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Abstract: Concomitant with the expeditious growth of the construction industry, the challenge of
building energy consumption has become increasingly pronounced. A multitude of factors influence
the energy consumption of building operations, thereby underscoring the paramount importance of
monitoring and predicting such consumption. The advent of big data has engendered a diversification
in the methodologies employed to predict building energy consumption. Against the backdrop of
factors influencing building operation energy consumption, we reviewed the advancements in research
pertaining to the supervision and prediction of building energy consumption, deliberated on more
energy-efficient and low-carbon strategies for buildings within the dual-carbon context, and
synthesized the relevant research progress across four dimensions: The contemporary state of building
energy consumption supervision, the determinants of building operation energy consumption, and the
prediction and optimization of building energy consumption. Building upon the investigation of
supervision and determinants of building energy consumption, three predictive methodologies were
examined: (i) Physical methods, (ii) data-driven methods, and (iii) mixed methods. An analysis of the
accuracy of these three predictive methodologies revealed that the mixed methods exhibited superior
precision in the actual prediction of building energy consumption. Furthermore, predicated on this
foundation and the identified determinants, we also explored research on the optimization of energy
consumption prediction. Through an in-depth examination of building energy consumption prediction,
we distilled the methodologies pertinent to the accurate forecasting of building energy
consumption, thereby offering insights and guidance for the pursuit of building energy
conservation and emission reduction.
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1. Introduction

With the rapid development of the global economy and the continuous growth of the population,
the proportion of building energy consumption in global energy consumption has increased yearly,
becoming an important part of it. Building energy consumption refers to the energy used in the
construction and operation of buildings, including the energy consumed in the production of building
materials, construction processes, building operation, and maintenance. According to the International
Energy Agency (IEA) [1], the share of building energy consumption in global energy consumption has
risen from about 30% in the 1970s to approximately 40% today, and it is expected that buildings will
account for more than half of global energy consumption by 2050. In China, as of 2021, building
operation energy consumption accounted for 21% of the country’s total energy consumption, with CO2
emissions constituting 19% of China’s total CO2 emissions [2], as shown in Figure 1. In response to
the increasing energy consumption of buildings, many scholars are studying the supervision and
prediction of building energy consumption.
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Figure 1. Energy consumption and CO2 emissions in Chinese construction field.

In an effort to address the issue of building energy consumption, numerous country leaders have
advocated for the monitoring and management of building energy usage, alongside the implementation
of pertinent regulations and standards aimed at reducing energy consumption, enhancing building
energy efficiency, mitigating environmental pollution, and fostering sustainable development. Through
the scrutiny of building energy consumption data, patterns and anomalies in energy use are identified,
thereby providing a foundation for effective building energy management and facilitating the
optimization of energy utilization and efficiency. Concurrently, researchers have embarked on the
prediction of building energy consumption, with the aspiration of refining energy management through
the anticipation of future energy consumption data, thereby contributing to energy conservation and
emission reduction. Data-driven technologies are employed to conduct a comprehensive analysis of
various factors, including the building environment, energy consumption, and geographical location,
thereby offering data support for green building design and optimizing building design schemes.

To attain precision in building energy consumption prediction, researchers have proposed
methodologies categorized as white-box, black-box, and gray-box approaches. Leveraging the
granularity of loT-enabled smart meter data, Natarajan et al. [3] utilized deep learning models to achieve
accurate predictions of energy consumption in residential and commercial spaces. Ahmad et al. [4]
introduced four machine-learning models to ensure the robustness and high accuracy of energy
consumption predictions. Given the often complex and nonlinear nature of energy time series, a single
model is typically insufficient for achieving satisfactory prediction results. Consequently, in recent
years, an increasing number of scholars have endeavored to develop hybrid models to address this
challenge. Xiao et al. [5] proposed constructing a hybrid prediction model based on the point selection
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ensemble group method, while Neo et al. [6] suggested the integration of XGboost into hybrid
prediction methodologies. Building upon the research of these scholars, building energy consumption
is effectively analyzed through data-driven and other methodologies, thereby enhancing building
energy efficiency and reducing energy consumption. Furthermore, data-driven technologies can
elucidate the relationship between various determinants of building energy consumption and actual
energy usage, thereby enabling more targeted and precise energy consumption predictions.

