; r is the real-time reward for taking different 
control actions under different states. The MDP model of air-conditioning system is 
shown in Figure 1. 

controller

cooling area

control action A

state

reward r

new state

st

1st

p

 
Figure 1 MDP model of air-conditioning system 

 
The parameters of MDP model of central air-conditioning system are mainly 

constructed according to the target task. For the small water-cooled central air 
conditioning system in this paper, the four target parameters are as follow: 

(1) State space S 
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In order to simplify the model and facilitate simulation verification, we assumed 
that indoor relative humidity remains constant. Hourly outdoor temperature and 
indoor temperature are selected as state parameters. 

(2) Action space A 
Discrete chilled water outlet temperature and refrigeration pump frequency are 

selected as control actions. 
(3) State transition probability p 
Depending on the real state of the environment after executing the control action, 

the algorithm needs to make unbiased estimation of p by multiple sampling. 
(4) Instant reward r 
Define the following function to calculate the instant reward: 

cost( , ) [| | | | ( )]t t t in inr s a T T T T T T         

              (1) 
Where cost( , )t ts a  is hourly energy consumption of air-conditioning system, 

since the target task is to reduce the energy consumption of the system, the energy 
consumption is negative; at the same time, in order to keep the temperature in the 
thermal comfort range, a penalty function of temperature is added, where   is the 
penalty coefficient, inT  is the indoor temperature, T  and T  is the upper and lower 

limits of indoor thermal comfort temperature. 

3. Design of Double-DQN Algorithm 

Q-learning algorithm is proposed by Watkins for solving incomplete information 
Markov decision process problems, which is an optimal control technology based on 
value function iteration and dynamic learning mechanism (Sutton R S and Barto A G, 
2005). The algorithm investigates the state-action value function, which is represented 
by Q(s,a)  and shows as follows: 

1
0

Q (s,a)= ( | , )k
t k t t

k

E r S s A a
 



 


                         (2) 

where (0,1)   is discount factor, which indicates how the current actions affect 

future rewards; tS  is initial state; tA  is initial action; E  is the cumulative 

expectations under strategy   . 
According to the theory of operations research, Q s,a)（  satisfies the following 

Bellman equation: 

1 1Q (s,a)= [ Q(s , a ) | , ]t t t t tE r S s A a
                          (3) 

Based on the above theoretical framework, Q-learning algorithm stores and 
estimates the value functions of different states in the MDP model of air-conditioning 
system. In the process of continuous interaction between the reinforcement learning 
controller and the controlled area, formula (4) is used to update the value functions 
iteratively and this process is called action evaluation. 

t 1 1Q(s ,a ) [ + max Q(s ,a ) Q(s ,a )]+Q(s ,a )t t t t t t t tr                     (4) 

where (0,1)  is the learning rate; max mean choose the max Q value. 

After gradual convergence of iteration, the optimal strategy * (s,a)  is to select 
the action with the largest Q value under state s, which called greedy strategy, this 
process is called action selection and shows as follow: 
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* s,a)=argmax Q (s,a)k

a A



（  

(5) 
In practical engineering projects, the central air-conditioning system often has 

large-scale or continuous state space and action space, so the traditional Q-learning 
algorithm will face dimension disaster. In order to solve this problem, Mnih V et al. 
(2015) proposed the Deep Q Network (DQN) algorithm, which uses the good 
generalization ability of the neural network to parameterize the value function. 
Because BP neural network has the advantages of simple structure, strong 
generalization ability and high fault tolerance, we use BP neural network 
parameterized approximation value function. The BP neural network structure used 
for value function approximation is shown in Figure 2. 

Since the DQN algorithm has only one neural network, the greedy strategy is 
adopted in both the action selection and the action evaluation. Therefore, the 
controller is prone to the problem of overestimating the value function in the learning 
process. If the overestimation of each step is uniform, then the optimal strategy 
chosen according to the greedy strategy remains unchanged, but in the actual situation, 
the overestimation is often non-uniform, so the overestimation of the value function 
will affect the final strategic decision. 

To solve this problem, Hassell H V et al. (2017) proposed a Double Q-learning 
method, which uses different value functions to complete action selection and action 
evaluation, so that to solve the problem of overestimation in the learning process. 
Based on the DQN algorithm and integrating the idea of Double Q-learning algorithm, 
this paper will construct a Double-DQN algorithm with dual neural network structure. 
The algorithm has two major characteristics: it uses the BP neural network 
parameterized approximation value function to achieve generalization purpose; it 
trains two BP neural networks to complete the action selection and action evaluation 
to solve the value function overestimation problem. The neural network parameters 
are updated by the gradient descent method and as shown in equation (6). 

1 1 1[ max Q(s ,a ; ) Q(s ,a ; )] Q(s ,a ; )t t t t t t t t tr       
                   (6) 

Where    is the action selection neural network parameters;   is the action 
evaluation neural network parameters. 
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Figure 2 The structure of BP neural network used for value function approximation 

 

4. Case Study 

4.1 Simulation Platform 

The research object selected in this paper is a four-storey office building in 
Guangzhou, the third and fourth floors adopt a small water-cooled central air-
conditioning system and the total air-conditioning area is about 960m2. The building 
air-conditioning system simulation platform established in TRNSYS is shown in 
Figure 3. 

The simulation time of the system is selected from July 1 to August 31, the 
simulation step is 0.5h and the working time is set to 9:00-21:00 every day. Indoor 
relative humidity set at 50%, the upper limit of indoor temperature is 26℃ and the 
lower limit is 24℃ according to the Chinese standard GB50376-2012. Outdoor 
meteorological parameters adopt the typical annual hourly meteorological data of 
Guangzhou built in TRNSYS and the fresh air ratio of central air conditioning system 
is 15%. 

 

Figure 3 Air-conditioning system simulation platform in TRNSYS 

4.2 Result and Discussion 

Based on the simulation result of TRNSYS simulation platform, the total energy 
consumption and the total proportion of uncomfortable time of the air conditioning 
system during the simulation process are shown in Figure 4. We can see that the 
controller gradually learns the optimal strategy. 

In order to further verify the optimization effect and energy saving effect of 
DDQN(Double-DQN), we select the PID control for simulation and comparison. The 
temperature setting value of the PID controller is 25℃ and the parameter setting 
refers to the existing air conditioning PID control system. In order to further explore 
the influence of neural network structure on energy-saving optimization operation, the 
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DQN algorithm-based reinforcement learning controller is selected for simulation 
comparison. The parameter setting of the algorithm is the same as DDQN, but the 
action selection and motion evaluation use the same BP neural network. 
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Figure 4 Change of the system total energy consumption and the proportion of total 

uncomfortable time 

The indoor temperature and the variation of the indoor temperature under three 
different control modes during the effective simulation time are shown in Figure 5. 
The change of the hourly energy consumption of the air conditioning system during 
the effective simulation time is shown in Figure 6. The simulation data of three 
method obtained by TRNSYS is shown in Table 1. 

  

 
(a)outdoor temperature                                        (b)PID control 
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(c)DQN control                                       (d)DDQN control 

Figure.5 Outdoor temperature and indoor temperature change under different control 
methods 

It can be seen from Figure 5 that the trained DDQN can respond quickly to 
external disturbances when the outdoor temperature is constantly changing and ensure 
that the controlled area meets the indoor thermal comfort demand most of the time. It 
fully demonstrating the reinforcement learning controller has good robustness and 
dynamic optimization capabilities. 
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Figure.6 System energy consumption change under different control methods 
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It can be seen from Figure 5 that compared with PID and DQN, although the 
indoor temperature curve has basically the same trend, the temperature fluctuation 
degree of DDQN is significantly decreased in part of the simulation time. As can be 
seen from Figure 6, DDQN can reduce the peak energy consumption and reduce the 
system energy consumption in part of the simulation time. The above results reflect 
that DDQN has better operation optimization effect. 

 

 

Table 1 Simulation data comparison of different control methods 

Simulation 
time/h 

PID  DQN  DDQN 

energy/kWh 
uncomfortable 

time ratio 
energy/k

Wh 
uncomfortable 

time ratio 
energy/k

Wh 
uncomfortab
le time ratio 

0.5-100 9055.5 3.02% 
9132.

5 
4.02% 8989 3.52% 

100-200 8424 4.00% 
7791.

5 
2.50% 7778 3.00% 

200-300 8972 2.50% 8604 2.00% 8434 2.50% 
300-400 7819 2.00% 7874 2.50% 7730 2.50% 

400-500 6073 14.50% 
6344.

5 
14.50% 6218.5 13.50% 

500-600 11158 7.29% 
1065
8.5 

7.29% 10538.5 6.94% 

600-744 13261.5 2.00% 
1190

9 
2.00% 11603.5 2.50% 

total/ratio 64763 5.16% 
6231

4 
5.11% 61291.5 5.04% 

From the total results of Table 1, we can find that the control strategy obtained by 
DDQN is closer to the global optimal solution than DQN and PID, where the total 
energy consumption of the system was reduced by 5.36% and 1.64%, respectively, the 
proportion of total uncomfortable time was decreased by 2.32% and 1.37%, 
respectively. It can reflect the good energy-saving effect of the reinforcement learning 
controller based on Double-DQN algorithm. 

