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The energy and environmental systems in buildings and the relevant occupant behaviors should be
integrated with a transformative and innovative technologies for sustainable built environment.
Research in this area is more needed to understand the past, present, and future for building energy and
environmental performance from an occupant’s point of view. This study aims to propose a conceptual
framework for a real-time-based monitoring and diagnostics for building performance (i.e., energy
efficiency and indoor environmental quality) and occupant behavior. The framework consists of three
phases: (i) monitoring, real-time sensor network for energy efficiency and indoor environmental
quality, and occupant behavior in buildings; (ii) diagnostics, space-time-scalable diagnostics for energy
efficiency and indoor environmental quality in buildings from an occupant’s point of view; and (iii)
intervention, occupant-oriented intervention for energy efficiency and indoor environmental quality in
buildings. The proposed framework will be implemented at different levels of physical entities in the
complex built environments and be a starting point to achieving energy and environmental
conservation, and public health. This study can contribute to adding economic, environmental, and
ergonomic values to buildings in smart city by providing occupant-oriented, energy-efficient, eco-
friendly, and comfortable environments in real time.
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Introduction

The united nations framework convention on climate change was held in Paris in 2015 and adopted the
POST-2020 climate agreement [1-3]. The Chinese government has set the goal with 60-65% carbon
emissions reduction target from 2005 by 2030 in accordance with POST-2020 climate agreement.
Particularly, since 89% of the electricity is consumed from the building sector in Hong Kong, the Hong
Kong Green Building Council has launched the “HK3030” campaign, a vision for a low carbon
sustainable built environment in Hong Kong by 2030. The “HK3030” campaign aims to reduce the
absolute electricity consumption of buildings in Hong Kong by 30 percent of the 2005 level by 2030
[4-5]. Furthermore, China has suffered from its worst air pollution and released warnings to citizens about
pollution reaching dangerous levels. It can directly affect the indoor environmental quality in buildings
and the relevant occupants’ health, comfort, and productivity.
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In this context, it is necessary to develop a transformative and innovative strategy for enhancing the
energy efficiency and indoor environmental quality in buildings. In particular, a real time sensor network
should be established to monitor and diagnose such a building performance, which can be directly
connected to occupant behavior. It can be developed with a “dynamic approach” concept under the new
paradigm of an “urban organism” [6]. Various previous studies considered a real-time sensor network in
buildings for the purpose of energy efficiency [7-10], indoor environmental quality [11-14], and occupant
behavior [15-18]. However, there is a lack of fundamental understanding of the patterns of building
energy and environmental performance in real time and its interactive effect on occupant behavior. In
addition, the previous studies have not considered the interaction among the different levels of built
environment. To overcome this challenge, this study aims to propose a conceptual framework for a real-
time-based monitoring and diagnostics for building performance (i.e., energy efficiency and indoor
environmental quality) and occupant behavior.

Conceptual Framework for the Proposed Real-Time-based Monitoring and Diagnostics for
Building Performance and Occupant Behavior

The proposed conceptual framework is designed as a platform for a real-time-based monitoring and
diagnostics to enable the interaction between occupant and built environment as well as to guide occupant
behavior change. The proposed framework can be implemented at different levels of physical entities
(e.g., room-level, building-level, and city-level) so as to enable the urban-based-scalable building energy
and environmental management.
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Figure 1. A conceptual framework for a real-time-based monitoring and diagnostics platform
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As shown in Figure 1, the proposed framework can be developed in the three-phase cyclic process:
(i) monitoring, real-time sensor network for energy efficiency and indoor environmental quality, and
occupant behavior in buildings using the internet of things technology; (ii) diagnostics, space-time-
scalable diagnostics for energy efficiency and indoor environmental quality in buildings from an
occupant’s point of view using predictive analytics; and (iii) intervention, occupant-oriented intervention
for energy efficiency and indoor environmental quality in buildings using prescriptive analytics.

The first part A, monitoring, can be established with the emerging technologies of real-time sensor
network (e.g., nonintrusive load monitoring, seamless connectivity, and Wi-Fi connection monitoring).
The collected data can be used to analyze the energy usage patterns of electronic appliances and the
various indoor environmental indices such as thermal comfort (e.g., temperature and humidity) and indoor
air quality (e.g., CO, concentration, fine dust, and chemicals) as well as the relevant occupant behavior in
a room of building at different hours of the day. Also, the specific building can be arranged as a test-bed
project to implement the proposed framework and validate it. The room-based information can be
integrated at higher levels of built environments such as building-, city-, and national-levels.

The second part B, diagnostics, can be developed to provide occupants with dynamic energy and
environment diagnosis at different levels of the complex built environment. In particular, the research on
energy policy can be conducted using predictive analytics such as machine learning and optimization
techniques [19-20]. With the “dynamic approach” concept, the benchmark could be established by using
the probability density function of the energy use intensity (e.g., energy per square meters per year). With
the benchmark, the dynamic operational rating and the relevant letter rating can be determined.
Furthermore, the space-time-scalable diagnostics can be developed using the real-time energy and
environmental data. It can be used to diagnose the building performance and occupant behavior at room
level on a daily or monthly basis. Such a space-time-scalable diagnostics tool can make it easier to
recognize the current status and to encourage occupants to change their behavior.
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Figure 2. An urban-based scalable building energy and environmental management

The third part C, intervention, can be developed to provide occupants with real-time alerts for the
building performance, which includes various information such as the real-time data on energy efficiency
and indoor environmental quality, the peak load of electronic appliances, the outdoor and indoor
temperature, and the benchmark. The collected data can be used to analyze the dynamic relationship with
occupant behavior, which can motivate occupants to change their behavior. Agent-based modeling can be
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implemented to mimic the real-world occupant behavior and the relevant energy usage patterns and
indoor environmental quality by defining an autonomous agent that interact with both the surrounding
environments and other agents [21-22]. It can be achieved by allowing agents to learn and change
behavior in response to experience related to the energy efficiency and indoor environmental quality.

As shown in Figure 2, the proposed framework can be extended to an urban-based-scalable building
energy and environmental management in real time, which can be realized with a cloud database.
Towards this end, it is required to implement the innovative and emerging technologies, including real-
time sensor network, machine learning techniques, simulation technique, and visualization technique [23].
The developed platform will be implemented and validated with a test-bed project, and then it will be
distributed to the public from a larger-scale such as building-level, district-level, city-level, and national-
level. Ultimately, it will be more improved, more sophisticated, and more fit to the specific environment.

Conclusions

This study aims to propose a conceptual framework for a real-time-based monitoring and diagnostics for
building performance (i.e., energy efficiency and indoor environmental quality) and occupant behavior.
The proposed framework can be developed in the three-phase cyclic process (i.e., monitoring, diagnostics,
and intervention).

The proposed framework can be realized based on a cloud database as an open knowledge platform
so that it can provide practitioners and engineering/scientific/R&D personnel with the real-time big data
at different levels of physical entities. Based on this characteristic, it is expected to develop various
applications such as the automatic detection of deteriorating equipment and electronic appliances, the
composition and trends of energy consumption, energy cost analysis, real-time optimization for
distributed energy generation, occupant-oriented optimization for energy and environment, cognitive
analytics for occupant satisfactory environments, enhanced security service, and proactive health care
service.

Furthermore, the proposed framework is expected to contribute to adding economic, environmental,
and ergonomic values to buildings in smart city by providing occupant-oriented, energy-efficient, eco-
friendly, and comfortable environments in real time. Ultimately, it can contribute to the development of a
global leadership in the field of an urban-based building energy and environmental management in real
time as well as its interaction with occupant behavior.
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