In the literature, most researchers looking at building energy consumption prediction have
focused on data-driven models, such as Ahmad et al. [7], who reviewed data-driven and large-scale
building energy consumption, and Mohamad et al. [8], who researched machine learning, deep learning,
and statistical analysis models for building energy consumption prediction. Mathieu et al. [9] directed
their attention towards the attributes of input data and the methodologies employed in data
preprocessing, subsequently conducting a comprehensive review of the advancements in novel data-
driven models tailored for building-scale applications. Yin et al. [10] conducted a comprehensive
review of the application of Artificial Neural Networks (ANNs) in predicting building energy
consumption, with a particular emphasis on the evolution of ANNs for this purpose. Kadir et al. [11]
focused on the scope of energy consumption prediction, the attributes of data employed, the
methodologies of data preprocessing, and the machine learning algorithms utilized for predictive tasks.
Most of these review articles introduce the application of data-driven approaches in building energy
consumption prediction, allocating substantial consideration to aspects such as data-driven
methodologies, algorithmic accuracy, and data preprocessing. Nevertheless, in practical scenarios,
both intra-building and extra-building factors exert significant influence on the energy consumption of
buildings. Consequently, we adopt a holistic approach, integrating the insights from prior research, to
synthesize establishment and optimization strategies for building energy consumption prediction
models, taking into account the multifaceted influences of building energy consumption factors, as
informed by advancements in the field. Our purpose of this paper is to review the research progress of
building energy consumption supervision and prediction and to discuss the practical significance of
the research on building energy consumption supervision and prediction to green development.

2. Methodology

To attain building energy efficiency and develop a more precise prediction methodology for
building energy consumption, this study is primarily segmented into three phases: Delineating the
scope of the literature review; establishing the criteria for literature selection; and categorizing and
discussing the content of the selected literature.

2.1. Research scope

This paper primarily encompasses an examination of the regulatory landscape governing building
energy consumption, an analysis of the factors influencing building energy consumption, and an
exploration of prediction methodologies for building energy consumption. Various factors influence
the energy consumption of buildings, originating from the building’s inherent characteristics such as
design, structure, and materials, all of which impart a significant impact. Moreover, external factors,
including climate, building equipment, and usage habits, also contribute to varying degrees of
influence on the building, thereby correspondingly affecting energy consumption. The energy
consumption values attributed to these diverse influencing factors are monitored by an energy
consumption supervision system, which analyzes the data collected to facilitate short-term or long-term
predictions of building energy consumption, thereby informing the formulation of targeted building
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energy conservation strategies. Accordingly, we focus on the selection of literature pertaining to the
factors influencing building energy consumption, the supervision of building energy consumption, and
the prediction of energy consumption.

2.2. Literature selection

During the initial phase of literature collection, a total of 232 articles were identified and screened
from relevant websites and journals based on specific keywords. The primary keywords included:
Building energy consumption prediction, building energy consumption supervision, and data-driven
approaches. Owing to the substantial volume of retrieved literature, the selection of articles was guided
by the following criteria: (i) Publication within the past decade to ensure the incorporation of the most
up-to-date research content; (ii) a focus on the forecasting of building energy consumption and load
demand; and (iii) research pertaining to energy consumption prediction and optimization grounded in
building influencing factors. Furthermore, relevant laws and regulations enacted by various countries
to manage building energy consumption were also reviewed. These studies encompass the research
contributions of scholars from diverse countries in the field of building energy, and they collectively reflect
a comprehensive consideration of the latest research developments in energy consumption forecasting.