 



 

123 
 

5. Conclusions 

In this paper, the MDP model of air conditioning system is designed firstly, and 
the energy-saving optimization operation method of central air-conditioning system 
based on Double-DQN algorithm is proposed. Then, taking an office building in 
Guangzhou as an example, the air-conditioning system simulation platform based on 
TRNSYS is built and the effectiveness of the algorithm is verified. The main 
conclusions are as follows: 

(1) The reinforcement learning controller based on Double-DQN algorithm can 
ensure the controlled area meets the thermal comfort requirement most of the time and 
has good robustness and dynamic optimization ability. 

(2) Compared with PID control and DQN control, DDQN can effectively solve 
the problem of overestimation of the value function, which has better energy-saving 
and optimized operation effect. We can find that the total energy consumption of the 
system was reduced by 5.36% and 1.64%, respectively, and the total proportion of 
non-comfort time was reduced by 2.32% and 1.37%, respectively, DDQN achieve the 
goal that reduce the energy consumption under the premise of meeting the indoor 
thermal comfort requirements. 

Therefore, Double-DQN algorithm can optimize the energy efficiency of central 
air conditioning system, it can provide a new method for building energy saving and 
has engineering application value. 
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Abstract 

Aiming at the problem that the single energy consumption prediction method is 
difficult to accurately predict the energy consumption of the public building central air 
conditioning system under the operation of multiple modes, an energy consumption 
prediction method based on the machine learning division operation mode is proposed. 
Firstly, use the K-Means algorithm to divide the system operation mode, and the main 
factors affecting operation mode are selected by random forest method. Then establish 
the prediction model for the model prediction and energy consumption prediction 
through the BP (Back Propagation) neural network. Finally, the above method is 
verified by the central air-conditioning system of a hotel building in Suzhou. The 
results show that compared with the traditional method, the prediction accuracy and 
stability of the energy prediction method proposed in this paper are greatly improved, 
and the EEP (Expected Error Percentage) is reduced by 37.3%. The CV (Coefficient 
of Variation) is reduced by 37.7%. 

 
本文针对目前单一能耗预测方法难以对多种模式混合运行下的公共建筑集

中式空调系统能耗进行准确预测的问题，提出一种基于机器学习划分运行模式

的能耗预测方法。该方法首先利用 K-Means算法划分系统运行模式，通过随机

森林方法选择影响运行模式的主要因素，然后利用 BP神经网络建立预测模型

依次进行模式预测和能耗预测。以苏州某酒店建筑集中式空调系统为研究对象

对上述方法进行验证，研究结果表明：本文提出的能耗预测方法与直接进行能

耗预测方法相比，预测精度和稳定性大幅度提高，EEP降低了 37.3%，CV降低

了 37.7%。 

 
Keywords: central air conditioning, energy consumption prediction, mode 
division, K-Means, random forest, neural network 
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1. Introduction  

According to the International Energy Agency's (IEA) Energy Consumption 
Statistics Report, building energy consumption accounts for one-third of the world's 
total terminal energy consumption and continues to rise. Among them, public 
buildings represented by high-class hotels, office buildings, and large and medium-
sized shopping malls have attracted widespread attention due to high energy 
consumption and large scale. Most of these public buildings use central air 
conditioning systems for cooling, and the energy consumption of air conditioners 
exceeds 40% of the total energy consumption of buildings. It is a key research area for 
building energy conservation (Hou, 2017). Accurate air-conditioning energy 
consumption forecasting can not only continuously optimize the air-conditioning 
operating system, but also provide adjustment basis for system energy-saving, power 
peaking, and air-conditioning energy efficiency, and can establish a benchmark for 
energy consumption of central air-conditioning systems. 

 
Many scholars have carried out a lot of research on building energy consumption 

prediction and air conditioning load forecasting methods, and have obtained more 
research results. Chen Yanzhen and Liu Jianhua (2017) used the artificial neural 
network method to establish a time-dependent energy consumption prediction model 
for the refrigeration season and the heating season, and realized the system energy 
consumption prediction under certain meteorological conditions. Chen Yongbao and 
Xu Peng (2017) studied the energy consumption system of four commercial office 
buildings during working days, and used the support vector regression method to 
establish a time-consuming energy consumption prediction model for each building. 
Zhou Wei, Fan Zubing (2018) took the air conditioning system of a shopping mall as 
the research object, extracted the actual energy coefficient and preprocessed the air 
conditioning load at each moment to reduce the external disturbance factors and 
impact of load forecasting. such as passenger flow and outdoor meteorological 
parameters. The above research is aimed at a central air-conditioning system with 
strong time characteristics and rich prior knowledge. Through the supervised learning 
method to divide the time interval or give different time characteristics, obtain a better 
time-consuming energy consumption forecast or hourly load predictive effect. 
However, for public buildings, the outdoor environment, personnel flow and air 
conditioning system operating modes are still different at the same time on different 
dates, and the energy intensity varies greatly, making it difficult to give time 
characteristics through supervised learning methods. In response to this problem, 
Zhang and Liu (2018) clustered the hourly load of air conditioning system through 
unsupervised learning algorithm, and divided two types of working conditions to 
distinguish between regular working hours, overtime and off work, and improve the 
problem of hourly load forecasting based on regular work schedules due to irregular 
overtime work. 

 
However, the above studies are based on the hourly prediction of energy 

consumption or load based on the same air conditioning operating mode. In recent 
years, with the development of building energy-saving technologies, domestic and 
foreign scholars have carried out research and application of various control strategies 
(variable load rate regulation (Liu and Wang et al., 2017), wheel stop technology (Xin 
and Wu at al., 2013) (Guan and Wang at al, 2015), cold storage (Yan and Shi at al, 
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2016) (Liu and Zhao at al, 2016)). However, related energy consumption prediction 
techniques are still rare. The central air condition system under the complex control 
strategy includes multiple operating modes. The operating mode is automatically 
switched according to the operating parameters of the system. The energy 
consumption may be abrupt and crossover during the switching process. Therefore, it 
cannot be divided air conditioning system operating mode only from the time 
characteristics and energy consumption. How to start from the central air conditioning 
system control strategy, accurately divide the air conditioning system operation modes 
according to the relevant operating parameters such as load rate and chilled water 
temperature, and reduce the complexity of the operation mode division process, and 
then predict the system operation mode and energy consumption, which is a key issue 
in energy consumption prediction for air conditioning systems in complex control 
strategy. 

 
In view of the above problems, this paper intends to adopt an unsupervised 

learning algorithm, divide the operation mode according to the operating parameters 
of various air-conditioning systems, and analyze the main factors affecting the system 
operation mode, and then establish the operation mode prediction model and energy 
consumption prediction model. Finally, the centralized air conditioning system of a 
hotel in Suzhou was taken as the research object to verify the effectiveness of the 
method. 

2. Energy consumption prediction method and related theory in 
mixed operation mode 

2.1 Forecasting process 

Because a single machine learning algorithm is difficult to accurately predict the 
energy consumption of centralized air conditioning systems in multiple operating 
modes, this paper intends to implement operating modes, operating mode prediction 
and energy consumption prediction with multiple machine learning algorithms. The 
main steps are shown in Figure 1.  
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Figure 1 Energy consumption forecasting framework 
(1) Data preprocessing: data cleaning and data standardization are sequentially 

performed on the collected data; 
 
(2) Operation mode division: determine the number of operation modes by the 

contour coefficient method, and divide the system operation mode by K-Means 
algorithm; 

 
(3) Model prediction modeling: The main factors affecting the operation mode of 

the air-conditioning system are selected as the model input parameters by the random 
forest method, and the BP neural network is used to establish the operation mode 
prediction model. 

 
(4) Energy consumption prediction modeling: Select the main factors affecting 

the energy consumption of the air conditioning system as the model input parameters, 
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and use BP neural network to establish the system energy consumption prediction 
model; 

 
(5) Predictive model accuracy evaluation: EEP and CV are used as model 

accuracy evaluation indicators, and compared with direct energy consumption 
prediction modeling methods. 

2.2 Operation mode division 

The centrali air conditioning system is a complex system with large lag and 
multi-parameter coupling. Although the operating conditions of the operating mode 
depend on the operating parameters such as the chilled water inlet and outlet 
temperature and the host load rate, the operating mode and operation are affected by 
various operating parameters. The mapping relationship between parameters is not 
clear, and it is difficult to directly divide the operation mode by manual method. 
Therefore, based on historical operation data, this paper uses K-Means unsupervised 
machine learning algorithm to divide the typical operation mode. 

 
K-Means algorithm is an unsupervised learning method based on the similarity 

measure between samples. The similarity between samples is determined by 
Euclidean distance, which has the advantages of simple structure and fast running 
speed. The mathematical formula for the Euclidean distance in the K-Means algorithm 
is shown below. 

1

( , y) ( )
p

i i
i

D x x y


                     （1） 

Where x  and y  are the operating parameter data points, there are p  running 

parameters; ix， iy  are the i-th running parameter values of point x , y  respectively. 
 
This paper intends to use the K value as the number of air conditioning operation 

modes to divide the historical operation data of the central air conditioning system. 

2.3 Main influencing factors 

There are many sensitive factors affecting the operation mode of air conditioning 
in public buildings. How to extract the main factors affecting the operation mode from 
the influencing factors of many air-conditioning systems and realize the 
dimensionality reduction optimization of modeling data is of great significance for 
reducing the size of the training set and reducing the training time.  

 
Random forest is an integrated learning algorithm based on decision tree. The 

algorithm first selects n samples from the sample set as a training set by sampling and 
returning, and establishes a total of k training sets. A decision tree is generated with 
each training set and features are selected randomly and randomly to find the best 
dividing features. The resulting random forest uses the voting method to determine the 
final classification of the training set. In the process of classification, the average 
purity of the Gini index is used as the evaluation benchmark to determine the 
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contribution of each feature in the random forest decision tree. The random forest 
generation process is shown in Figure 2. 