2.3. Discussion of literature content classification

Given the extensive volume of literature, these documents were categorized into distinct thematic
areas at the outset of the screening process. The primary categories are as follows:
(1) The Current Status of Building Energy Consumption Supervision

We synthesize the regulatory frameworks of various countries, providing exemplars of pertinent
regulatory provisions from representative nations. Accordingly, we introduce scholarly research on
building energy consumption monitoring systems, discuss the developmental status of these systems
with respect to architectural framework and system integration applications, and summarize the
structural configuration of contemporary building energy consumption monitoring systems, thereby
establishing a foundation for building energy consumption prediction.
(i) Categorization of Influencing Factors of Building Energy Consumption

A multitude of factors influence building operation energy consumption, including architectural
design, construction materials, building equipment energy management, usage patterns, and
environmental factors. While architectural design and construction materials are extensively discussed
within the domains of civil engineering and architecture, building equipment energy management is
intrinsically linked to occupant behavior. Consequently, we identify climatic conditions, occupant behavior,
and urban morphology as emblematic factors influencing building operation energy consumption.
(ii1) Inquiry into Building Energy Consumption Forecasting

Research methodologies in the realm of building energy consumption prediction are
predominantly classified into three categories: White-box methods (physical methods), black-box
methods (data-driven methods), and gray-box methods (hybrid methods). We elaborate on the
predictive processes of these three methodologies based on operational energy consumption factors,
juxtaposing their respective advantages and disadvantages. Furthermore, given the diversity of
methods within these three categories and the inherent limitations of relying on a single method for
accurate building energy consumption prediction, we also explore optimization research in energy
consumption prediction. By analyzing the procedural steps of building energy consumption
prediction, two focal areas for optimization are selected for discussion: Algorithmic optimization
and model optimization.
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2.4. Future research discussions

Through the synthesis, analysis, and summarization of the extant literature, a more precise
methodology for forecasting building energy consumption is ascertained. As a proactive approach,
building energy consumption prediction elucidates the intrinsic correlations between energy
consumption determinants and actual energy usage via data-driven techniques, thereby furnishing a
scientific foundation for formulating precise energy conservation strategies. In the realm of
optimization research, investigations into algorithmic and model optimization reveal substantial
potential for energy savings, facilitate the development of more refined building energy consumption
optimization strategies, and enable the implementation of personalized and differentiated energy
management practices.

3. The current situation of energy consumption supervision in building operation

With global energy consumption on the rise, building energy consumption, as a major contributor
to overall energy use, has garnered significant attention. Many countries have implemented various
measures to regulate and reduce building energy consumption. To address the increasing energy
demands of buildings, governments worldwide have introduced a range of policy measures, including
building energy efficiency standards, promoting renewable energy use, and green building evaluation
systems. These policies are aimed at enhancing the energy efficiency of buildings, reducing energy
consumption, and fostering sustainable development. Additionally, to decrease building energy
consumption and improve energy efficiency, developing a building energy consumption monitoring
system has been the subject of increasing research and attention. Researchers utilizing information
technology are investigating various aspects of the monitoring system’s general design framework,
including IoT-based data collection modes, data transmission technologies, and database deployment
strategies, with the goal of establishing a comprehensive and scientific energy consumption monitoring
system for public buildings.

3.1. The development status of building energy consumption supervision at home and abroad

In China, the regulatory status of energy consumption in building operations has garnered
widespread attention. The Chinese government has implemented various measures to control energy
use in building operations, including setting standards, conducting energy efficiency assessments,
providing financial support, and promoting green building practices. These actions are aimed at
steering the development of the building industry towards greater energy conservation and
environmental protection. To achieve this, the Chinese government has enacted several laws,
regulations, and policies to enhance energy efficiency and promote sustainable development in the
building sector.

China has developed a series of building energy efficiency standards, including the Design
Standards for Building Energy Efficiency [12,13] and the Implementation Rules for Building Energy
Efficiency Projects. These standards establish energy use limits and energy-efficient design
requirements for buildings, aimed at ensuring that buildings operate with the lowest possible energy
consumption. Additionally, China has implemented a mandatory energy efficiency rating system for
building energy consumption. This system requires building owners to conduct energy efficiency
assessments and ratings for new buildings and large-scale renovation projects, to ensure compliance
with national energy efficiency standards. The Chinese government also encourages the construction
industry to adopt advanced energy-saving technologies and equipment and has provided a range of fiscal
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and tax incentives to motivate building entities to implement energy management and energy-saving
renovation measures [14]. Concurrently, China has established a special fund for building energy
efficiency, which supports building energy management and technological innovation. China is
actively promoting green building certification systems, such as the China Green Building Evaluation
Standard (GB/T 50378) and the Green Building Evaluation Mark (three-star, four-star, and five-star), to
encourage the adoption of sustainable design and construction practices in the construction industry. As
shown in Table 1, from 2007 to the present, the Chinese government has issued a series of standards and
policies for building energy management and energy-saving renovation measures.

Table 1. Relevant policies and standards for building energy management in China.

Time/year Name of policy, standard Supervisor/Publishing department

2007 Implementation opinions on strengthening the energy Ministry of Housing and Urban-Rural
conservation management of office buildings and large public Development
buildings of state organs

2007 Guidelines for energy audit of office buildings and large public Ministry of Housing and Urban-Rural
buildings of state agencies Development

2008 Regulations on energy conservation in civil buildings State Council

2008 Technical guidelines related to the construction of energy Ministry of Housing and Urban-Rural
consumption monitoring systems for office buildings of state Development
organs and large public buildings

2014 Technical specification for remote monitoring system of energy Ministry of Housing and Urban-Rural
consumption in public buildings JGJ/T285-2014 Development

2016 Guidelines for energy audits of public buildings Ministry of Housing and Urban-Rural

Development

2017 The 13th five-year plan for building energy conservation and Ministry of Housing and Urban-Rural
green development Development

2019 Green building evaluation CriteriaGB/T 50378-2019 Ministry of Housing and Urban-Rural

Development

In Europe and the United States, a range of regulations and standards for building energy efficiency
have been established to promote the development of the building industry towards greater sustainability
and energy efficiency. For instance, Europe’s Building Energy Performance Directive (EPBD) mandates
that EU member states develop and implement building energy performance requirements and
encourage the use of renewable energy. Member states are required to ensure that new buildings meet
certain energy efficiency standards and to conduct energy audits of buildings. Additionally, the U.S.
Energy Policy Act (EPACT) sets energy efficiency requirements for buildings owned by the U.S.
federal government and requires states to develop building energy codes. Each state in the United
States has its own energy efficiency standards that apply to both commercial and residential buildings.
These regulations and standards are part of the framework for regulating building energy consumption
in Europe and the United States, promoting the adoption of energy-saving measures in the building
industry to reduce energy use and carbon emissions by establishing energy efficiency standards,
certification systems, and policy incentives. For examples, Table 2 lists the policies and standards for
building energy efficiency and energy management issued by Japan, Germany, and the United States.
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In summary, a growing number of policies and legal provisions have been established for the
supervision of building energy consumption both domestically and internationally. These initiatives
collectively aim to contribute to the reduction of building energy consumption and to the global energy
consumption reduction effort. Furthermore, it is evident that the awareness of building energy
efficiency in European and American countries is ahead of China. Nevertheless, China’s building
energy efficiency policy has seen rapid development in recent years, keeping pace with the
construction industry’s growth. The Chinese government has revised its policies in line with current
events, making a meaningful contribution to reducing global building energy consumption. These
measures related to building energy efficiency provide a data foundation for the building energy
consumption monitoring system and offer a reference range for further enhancing the accuracy of
building energy consumption predictions.

Table 2. Policies and standards related to building energy management in foreign countries
(taking Japan, Germany, and the United States as examples).