 
Training 

sample set S

S1 S2 …… Sk

……

Voting the best 
classification

 
Figure 2 Schematic diagram of random forest generation process 

2.4 Predictive model establishment 

The artificial neural network model is widely used in the field of prediction. In 
this paper, BP (Back Propagation) neural network is used to establish the prediction 
model. The network generally consists of the input layer, the hidden layer and the 
output layer. The network parameters are adjusted by calculating the error between the 
output layer and the expected value, which further reduces the error. After many years 
of practice testing, BP neural network has become the most widely used and mature 
neural network (Wen and Zhang at al., 2015). This paper intends to use the main 
influencing factors of feature selection as the input of the neural network, and the 
output is the prediction result. 
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Figure 3 BP neural network architecture 

2.5 Evaluation function 

At present, there are many evaluation indicators used in the prediction model, 
such as Expected Error Percentage (EEP) and Coefficient of Variation (CV). EEP 
reflects the degree of deviation between the predicted value and the actual value, 
which is the main evaluation index of the prediction accuracy; CV is a normalized 
measure of the degree of dispersion of the probability distribution, which is defined as 
the ratio of the standard deviation to the average value. Therefore, this paper uses EEP 
and CV as the error evaluation indicators to measure the accuracy of energy 
consumption prediction, and evaluates the prediction effect of the energy consumption 
prediction method proposed in this paper. 
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Where ( )y k  is the actual energy consumption of the air conditioner at time k; 

( )y k  is the predicted energy consumption of the air conditioner at time k; y  is the 
average value of the actual air conditioning energy consumption during the forecast 

period; 
1

max[ ( )]
n

k
y k


 is the air conditioner The maximum value of actual energy 

consumption;  is the number of air conditioning energy consumption prediction test 
sets. 

3. Case analysis 

3.1 Project overview 

This paper takes a hotel in Suzhou City as the research object. The total 
construction area of the hotel is 21,300 square meters, a total of 18 floors, including 
hotel lobby and conference hall. The hotel uses a central air conditioning system for 
cooling, and the cold source system is located on the basement level. The basic 
configuration of the refrigeration system is shown in Table 1. 

 
Table 1 Cold source system configuration table 

Name Brand Quantity Cooling capacity / power 
(kW) 

Refrigeration unit Carrier 30XW1152 2 1448.2 
Refrigerated circulation pump Kaiquan 1 45 
Refrigerated circulation pump Kaiquan 2 30 
Cooling circulation pump Kaiquan 4 37 
Cooling Tower / 3 / 
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1 Chiller 2 Refrigeration water pump 3 Cooling water pump 4 Cooling tower 5 

Cold water supply temperature sensor 6 Cold water return water temperature sensor 7 
Chilled water pump power sensor 8 Cooling water pump temperature sensor 9 
Cooling tower power sensor 10 Cooling main power sensor 11 Cold water line 
electric valve 12 Cooling water line electric valve 13 Cooling water outlet 
temperature sensor 14 Cooling water inlet temperature sensor 15 Outdoor temperature 
and humidity sensor 
Figure 4 Structure diagram of the data acquisition system of the centralized air 

conditioner. 

3.2 Data preprocessing and operation mode division 

Since the different parameter variables collected by the central air conditioning 
system have different dimensions and orders of magnitude, there is 
incommensurability. In order to minimize the impact of the disparity between 
dimension and magnitude, as far as possible to reflect the actual situation, it is 
necessary to normalize the data of different types of input data, as shown in equation 
(4). 

*

0

x x
x




                              （4） 

Where 
*x  is the data normalized by the original data; x  is the average of the 

original data; 0  is the standard deviation of the original data. 
 
The operating mode of the hotel's central air conditioning control system is 

closely related to the host load rate, chilled water outlet temperature and chilled water 
set temperature. In this paper, the time-averaged data mean of three parameters in the 
training set is selected as sample data, and divide four operating modes by K-Means 
algorithm. The hourly energy consumption in different operating modes is shown in 
Fig. 5.
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Mode 1 

 

 
Mode 2 

 
Mode 3 
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Mode 4 

 
Figure 5 Energy consumption diagram in 4 modes 

 
Mode 1: The central air-conditioning system presents a low-energy running state. 

In this mode, the host is in a shutdown state, and the cooling load at the end of the air-
conditioning system is low. The system uses cooling of the circulating water in the 
chilled water pipe for cooling, and the chilled water temperature is high; 

 
Mode 2: The central air-conditioning system exhibits a lower energy 

consumption operating state. In this mode, the cold load demand of the air 
conditioning system is lower, the chilled water setting temperature is higher, and the 
host runs smoothly at a lower load rate; 

 
Mode 3: The central air conditioning system exhibits a higher energy 

consumption operating state. In this mode, the cooling load demand of the air 
conditioning system is higher, the chilled water setting temperature is lower, and the 
host computer operates at a higher load rate; 

 
Mode 4: The central air-conditioning system presents a high-energy running state. 

In this mode, the cold load demand of the air-conditioning system increases, the host 
starts from the shutdown state, and the chilled water temperature gradually decreases, 
resulting in a high load rate of the host. 

3.3 Energy consumption forecast 

Based on the actual collected parameter data, this paper selects the time, the 1 h 
pre-outdoor-temperature, the 1 h pre-outdoor- humidity, the daily occupancy rate, the 
1 h pre-operation mode, the 1 h pre-load rate, the latest collected load rate, the 1 h 
pre-chilled-water-temperature and the 1 h pre-chilled-water-set-temperature, a total of 
9 parameters. The random forest algorithm is used to select important features to 
determine the importance of each parameter to the hourly operation mode, that is, the 
characteristic contribution of each parameter to the operation mode. And sorting, as 
shown in Table 2. 

 
Table 2 Contribution evaluation form 

parameter name contribution 
the 1 h pre-load rate 0.251 

the latest collected load rate 0.216 
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the 1 h pre-outdoor-temperature 0.131 
the 1 h pre-operation mode 0.110 

the 1 h pre-chilled-water-temperature 0.096 
the time 0.069 

the 1 h pre-chilled-water-set-temperature 0.046 
the 1 h pre-outdoor- humidity, 0.041 

the daily occupancy rate 0.039 

 
Four parameters with a contribution higher than 0.1 are selected as the input 

parameters of the time-of-day operation mode prediction model. The BP neural 
network training sample data in the training set is used to establish a running mode 
prediction black box model, and multiple time-by-time operation mode prediction is 
performed. Accuracy is used as an indicator for measuring the accuracy of prediction. 
Accuracy refers to the degree of correctness of an object's expression or description. It 
is used to reflect the correctness of things. The accuracy rate is as follows. 

right

all

100%
n

Accuracy
n

                           (5) 

Where: rightn  is the number of samples predicted correctly, and alln  is the number 

of all samples. 
Table 3 Operation mode prediction results 

Testing frequency 1 2 3 4 5 AVG 
Accuracy/% 89.1 88.6 87.7 89.5 92.2 89.4 

 
The 1 h pre-energy-consumption, the latest collected load rate, the 1 h pre-

outdoor-temperature, the 1 h pre-mode, the 1 h pre-chilled-water-temperature, time, 
and the 1 h pre-chilled-water-set-temperature were selected as input parameters of the 
energy consumption prediction model. According to the operation mode division 
result, the data in the training set is divided into four sub-training sets of different 
operation modes to train separately, and establish the energy consumption prediction 
model. The hourly data in the test set is matched to the different training sets 
according to the operating mode prediction results for energy consumption prediction. 

 
Figure 6 shows a comparison of the predicted and actual values of part-time 

energy consumption. It can be seen from the figure that the mode division prediction 
result are closer to the actual energy consumption value than the direct prediction 
results. In the unconventional operation time where the energy consumption is low or 
high, the direct prediction result is less accurate. At this time, the mode division 
prediction has a great advantage. However, the accuracy of the operation mode 
prediction has a great influence on the energy consumption prediction method based 
on the operation mode division. For example, the 7th time and the 21st time cause a 
large energy consumption prediction error due to the deviation of the operation mode 
prediction. 
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Figure 6 Comparison of some energy consumption prediction results 

 
Table 4 Comparison of prediction accuracy 

Testing frequency 
Mode division prediction Direct prediction 

EEP/% CV/% EEP/% CV/% 
1 7.47 17.0 12.2 27.9 
2 8.09 18.6 11.2 25.6 
3 6.98 15.9 11.4 26.0 
4 7.33 16.5 11.3 25.5 
5 5.86 14.5 11.1 27.6 

AVG 7.15 16.5 11.4 26.5 

 

The energy consumption prediction accuracy based on the operation mode division is compared with 
the direct energy consumption prediction accuracy multiple times, as shown in Table 4. After tests, the 
EEP based on the operating mode is 7.15% and the CV is 16.5%. Compared with the direct energy 
prediction, the EEP is reduced by 37.3% and the CV is reduced by 37.7%. This is because the energy 
consumption prediction model is more targeted after dividing the operation mode, and the interference of 
the complex control strategy of the centralized air conditioning system on the energy consumption 
prediction process is reduced, which is robust. 