Country  Time/year  Name of policy, standard

Japan 1979 Energy Conservation Act and Design standards for energy efficiency in public buildings
1980 Design standards for energy efficiency in residential buildings and Guidelines for Energy
Efficient Design and Construction of Residential Buildings
1992 Guidelines for Energy Efficient Design and Construction of Residential Buildings revised
1993 Design standards for energy efficiency in residential buildings revised
2009 Design standards for energy efficiency in public buildings Design standards for energy

efficiency in residential buildings and Guidelines for Energy Efficient Design and
Construction of Residential Buildings revised

2013 Merger into Building Energy Efficiency Standard 2013
Germany 1952 DN 4108 Insulation of high-rise buildings
1976 Building Energy Efficiency Act ENEG1976
1977 Building Insulation Regulations 1.0
1982 Building Insulation Regulations 2.0
1994 Building Insulation Regulations 3.0
2002 Building Energy Efficiency Regulation EnEV2002
2005 Building Energy Efficiency Regulation EnEG2005
2007 Building Energy Efficiency Regulation EnEV2007
2014 Building Energy Efficiency Regulation EnEV2014
2020 Building Energy Law (2020GEG)
United 1973 Energy Policy and Conservation Law
States 2005 Energy Policy Act 2005
2013 Leadership in Energy and Environmental Design (LEED) standard revision V4
2022 Federal Building Performance Standard

3.2. Research on building energy consumption monitoring system

In addition to the regulations for the supervision of building energy consumption both
domestically and internationally, an in-depth study of building energy consumption supervision
systems is warranted. Such studies can provide new measures for reducing building energy
consumption when using cooling and heating equipment in buildings. Among the various building
energy consumption monitoring systems, researchers primarily focus on the integration and
application of system architecture, functional design, and system capabilities.

AIMS Energy Volume 13, Issue 1, 35-85.



42

3.2.1.  System architecture and functional design

Starting from the overall design framework of the monitoring system, scholars have investigated
the design method, data transmission technology, and database deployment method for the data
collector in the Internet of Things (IoT), with the aim of constructing a scientific and comprehensive
energy consumption monitoring system for public buildings, as depicted in Figure 2. Boris et al. [15]
introduced a conceptual architecture for an integrated performance monitoring system that can
facilitate planning, execution, inspection, and action modes. Zhao et al. [16] devised a comprehensive
system tailored for the surveillance of energy consumption in large public edifices, meticulously
engineered from six strategic dimensions: The strategic selection of building monitoring points, the
sophisticated design of data collection protocols, the implementation of measures to preclude data loss,
and the development of both top-level database architectures and application software. The creation of
application software is tantamount to the visualization of data and the administration of the system,
thereby necessitating a multi-faceted examination in the design of an integrated building energy
monitoring system.

Gateway Serve (Processing
or Network Layer)

Smart Building
Cloud Serve

loT Sensors in Smart ¥ ; _________

Building(Sensing or Perception Layer) { l g 1
| U B|_- D |
I\ Smart Mobile Phone Smart PC Smart Tablet /I

Reproduction or Application Layer

Figure 2. Building energy monitoring system architecture.

The current building energy consumption monitoring system can be roughly divided into five
sections (Figure 2). The first section involves defining the objectives and requirements of the
monitoring system based on the building’s energy usage, designing the system, and selecting suitable
sensors and data collectors. The second section entails installing sensors and data acquisition
equipment at critical locations within the building, such as electricity meters, water meters, and
temperature sensors. The third section involves collecting real-time building energy consumption data
through sensors, including electricity, water, gas, and heat consumption, and then transmitting the
collected data wirelessly to the processor. The fourth section utilizes computers for data clarification,
storage, and analysis and calculates building energy consumption indicators, such as total energy
consumption, sub-item energy consumption, and energy efficiency ratios. The fifth section involves
displaying the generated energy consumption report on a device such as a mobile phone. Furthermore,
in response to the inherent instability of the data, Ma et al. [17] introduced a methodology to ascertain
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latent erroneous energy consumption data utilizing the building energy consumption monitoring
platform. They categorized energy utilization patterns, employed cluster analysis to detect anomalous
data, and conducted a comparative analysis between real-time and historical energy consumption data
to validate the precision of the methodology and enhance the overall data quality.