4. Conclusion 

This paper proposes a method for predicting energy consumption of central air conditioning systems 
under complex control strategies. Firstly, use K-Means clustering algorithm to divide different operating 
modes according to system operating parameters, and then use the random forest method to select 
influence the main factors affecting air conditioning operating mode. And finally use BP neural network 
to perform operation mode prediction and energy consumption prediction. In this paper, the above method 
is verified by a centralized air conditioning system in a hotel in Suzhou. The results show that: 

 
(1) By automatically clustering the historical data of the operating parameters of the hotel's air-

conditioning system, realize the automatic division of the operation mode of the air-conditioning system. 
Based on this, the air-conditioning system operation mode is automatically predicted, and reduce the 
impact of consumption prediction accuracy with the multiple operation modes. 

 
(2) The energy consumption prediction method based on the operation mode can achieve better 

energy consumption prediction effect. The method can achieve an EEP of 7.15% prediction accuracy, 
which is 37.3% lower than the direct energy consumption prediction method; the CV is 15.6% prediction 
accuracy, which is 37.7% lower than the direct energy consumption prediction method. 
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Under the background of diversified functions of public buildings and increasingly strict energy-
saving requirements this method provides a new idea for energy consumption prediction of central air-
conditioning systems under multiple modes of operation. 
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Abstract 
 
Hong Kong is one of the world’s densest population cities. According to the statistics released by the 
Electrical and Mechanical Services Department (EMSD) of the Hong Kong Government, about 90% of 
Hong Kong’s total electricity consumption comes from buildings. Building energy efficiency has been the 
mega trend in combating climate change. To promote building energy efficiency, the Hong Kong 
Government has enacted the Buildings Energy Efficiency Ordinance (BEEO) which has come into full 
operation since 2012 and the requirements for complying the Ordinance were further reviewed to keep 
pace with the latest technology advancement and the development of international standards in 2018. 
However, in practical situations owners usually face different problems in shifting their buildings to a 
more efficient, smarter and greener environment. In recent years, there are emerging solutions to support 
buildings’ owners to achieve better building energy efficiency. The solutions include technologies to 
optimize HVAC systems of buildings by big data analytics and AI applications, technologies to optimize 
appliances’ energy consumption by managing them automatically through advanced IoT devices. Those 
technologies have been successfully deployed in different buildings such as shopping malls, offices and 
residences and achieved satisfactory results. This paper discusses the major problems that building 
owners usually face and presents the efforts we have pursued to resolve the problems to successful cases. 
 
摘要 
 
香港是人煙最稠密的城市之一，根據機電工程署最新公佈的數字，建築物佔全港總耗電量達

90%。面對全球氣候變化危機，建築物能源效益管理及節能已成為全球的大趨勢。香港政府亦積

極制定政策配合，於 2012 年起全面實施《建築物能源效益條例》。多年來不斷檢討及更新，現已

符合 2018 年的國際標準。然而，當發展商或大廈物業管理公司推行樓宇能源改善時，仍不時遇到

不同的困難。 

 

從供暖、通風及空調系統方面著手，更能全面提升建築物的能源效益。透過安裝物聯網 (IoT) 裝置

和雲端人工智能分析，即時了解建築物的用電量並提供最適合的改善建議。目前，這些方案已成

功應用於商場、辦公室和住宅等不同類型的建築物中，獲得顯著的成效並深得用戶的認同。本文

主要討論推行樓宇能源改善方案時，所面對的困難、解決方案及其成效。 

 
 
Keywords: Smart solutions, building energy efficiency, HVAC analytics, IoT devices and AI 

applications 
 
 
 
1. Introduction 
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The Paris Agreement under the United Nations Framework Convention on Climate Change, effective 
from 4 November 2016, is now a global driving force for climate change action, to which Hong Kong is 
also bound. The building sector in Hong Kong accounts for about 90% of the city’s electricity usage, of 
which over 60% are consumed in commercial sector. Buildings used by businesses and public service 
organizations make up a large part of the footprint, whether they are office buildings, retail shops, hotels, 
schools or hospitals. The building sector is also the main source of carbon emission in Hong Kong. Over 
60% of carbon emissions are attributable to generating electricity for buildings. In office buildings, 
HVAC systems account for about 50% of the total energy use. Thus, achieving energy saving in HVAC 
systems of buildings is the primary target for both short and long terms, especially for existing buildings, 
since these represent the majority of buildings where the potential for energy saving is significant. 
According to the statistics released by the Hong Kong Government, more than 65% of buildings in Hong 
Kong, their ages are more than 20 years.  
 
Over the years, we have proactively worked with customers to explore feasible and effective solutions to 
reduce building energy consumption. Organisations have different choices to reduce energy consumption 
of their buildings. For new buildings, they can be designed more efficiently at the outset, adopting various 
latest technologies and leveraging building construction to minimise capital investment. However, for 
existing buildings, the primary focus has mainly been on retrofitting projects, which are often capital-
intensive and disruptive to operations. These inhibit building owners from taking extra step to improve 
buildings’ energy efficiency, particularly due to the low utility rate in Hong Kong and electricity expense 
usually only constitutes a low portion of the operating costs. 
 
From customers’ feedbacks, the common problems in existing buildings are as follows: 
 

 Siloed building services systems; costly system integration 
 Aged equipment (e.g. low efficient chillers) 
 Sensors are not able to enable properly user comfort 
 Inflexible task lighting; insufficient user control 
 Energy waste due to users’ behaviour  
 Limited visibility of energy consumption profiles 
 Maintenance & trouble shooting effectiveness 
 Limited technical expertise of O&M staff 
 Lack of user engagement 

 
2. Technology to Enable the Development of Smarter and Greener Buildings 
 
The fast growing of Information Technology (IT) industry in recent years and many smart technologies 
for buildings have emerged which have created unprecedented potential for efficiency improvement in 
buildings. Of the many technologies, AI analytics and Internet of Things (IoT) are recognised as a 
powerful avenue to lower the operating costs of buildings and to track system efficiency, system wear and 
repair scheduling.   
 
Analytics solution is a software based on cloud and adds an additional layer on top of existing Building 
Management System (BMS), without the need to replace existing infrastructure. The new layer 
aggregates and analyses building data from BMS and adopting artificial intelligence (AI) applications 
which uses algorithms to identify and learn from relationships in data to generate actionable insights and 
make prediction that optimize operations to save energy and cut costs. With the help of AI analytics, 
buildings can be managed holistically through a unified interface, instead of many disjointed systems. As 
it is only a software based on cloud and requires minimal investments and result in little or no disruption 
to operations. The expected payback period can be less than one year.  
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Internet of Things (IoT) is the concept of connecting any device with an on/off switch to the Internet 
and/or to each other. IoT uses common Internet Protocol (IP) to connect devices, which include 
everything from smartphones, tablets and digital assistants to various types of sensors and systems such 
as HVAC, lighting and security. Data generated from IoT devices can contribute to significant flexibility 
and savings providing significant benefits to both building operators and occupants. Using IoT devices to 
track human activity along with energy, noise analysis, temperature and occupancy within building, 
building operators and occupants can gain critical insight for planning, optimal space usage and 
behavioural changes resulting in better occupant comfort and significantly more efficient buildings.  
 
Sensing capabilities throughout buildings using IoT technology, coupled with local data and control 
formats from BMS and cloud based predictive analytics and AI algorithms, building systems gain the 
ability to adapt to usage patterns, changes in usage patterns and equipment failure.  
 
3. AI Analytics Solution for Buildings 
 
In recent decades, most commercial buildings have been equipped with an increasing number of sensors, 
controls and other devices. Modern buildings have built-in control systems, referred to as BMS, allowing 
building operators and real estate management to control their infrastructure. However, many building 
owners and operators are not yet aware of how data-driven optimizations can reduce energy 
consumptions. Buildings may be equipped with hundreds or thousands of sensors and controls, but it is 
wasting money if owners/operators do not use the data more holistically to optimize the infrastructure. 
 
Adopting AI analytics solution by utilising data from BMS has proved to be effective to make buildings 
smarter and greener, organisations can save millions and significantly reduce environmental impact. Since 
it is only a software based on cloud and requires minimal investments and result in little or no disruption 
for occupants. It overcomes the common barrier of improving energy use in existing buildings. It also 
helps buildings transition to continuous commissioning where maintenance is conducted whenever the 
analytics engine detects a fault, rather than on replying on periodic spot checks. 
 
The core of the solution is the AI engine consisting of rules and algorithms that identifies and prioritizes 
interventions to maximize saving. Vendors differ in their approaches and capabilities and should thus be 
evaluated thoroughly before adoption. The followings are the three typical ways that AI analytics solution 
can help improve building operation and maintenance. 
 
Automatic Fault Detection and Diagnosis 
 
One of the biggest single impacts AI analytics solution has facilitated is the ability to automatically 
identify building faults and inefficiencies in real-time by analysing the data extracted from BMS. 
Previously, issues were typically found through periodic spot checks, such as retro-commissioning. But 
with hundreds of pieces of equipment in a building. This is a major effort, even if limited to only HVAC 
systems. The introduction of automatic fault detection and analysis provides an effective tool for building 
operators, enabling them to identify and prioritize faults as they occur. Building operators have become 
far more productive, instead of looking around to find issues, they are now directed to problems that have 
the greatest impact on cost or comfort. This turns traditional periodic inspections to continuous 
commissioning approach and allows operators to save significant time on inspections and adopt a highly 
focused approach to maintaining equipment. The solution also allows operators to detect smaller faults 
that could have been missed in traditional inspections. 
 
Case Study (1): 
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The diagram below shows how AI analytics platform identifies a frequent staging fault which is 
potentially caused by control logic and contributes to better operations. 
 

 
 
Case Study (2): 
 
The diagram below shows the return air temperature is lower than the setting, but the chilled water valve 
position still stays 100% open. This is one control logic fault and causes energy waste. 

 
Case Study (3): 
 
The diagram below shows if load ratio of chiller is too low, energy efficiency will be low, and energy will 
be wasted. AI analytics platform will diagnose this fault when there are more than one chiller is running. 
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Case Study (4): 
 
The diagram below show if supply air pressure is higher than set point, fan frequency will be high, and 
energy will be wasted. 
 

 
 
 
 
Alarm Management 
 
Traditional BMS generates many alarms on a typical day, flooding operators with automatic notifications. 
A key challenge is recognizing the importance of a given alarm as well as correlating between messages 
from relevant events. Interpreting these requires deep knowledge of the building infrastructure and 
occupancy. Errors can lead to issues being missed and inadequately prioritization of interventions. 
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Furthermore, analysing hundreds of alerts systematically to detect patterns over time is nearly impossible 
without an analytics solution. It helps operators identify opportunities for efficiencies and cost savings. 
 
Case Study (1): 
 
The diagram below shows fouling is a major reason that results in low efficiency of chillers. Occurrence 
of high approach temperature has been detected at a chiller condenser, and it implies two possible faults 
or condenser scaling. After further correlation analytics, it is concluded that the condenser is fouling due 
to poor heat transfer over the condenser heat exchanger. This diagnosis suggests operators to inspect the 
condenser and conduct cleaning and scaling. 
 

 
 
Case Study (2): 
 
The diagram below, people shows if indoor temperature is too high will feel uncomfortable and incur 
more complaint. For some large buildings, it is hard to find which zone temperature is higher just by 
manpower, AI analytics helps to quickly position the abnormal temperature zone and give the alarm. 
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Energy Management 
 
Another major benefit of AI analytics solution is its ability to manage energy consumption more 
holistically. With its help, operators can optimise building base load, the power consumed by the major 
building systems, such as HVAC or lighting. Supported by analytics, they can tune set points and 
schedules, isolate wasteful equipment and address other opportunities by getting a much better 
understanding of energy use and trends across the building portfolio. 
 
AI analytics solution can also help change occupants’ habit on energy consumption. Organisations can 
publicize energy consumption data internally, using dashboards that track and compare how much energy 
consumed over time. Efforts can be more effectively educate and motivate employees when accurate 
energy consumption data is readily available.  
 
Case Study (1): 
 
AI analytics tracks and plots the loading profile in hourly, daily, plant-wise, and for individual chiller, 
providing periodic operation reports for leading further investigations. The platform also provides energy 
alert when there is an energy spike which may be caused by abnormal cooling load. 
 

  
 
Case Study (2): 
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Based on the weather forecast and building historical cooling load profile, the platform provides “Next 
Day Strategy Report”. In the report, it shows the hourly predicted cooling load, the operated numbers of 
chillers, chilled water pumps, condenser water pumps and cooling towers. 

               

 
 
Case Study (3): 
 
Cooling tower outlet temperature is related to outdoor wet bulb temperature and has large impact on 
energy efficiency. If the cooling tower outlet water temperature setting is too high and has large gap with 
outdoor wet bulb temperature, it will cost more energy. The platform will check the outlet temperature 
and give proper advices. 
 

 
 
4. Challenges to Adoption and Potential Solutions 
 
Despite the above benefits, organisations uptake of AI analytics solution has remained relatively limited 
to date. According to the experience in working with various customers, we have summarised the 
challenges that have inhibited the adoption and the proposed measures to address the challenges in the 
table below.  
 

Area Challenge Potential Solution(s) 

Data 
Integration 

Accessing data from existing 
BMS, this is made more difficult 
by the disparity of systems, 
varying ages of assets and 
different communication 
protocols 

Need to work closely with relevant 
system vendors. It is important to 
have their supports. Building owners 
play an important role and can help 
line-up between two parties  

Data Security  As analytics solution is usually Organisations should employ a 
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hosted externally, a totally 
different approach with traditional 
BMS. Building owners may worry 
about data leads and breathes and 
hesitate to adopt the solution 

vendor providing analytics solution 
that incorporates cybersecurity. In 
addition, instituting data collection, 
storage and use governance, among 
other cybersecurity policies, will 
help secure data 

Available Data Collect data that is sufficiently 
granular both in quality and 
quantity for meaningful analysis  

Organisations need to ensure that all 
relevant equipment is networked and 
sends regular updates (e.g. in 5-min 
increment) 

Usability Building operators have had 
limited exposure to analytics 
technology. They may become 
reluctant to accept changes due to 
unfamiliar user interface 

Provide trainings and ongoing 
technical support to building 
operators can relief their concerns. In 
fact, existing BMS do not need to be 
replaced. AI analytics solution only 
adds a layer on top of these systems. 
Building operators can still working 
directly with their familiar systems  

Organizational 
support 

Building operators can be faced 
with conflicting workloads from 
both old and new responsibilities, 
which can inhibit uptake  

Full commitment, close collaboration 
between all stakeholders and a 
tailored change management 
approach are important for success 
adoption 

Budget Although the cost of 
implementing an analytics 
solution can be modest compared 
to the operating cost of building, 
building owner may face the 
challenge of demonstrating both 
cost and sustainability benefits in 
their business case 

AI analytics solution has been 
adopted in different organisations 
and proved to be effective. In fact, 
some analytics solution shows the 
estimated saving of each 
recommended advice. This helps 
building owners/operators to 
demonstrate the benefits 

 
Aggregated data and AI analytics adding intelligence to existing building infrastructure have the potential 
to transform the way in which organisations manage energy across their building portfolio. In particular, 
building operators can be empowered to take a more targeted, data-driven approach to their work while 
automation improve their productivity. This delivers substantial cost savings, while helping organisations 
achieve carbon reduction targets with relatively low capital investment.  
 
5. Combine IoT Technology and AI Analytics to Maximise Benefits 
 
The most important data about buildings is collected from BMS. But to put this data into context, a range 
of additional private and public data is also needed. This includes building layouts and usage, occupancy 
levels, organisational information, weather and utility information. The collection of contextual 
information is necessary for normalizing energy consumption data, allowing for a better understanding of 
current performance and future potential. It also allows for demand forecasting and management. IoT 
devices can monitor and collect a large amount of data on different contexts of a building and feed the 
data to the BMS for analysis by AI engine to uncover actionable insights. 
 
As existing buildings undergo years of use, their thermal characteristics deteriorate, indoor spaces get 
rearranged, and usage patterns change. In time, their inner and outer microclimates adjust to the changes 
in surrounding buildings, overshadowing patterns, city climates and building retrofitting. Therefore, their 
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performance frequently falls short of expectations. As such, IoT technology opens a new opportunity to 
integrate intelligence into the BMS in a cost-effective manner through seamless integration of various 
sensors, smart meters and actuators by which a BMS can monitor and identify different energy and 
environment-related parameters, analyse the performance of a building, determine energy and thermal 
requirements, and subsequently smartly determine the electricity usage behaviour of different systems. 
 
In fact, it is considerably difficult and expensive for building operators of existing buildings to be fully 
aware of the performance of a building in real-time due to the limited sensing and control capabilities in 
traditional BMS. Hence, the design of an integrated data acquisition and control system based on IoT can 
help to reduce the cost. An integrated IoT platform allows building operators to monitor and sense 
different environmental parameters of the building (e.g. through motion and noise detectors, temperature 
and humidity sensors, and electricity and water flow meters), collect the relevant human activity 
information (occupancy, heat map), estimate the energy usage (e.g. by comparing the current information 
with previously collected historical data), which will be fed into BMS to manipulate actuators (e.g. 
switches, controllers and thermostats) to efficiently manage the building’s environment according to 
expectations and designed rules. Furthermore, such an IoT platform, which is open platform, can also 
provide interface and connectivity with various systems of different vendors, e.g. sensing system (people 
counting, temperature, humidity, light, noise, and motion), control system (thermostats, switches, smart 
plugs, actuators), and metering system (energy consumption, water flow). Currently, there are various off-
the-shelf products and systems available in the market for IoT. As the technology advances, it is expected 
to have more and more IoT devices to be available in the market. Hence there is great opportunity to tap 
the capability of these growing IoT devices. 
 
6. Challenges to Integration of IoT and BMS 
 
To achieve the fully integrated BMS with all its promises for increased efficiency, IoT applications must 
bring together many diverse types of data from many different sources. The dynamic and continuously 
evolving IoT technology present ongoing challenges. For instance, a lack of industry standards and 
benchmarks hampers communication among different competing and legacy IT systems. Many of the 
individual BMS use their own standards leading to multiple protocols.  
 
Another challenge revolves around sensor owners ceding control to users so different sensors can talk to 
each other. To improve technology integration and interoperability, building owners/operators can 
consider the below approaches: 
 
Develop advanced mobile computing capabilities – Building owners will likely benefit from 
developing a flexible mobile application platform that can integrate new IoT information tracking and 
capture requirements. 
Use appropriate integration software and platforms – Building owners can consider buying specialist 
software solutions that integrate siloed and disparate building systems and improve interoperability. 
Likewise, they should consider adopting the latest integrated IoT platforms. 
 
Use common standards and protocols – Gradual consolidation of different BMS protocols will help 
develop benchmarks that facilitate full use of IoT technology. Ultimately, players must agree on 
benchmarks to increase interoperability even among systems used by different industries.  
 
Conceptually, the IoT is able to utilize the Internet backbone to communicate data about their condition, 
position, or other attributes. Enable the BMS to autonomously sense, communicate, analyse, and act or 
react to people or other machines in a nonintrusive manner as shown in the diagram below. 
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7. Conclusions 
 
IoT devices provides comprehensive data to precisely understand how a building is used by people, that is 
used to maximise benefits of AI analytics that includes prediction (e.g. predictive maintenance), model 
building, complexity mapping, and visualization. Through examining data collected from IoT devices, 
building operators can identify information on human activity, weather condition, micro-climate within a 
building and related energy wastage. On the other hand, it is also required for AI algorithms to be 
designed that can accurately extract the intercorrelation between load consumption, human occupancy 
and movement activity, energy wastage, weather condition, and hence design effective model from vast 
amount of real-time data to perform effective building energy management enable building 
owners/operators to unlock savings that are not addressable with traditional methods.  
Though there are still challenges to be solved in order to fully optimize the use of the large sets of 
structured and unstructured information that various IoT devices create. This is an opportunity for 
company that removes the bottleneck (challenges), because in creating new value for all, the company can 
then capture a large part of that value for itself.  
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Abstract 
There are some problems in the early switch off scheduling technology of central air 

conditioning system, such as unclear energy-saving effect and inaccurate setting of early shutdown 
time when external meteorological parameters or the residual cooling capacity of chilled water 
changes. Based on the engineering practice and existing research, this paper proposes an energy-
saving analysis method based on cooling load prediction and heat conduction model of temperature 
rise process of chilled water. Taking an office building in Dongguan as the research object, 
established a cooling load prediction model of air conditioning system and a heat conduction model 
of temperature rise process of chilled water. The energy saving analysis of the early switch off 
scheduling technology was carried out, and the shutdown time was optimized. And this paper proved 
these by experiment. The results show that if use the early switch off scheduling technology to run 
air conditioning system and determine the early shutdown time according to different season and 
chilled water temperature; the daily energy consumption of air conditioning system will be reduced 
90-140 kWh in cold season and 80-140 kWh in transition season. The energy-saving analysis 
method can effectively analyze the energy-saving effect of the early shutdown scheduling 
technology and optimize the shutdown time. 
 
针对集中式空调系统提前关机调度技术存在节能效果不明确和外界气象参数或冷冻水剩余冷量变

化时关机时间设定不准确的问题，结合工程实际和已有研究提出一种基于冷负荷预测和冷冻水温

升过程热传导模型的节能分析方法，以东莞某办公建筑为研究对象，建立了空调系统冷负荷预测

模型和冷冻水温升过程的热传导模型，对提前关机调度技术的进行了节能分析，优化了关机时

间，并进行了实验验证。研究结果表明：采用提前关机调度技术，根据季节及冷冻水温度确定关

机时间，制冷季和过渡季空调系统日能耗与常规运行相比可分别降低 90～140kWh、80～140kWh；

该节能分析方法能有效得出提前关机调度技术的节能效果并优化关机时间。 

 
Keywords: central air-conditioning system, early switch off scheduling technology, cold load 

prediction, heat conduction model, energy conservation, shutdown time 
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1 Introduction 

At present, building energy consumption, industrial energy consumption, and traffic energy 
consumption are the three major energy-consuming households in China. With the development of society, 
the total amount of buildings continues to increase, and building energy consumption is rising sharply. 
Building energy consumption accounts for 24.9% of the total social energy consumption [1]. Reducing 
building energy consumption plays a vital role in energy saving and emission reduction. Air-conditioning 
energy consumption accounts for a large proportion of building energy consumption: some high-energy 
building air-conditioning energy consumption accounts for up to 60%; large and medium-sized shopping 
malls consumes 50% of air-conditioning energy; the air-conditioning system of general hotel and office 
building accounts for 30%-40% of building energy consumption [2]. The energy-saving optimization 
operation of air-conditioning systems is the key to building green buildings and achieving sustainable 
urban development. 

The capacity of central air-conditioning system in large public buildings is large, and there is a large 
amount of chilled water in the system. When the system is closed, the temperature of chilled water is 
lower, and the cooling capacity of it can provide cooling for the building. Early shutdown scheduling 
technology utilizes the residual cooling capacity of chilled water after closing the central air-conditioning 
system, which is one of the important means of energy saving in centralized air conditioning system. Due 
to the large change of building cooling load demand and uncertainty of residual cooling capacity of 
chilled water, it is difficult to determine the shutdown time of the early shutdown scheduling technology. 
So it is very easy to take place about the mismatch between the cooling capacity of chilled water with the 
actual cooling load demand, the large deviation between indoor actual temperature and demand 
temperature, and energy waste. Moreover, the utilization of residual cooling of chilled water increases the 
energy consumption of the operation about air conditioning system next day. The effect is not clear. About 
the above problems, domestic scholars have actively explored. Through theoretical analysis and 
calculation, Ye Jianfei obtained a better energy-saving effect by turning off the air conditioning system 
host 0.5 hours in advance and utilizing the residual cooling[4]. Chen Yuyuan took the centralized air-
conditioning system of the school teaching building as the research object, and obtained the optimal 
shutdown time and energy-saving amount of the early shutdown scheduling technology changed with the 
change of building cooling load through theoretical analysis and experimental verification [5]. Liu Ya 
modeled and simulated the centralized air-conditioning system of large commercial buildings to study the 
energy-saving effect of early shutdown scheduling technology. the result show that the technology could 
save 0.1%-1.4% energy consumption [6]. According to the operation and control characteristics of heat 
pump central air-conditioning system, Gao Jiajia proposed a way to prolong shutdown time, reduce the 
times of heat pumps start-stop and the energy consumption.[7] 

However, few studies have considered the following two points: firstly, the cooling load is affected 
by many factors, so it is random, complex and non-linear; the way through calculating the average value 
of cooling load for several consecutive days neglect the influence of climate change and changes of 
builders on cooling load; secondly, the shutdown time is affected by the cooling load of air conditioning 
system, the capacity of chilled water and so on, so it is variability, randomness and complexity. Based on 
the engineering practice and existing research, this paper analyses the energy consumption characteristics 
of early shutdown scheduling technology, and proposes an energy-saving analysis method based on a 
cooling load prediction model of air conditioning system and a heat conduction model of temperature rise 
process of chilled water. According to the historical operation data of air conditioning system, a cold load 
prediction model and a heat conduction model of chilled water temperature rise process are established to 
accurately predict the load demand of air conditioning system and the temperature of chilled water in next 
day. On the basis of these, the paper will study the energy-saving effect of early shutdown scheduling 
technology and optimize shutdown time. 
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2 Energy consumption characteristics 

Early shutdown scheduling technology utilizes the cooling capacity of chilled water to provide 
cooling for buildings when system shut down. The temperature of chilled water for run system with 
conventional way and early shutdown scheduling technology is shown in Fig1. The temperature of chilled 
water in this paper is the average temperature of chilled effluent and chilled backwater. 

 
Figure 1 Temperature variation of chilled water 

When air conditioning system is ran with normal operation, the process goes through two stages. 
First the air conditioning system stops cooling at K1, then the heat in the air is transfer to the chilled water 
in the process from K1 to K2 due to the temperature gradient inside and outside the tube， then 
temperature of the chilled water will rise. This process from K1 to K2 is called the chilled water 
temperature rising process in this paper. Second when the air conditioning system is opened at K2 next 
day, the chilled water temperature drops rapidly, and reach to Tw0 at K3. The t1 is rising time of the chilled 
water temperature. 

When using advance shutdown dispatching to run air conditioning system, the process includes 
technology three stages. First the air conditioning main engine and cooling water system will be shut 
down at K0, but the terminal equipment and refrigeration pump run normally to use the residual cooling 
capacity of chilled water to cool building. Due to the use of residual chilled water, the temperature of 
chilled water rises to Tw2 at K1. Second the temperature of chilled water changes to Tw3 at K2 after the 
process of chilled water temperature rising; Third after opening the air conditioning system next day, the 
chilled water temperature rises to Tw3 at K2. The temperature of chilled water drops to the working 
temperature at K4. 

Compared with the conventional operation, using the advanced shutdown scheduling technology, the 
chilled water provides cooling capacity 1 2 0( )w wQ cm T T  for buildings in process from K0 to K1, which 
reduces the operation energy consumption of air conditioning system W1. However, due to the next day 
Tw3 > Tw1, so the increasing load of air conditioning system is 2 3 1( )w wQ cm T T  , which increases the 

additional energy consumption W2. So the actual energy saving is 1 2W W W  . According to the 

operation characteristics of air conditioning system, the expression can be got: 

              1 0W Pt                    （1） 

          

3 1
2

( )w wcm T T
W

cop




               
（2） 

Where 0t  is period time of shutdown time, P  is the sum of power of chilled water main engine and 
chilled water system equipment opened in conventional operation time t0, c  is specific heat capacity of 
water, whose value is 4.2 / ( )℃KJ kg ; m is chilled water quality in air conditioning system, cop  is overall 
energy efficiency of air conditioning cold source system. 
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3 Energy Consumption Analysis Method 

Combine the energy consumption characteristics of air conditioning system using early shutdown 
scheduling technology with existing research, an energy-saving analysis method based on cooling load 
prediction and heat conduction model of temperature rise process of chilled water is proposed in this 
paper. The detailed analysis process is as follows: 

1) Modeling: Considering the influence of climate change, changes of occupants’ number and 
thermal inertia of buildings on the cooling load of air conditioning system, cooling load forecasting model 
is established. And basing on the heat transfer characteristics of chilled water pipeline system and actual 
operation data, the factors affecting the temperature change of chilled water are analyzed, and a heat 
conduction model is established. 

2) Parameter selection: parameters meeting the demand of energy-saving analysis of the early 
shutdown scheduling technology will be selected; 

3) Energy consumption calculation: According to the energy consumption characteristics of early 
shutdown scheduling technology, the optimal shutdown time and energy saving amount of different Tw0 
are calculated. As shown in Fig.2, First, the cooling load at a certain time granularity of different Tw0 is 
predicted. Second the cooling load required for buildings in different t0 is calculated, and Tw2 is calculated 
according to formula (3). Finally, whether Tw2 is higher than wT 限  is the criterion to judge whether t0 is 

reasonable. If t0 is set reasonably, Tw3 and Tw1 are calculated from the heat conduction model of the 
temperature rise process of chilled water, and then W1, W2 and W are calculated according to formula (1) 
and formula (2). By comparing W corresponding to different t0, the optimal shutdown time and energy 
saving amount are obtained; if the setting of t0 is unreasonable, Tw0 increases by 0.5c, t0 becomes 0, and 
t0 increases by 3 minutes after calculating energy saving every cycle.  

         0 2 0( )w wQt cm T T             （3） 
Where Q  is the predicted value of cooling load of air conditioning system, wT 限  is the limited 

temperature of cooling. 
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Figure 2 Energy consumption calculation process 
 

It should be noted that the cooling capacity chilled water provided in the same period becomes less 
and less with the continuous circulation of chilled water and the rise of chilled water temperature. When 
the temperature of chilled water reaches a certain value, the cooling capacity chilled water provided can 
not meet the demand of cooling load. Considering the end heat transfer and the economic operation of the 
pump, it is not worth to run the chilled water pump again. At this time, the chilled water temperature is 
the limited temperature for cooling. 

 
 

4 Case study 

4.1 Engineering survey 

4.1.1 Cold Source System of Centralized Air Conditioning in Large Office Buildings 

This paper chooses the central air conditioning system of a large office building in Dongguan as the 
research object. The building area of the office building is about 150,000 m2, including two floors 
underground and 20 floors above ground. The cold source system consists of four centrifugal chillers, six 
refrigeration pumps, six cooling pumps and eight cooling towers. The power parameters of cold source 
system equipment are shown in Table 1. 

Table 1 Power of cold source equipment in air conditioning system 
Device name Number Power 

Water chilling unit 
3 499kW，Rated refrigeration capacity 3094kW 

1 389kW，Rated refrigeration capacity 2286kW 

chilled pump 
4 90kW 

2 75kW 

Cooling pump 
4 90kW 

2 75kW 

Cooling tower 
6 15kW 

2 11kW 

The building air-conditioning system operates on working days, and if there are many worker in 
building on holidays, the system also run. The operating conditions of air conditioning system are divided 
into refrigeration season and transition season. The operating time of the refrigeration season is 7:00-
20:00 per day for 13 hours, and that of the transition season is 7:00-19:00 per day for 12 hours. 

The capacity of the refrigerated water pipeline system is calculated according to on-site investigation 
and building floor pipeline drawings. The total amount of chilled water is about 83.78 m3, as shown in 
Table 2. 

Table.2 Capacity of chilled water pipeline 

Pipe segment 
Nominal diameter
（mm） 

Total length（m） Capacity（m3） 

Host-main pipe DN250 42.50 2.09 
Main pipe DN350 55.98 5.39 

Water catchment and water divider DN600 6.00 1.70 

Branch pipe 
DN250 30.31 1.49 
DN150 295.90 5.22 

Catchment and Building Pipeline DN150 3841.79 67.89 

sum / / 83.78 
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3.1 4.1.2 Data acquisition system 

The data acquisition system of the office building includes energy-saving optimization management 
and control system of air conditioning system and energy consumption monitoring system. 

 (1) energy-saving optimization management and control system of air conditioning system 
Based on the original centralized air-conditioning control system of the office building, the research 

team added an integrated energy-saving and optimization management control system. The main 
operating parameters and indoor comfort parameters of the air-conditioning system were collected and 
monitored in real time. The acquisition period is 150 seconds, and the data acquisition device was shown 
in Fig.3. Indoor temperature and humidity collectors are distributed in every room and representative 
corridor area of the building. Outdoor temperature and humidity sensors are arranged on the roof of the 
main building. 

 
1 chilled water main engine 2 chilled pump 3 cooling pump 4 cooling tower 5 chilled water outlet pipeline electric valve 6 

chilled water outlet pipeline electric valve 7 chilled water outlet temperature sensor 8 chilled water outlet temperature sensor 9 
chilled water outlet temperature sensor 10 chilled water outlet temperature sensor 11 computer 12 pressure difference sensor 13 

indoor temperature and humidity sensor 14 outdoor temperature and humidity sensor 15 power sensor 
Figure 3 Air conditioning cold source and data acquisition system 

The data samples about the air conditioning system operation are from May 1, 2017 to August 31, 
2018 data. There are 28,1088 data, of which 152,064 data are from air conditioning operation on working 
days. The actual refrigeration capacity (kWh) of the air conditioning system can be calculated by the load 
rate 2 1Q Q t   . where 1Q  is rated refrigeration capacity,   is load rate [8], t  is Load rate acquisition 
interval. The management and control system collects and stores the indoor thermal environment 
parameters corresponding to each load rate, so 2Q  is maintain the cooling load of the air conditioning 
system corresponding to the indoor thermal environment. 

(2) Energy consumption monitoring system 
The energy consumption monitoring system was installed in the office building in 2015, including 

primary multi-function meters (including measurement and monitoring of high and low voltage with 
accuracy level of 0.2), secondly multi-function electricity meters for (including building sub-items and 
low-voltage building electricity, with accuracy level of 0.5), and single-phase meters for third and fourth-
level measurement (including floor, room, etc., accuracy level is 1.0). Secondary electricity metering 
includes lighting socket, air-conditioning, information center, power and special electricity. Among them, 
air-conditioning electricity metering is divided into cold power system electricity metering and VRV air-
conditioning electricity metering. In this study, the energy consumption monitoring system can be used to 
monitor the hourly power consumption of the cold source system and verify the energy-saving situation 
of the early shutdown scheduling technology. 
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4.2 Cooling load forecasting model 

At home and abroad, the forecasting methods of single building cooling and heat load are mature. 

The forecasting methods mainly include single area index method, historical data extrapolation method, 

numerical simulation method and other methods
 [9]
. 

BP neural network prediction method belongs to historical data extrapolation method. It is an 

effective method to deal with complex and uncertain problems 
[10]
. It is widely used in building cooling 

load 
[11,12]

 and building energy consumption prediction 
[13,14]

. In this paper, combined with the existing 

research and the actual situation of research object, the factors that have a greater impact on the 

cooling load (Table 3) are selected as input parameters, and the BP neural network model is 

established to predict the cooling load of air conditioning system. The activation function uses the 

Sigmoid function, and the connection weight W between neurons ranges from 0 to 1. 

Table 3 Input parameter 
Number of input neurons parameter Identification 

X1 time k 

X2 Outdoor temperature Tout 

X3 Outdoor humidity RHout 

X4 indoor temperature Tin 

X5 indoor humidity RHin 

X6 Previous cooling load CLk-1 

The expected error percentage EEP and mean absolute error MBE are selected as the evaluation 
indexes of modeling accuracy [15]. EEP reflects the degree of deviation between the predicted and actual 
hourly load values.  
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MBE reflects the relative error between the Predicted average value and the measured average value 
of hourly load. 
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In this paper, the hourly operation data of air conditioning system on working day are obtained by 
dealing with operation data. The hourly operation data on working day in August 2018 are selected as test 
set to evaluate the predictive effect of cold load prediction model. The remaining data are used as training 
set to establish BP neural network model. The test results are shown in Fig. 4. It can be seen from the 
chart that the predicted values are in good agreement with the measured values. The value of EEP is 
5.49%, the value of MBE is -0.85%, so the prediction accuracy of the cold load prediction model meets 
the requirements of the later research. 
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Figure 4 Comparison of predicted and measured load  

4.3 Parameter Identification of Heat Conduction Model for chilled Water Temperature 
Rising Process 

Heat conduction model in the process of chilled water temperature rise heat conduction model 
describes the change of chilled water temperature with time after air conditioning system is stopped, 
hereinafter referred to as heat conduction model. After cooling is stopped, the temperature of the chilled 
water is lower than that of air. The heat in the air is transferred to the chilled water through the insulation 
layer and the wall of the tube. The temperature of the chilled water increases. The heat transferring in the 
time from nk  to 1nk   is 0= ( )传  wQ K T T ,the heat absorbed by the chilled water is 

1
( )

n nwk wkQ cm T T


 吸
,Due to 

= 吸传Q Q ,  

1 0( ) ( )
n nwk wk wcm T T K T T


        

（6） 

Where 
nwkT  is chilled water temperature at nk , 

1nwkT


 is chilled water temperature at 1nk  , K is heat 

transfer coefficient 
1 2

1 1 2 2

1
=K

b b

S S 


, 1b 、 2b 、 1S 、 2S 、 1 、 2  are thickness (m), heat transfer area(m2) 

and thermal conductivity ( )/ ( ℃W m ) of tube wall and insulation layer; wT  is average temperature to the 
process from nk  to 1nk   . 

In enough short time, the rising temperature of chilled water is wdT and 0T remains unchanged. 

0( )w wcm dT K T T dt            （7） 
The heat conduction model of the process of chilled water temperature rise is: 

0 1
a t

wT T c e            （8） 

Where 1c  is constant, 
K

a
cm

 , the thermal conductivity K  is related to 1b 、 2b 、 1S 、 2S 、 1 、 2 , 

and 1b 、 2b 、 1S 、 2S 、 1 、 2 is constant for a air-conditioning system, the temperature of the pipe wall 
and the insulation layer varies in the range of 0-2 degrees in the field test shows, so the thermal 
conductivity and thermal conductivity basically remain constant [16,17], in summary K  is unchanged; c  is 
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4.2KJ/(kg C); in summary, a  is constant, the temperature of chilled water is related to the environmental 
temperature and time after stopping cooling. 

The temperature change data of chilled water at 15 minutes interval are obtained through deal with 
sample data. A total of 13852 pieces were obtained. Comparing the temperature change of chilled water 
during different working days, it was found that the trend of temperature change of chilled water was 
basically the same. However, because the temperature of chilled water was different when cooling was 
stopped, the temperature of chilled water at corresponding time varied greatly.as is shown on Fig.5, which 
shows that the temperature rising situation of chilled water from July 24 to July 27, 2017. Considering the 
influence of the initial temperature of chilled water, the heat transfer model is simplified as a polynomial 
model. 

1

2
0w wkT at bt cT dT e    

      
（9） 

Where a, b, c, d, and e are regression coefficient, 
1wkT  is the temperature of chilled water when cooling 

stops. 

 
Figure 5 Temperature change of chilled water after stopping cooling 

Selecting 11644 data about chilled water temperature changing as training set, using least squares 
method [18-19] to do polynomial fitting formul(9) parameters. 

1

2
00.0146 0.4092 0.0460 0.8424 0.6968w wkT t t T T       

The accuracy of the heat conduction model is verified by the remaining 2208 chilled water 
temperature data. As is shown in Fig.6. it can be seen that the relative error between the output value of 
the model and the measured temperature is less than 5%, the average absolute error is 0.16 C, and the 
average relative error is 1.14%. The temperature accuracy of the model output chilled water is high, 
which meets the requirements of later research. 
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Figure 6 Verification of heat conduction model accuracy 

4.4 Parameter determination 

According to above analysis, the parameters of energy-saving research on early shutdown scheduling 
technology are determined as follows: 

1) The input parameters of the cooling load forecasting model are shown in Table 3. According to the 
national green building standards, the indoor temperature and humidity (Tin, RHin) values are set to 26 C, 
60%. 

2) The input parameters of the heat conduction model are t, T0, t = 11h in the refrigeration season 
and t = 12h in the transition season. 

3) Other parameters: t0, Tw0, P, c, M. Among them, t0 and Tw0 are set values by researcher, M is 
83780 kg; Due to the difference of climate, the air conditioning system equipment opened in t0 time of the 
refrigeration season and transition season is different. According to survey, the P in formular one is 576 
kW in the cooling season; but the P is 524 kW in the transition season. 

4) The energy efficiency cop of air conditioning cold source system varies with the change of 
evaporation temperature and condensation temperature during the operation of the system [20]. The 

calculated energy efficiency by using the formula 2chilled capacity of air conditioning system 

energy consumption of cold source system
cop 

Q
.. From 

the experiment, the COP value of the air conditioning system is 4.65 in cooling season. By the same way, 
the COP value of the air conditioning system is 4.38 in transition season. 

5）Based on field test results, Limited temperature for cooling, wT 限 , is 17.5.  

4.5 Energy consumption analysis 

3.2 4.5.1 theoretical analysis 

The optimal shutdown time and energy saving of transition season and refrigeration season are 
calculated according to the energy consumption calculation process using the relevant parameters in the 
historical operation data of air conditioning system in late October 2017 and August 2018. The result is 
shown in Table 4. 

It can be seen that: 1) the use of early shutdown scheduling technology has resulted in additional 
energy consumption W2, but the reduced energy consumption W1 is higher than W2; compared with 
conventional operation, the energy-saving effect is remarkable, and the value of energy-saving is 90-140 
kWh per day in refrigeration season and 80-140 kWh per day in transition season; 2) In the same season, 
the temperature of refrigerated water Tw0 _is smaller, the relevant machine time is longer, the energy-
saving effect is better; 3) Compared with the refrigeration season, the cooling load of the air conditioning 
system in the transition season is lower, and the opening equipment is less and the P value is lower in the 
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conventional operation. Therefore, under the same Tw0, the shutdown time in the transition season is 
longer than that in the refrigeration season, but the energy savings in the two seasons are similar. 

Table 4 Optimum shutdown time and energy saving under different working conditions 
season Tw0(℃) t0（min） W1（kWh） W2（kWh） W（kWh） 

Refrigeration season 

10.0～10.7 27 259.2 118.4  140.8  

10.7～11.5 24 230.4 105.2  125.2  

11.5～12.2 21 201.6 92.1  109.5  

12.2～13.0 18 172.8 78.9  93.9  

Transitional season 

10.0～10.7 30 262.0 127.6  134.4  

10.7～11.4 27 235.8 114.8  121.0  

11.4～12.0 24 209.6 102.1  107.5  

12.0～12.7 21 183.4 89.3  94.1  

12.7～13.0 18 157.2 76.6  80.6  
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3.3 4.5.2 Experimental verification  

By monitoring the energy consumption of cold source of air conditioning system under 
two operating modes, conventional operation and using early shutdown scheduling technology, 
the energy-saving effect of early shutdown scheduling technology is compared and verified, 
and the indoor average temperature is monitored to verify the accuracy of shutdown time 
setting. It takes less than 1 hour to shut down in advance and reduce the temperature of chilled 
water to the working temperature next day. Therefore, the energy consumption of cold source 
is monitored only one hour before cooling stops (19:00 in the refrigeration season, 18:00 in 
the transition season) and 7:00 in the next day. 

It is considered as the base day for using normal operation way to run air conditioning 
system that September 17, 18, and October 22 and 23, 2018; It is considered as the 
experimental day for running air conditioning system with the advanced shutdown scheduling 
technology that September 19, 20, October 24 and 25, 2018. Through the energy consumption 
monitoring system and air conditioning energy management control system, the energy 
consumption of cold source and the average indoor temperature in t0 are monitored at 19:00 
and 7:00 on the next day on the base day and the experimental day. The results are shown in 
Fig. 9 and Fig. 10. The shutdown time and theoretical energy saving are shown in Table 5. 

 
Table 5 Shutdown time and theoretical energy saving 

time Tw0 t0 Theoretical energy saving（kWh） 

9/19 11.4 24 125.2 

9/20 11.3 24 125.2 

10/24 12.3 21 94.1 

10/25 12.5 21 94.1 

 
From figures 9 and 10, it can be seen that: 1) the energy consumption at 19/18 hours on 

the experimental day is significantly lower than that on the base day, and at 7:00 on the next 
day is higher than that on the base day, and the overall energy consumption on the 
experimental day is lower than that on the base day except October 25; the survey found that 
the office building held an important meeting on October 25, and prepared relevant matters 
from 7:00 a.m., which led to the energy consumption of the cold source system being higher 
than that on the base day; 2) The average daily energy consumption was reduced by 111.5 
kWh in cooling season; the average daily energy consumption was reduced by 138.2 kWh in 
transition season; 3) The actual energy saving was different from the theoretical energy saving. 
The main reason was that the theoretical energy saving was obtained by comparing the energy 
consumption of the same air conditioning system using conventional operation way and early 
shutdown scheduling technology, while the actual energy saving was obtained by comparing 
the energy consumption of the cold source on the experimental day with the reference day. 
Because of the difference of outdoor climate conditions, indoor electrical equipment usage 
and number of occupants between the experimental day and reference day, the energy 
consumption of the cold source system on the reference day can not accurately reflect the 
energy consumption of the cold source system under the conventional operation mode, 
resulting in the deviation between the actual energy saving and the theoretical energy saving. 
4) The average indoor temperature fluctuates at 26 C during the time of t0 on the experimental 
day, which meets the comfort requirement and the calculation of shutdown time is accurate. 
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 Figure 7 Energy consumption comparison of cold sources in two operating modes 

 

 
 

Figure 8 Change of indoor average temperature 

5 Conclusion 

(1) The use of early shutdown scheduling technology to run air conditioning system 
increases additional energy consumption, but the reduced energy consumption is higher than 
the additional energy consumption. The lower the temperature of chilled water when the main 
engine is shut down, the more energy-saving by using early shutdown scheduling technology. 

(2) Better energy-saving effect can be achieved by optimizing the shutdown time 
according to season and chilled water temperature. In the case, the daily energy consumption 
of air-conditioning system in refrigeration season and transition season can be reduced by 90-
140 kWh and 80-140 kWh. 

(3) Compared with the refrigeration season, the cooling load of the air conditioning 
system in the transition season is lower and the equipment opened in the conventional 
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operation is fewer. Therefore, when the temperature of chilled water is same, the shutdown 
time in the transition season is longer than that in the refrigeration season, but there is few 
difference of energy-saving between the two seasons. 

(4) The energy-saving analysis method based on the cooling load prediction and the heat 
conduction model in the process of chilled water temperature rise can effectively calculate the 
energy-saving effect of the early shutdown scheduling technology and optimize the shutdown 
time. This way providing an effective reference for the energy-saving and efficient operation 
of large building air conditioning system. 
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