In addition, with the rapid development of emerging technologies such as the Internet of Things,
the design of building energy consumption detection systems can also be based on this. For example,
Malkawi et al. [18] designed a building energy management system based on data collection based on
the Internet of Things architecture. Arun et al. [19] combined the Internet of Things technology to
propose a safe and energy-saving intelligent building system architecture, which can effectively reduce
building energy consumption through simulation analysis. Garin et al. [20] described an approach to a
building environment monitoring system based on an open-source platform and the Internet of Things,
which first collects data based on sensors and then analyzes and evaluates the collected data. In
addition, the design of building energy consumption systems is carried out in combination with BIM
tools, and Gokc et al. [21] have developed a system for building energy monitoring and management
through sensor facilities, BIM tools, etc.

The architecture and design of building monitoring systems have garnered increasing attention
with the rise of big data. By integrating big data with the supervision system, the energy consumption
of building operations can be accurately tracked. Subsequently, based on the energy consumption
values obtained from the building energy consumption monitoring system, researchers can make more
precise predictions of building energy consumption equipment, enhancing the accuracy of their
predictions and thereby reducing building energy consumption.

3.2.2. System integration and application

In the design of building energy monitoring systems, they will also be integrated with other
systems or technologies. In this paragraph, the combination of building automation systems and energy
management systems and building energy consumption monitoring systems is reviewed to obtain
higher-quality building energy consumption monitoring data.

The Building Automation System (BAS) is an important part of the intelligent building, which
automates the management of various mechanical and electrical equipment and systems in the building
through centralized monitoring and remote control. Its core goal is to provide an efficient, safe,
comfortable and economical living and working environment. Vandenbogaerde et al. [22] analyzed the
building automation and control system for building energy consumption, such as heating, cooling,
and ventilation of buildings, combined with the European standard EN 52120-1, and reflected the
limitations of EN 52120-1 and the key parameters that need to be considered in the practical application
of building automation and control systems. Morshed et al. [23] investigated a data mining method
based on using K-means clustering analysis on building management systems to identify sources of
waste in buildings.

An Energy Management System (EMS) is a systematic solution for monitoring, controlling, and
optimizing energy consumption. By collecting and analyzing energy usage data, the system helps
businesses or organizations manage energy consumption more effectively, thereby reducing costs,
reducing environmental impact, and improving energy efficiency. Muhammad et al. [24] developed a
method for optimizing building energy management systems that uses multi-criteria decision-making
techniques to balance the demand and consumption of buildings.

In addition to the integrated application of the above two systems, there are also the applications
of artificial intelligence technology, sensor network monitoring systems, etc. Rajalakshmi et al. [25]
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proposed the application of artificial intelligence technology in the monitoring of energy management
in intelligent buildings to monitor energy consumption and utilization. Wang et al. [26] used a sensor
network-based monitoring system to analyze the performance of building energy-saving parameters.

In summary, the research progress related to the design of building energy consumption
monitoring systems has achieved certain results. The design of building energy consumption
monitoring systems can mainly provide a new management scheme for building energy conservation,
so as to achieve energy conservation and emission reduction from the demand side. However, there
are some challenges in the design of building energy consumption monitoring systems, such as
efficient operation and maintenance of the system, data security, and privacy protection. Future
research can continue to focus on these issues and seek more efficient and reliable design methods to
provide technical support for building energy efficiency and green building development.

4. Factors influencing the energy consumption of building operations

As research into building energy consumption supervision systems progresses, the understanding
of the factors influencing building energy consumption has similarly evolved. Building energy
consumption primarily encompasses expenditures in heating, cooling, lighting, and electrical
appliances. The principal determinants of such consumption include architectural design, construction
materials, equipment usage patterns, environmental conditions, and occupant behaviors. Within
individual buildings or complexes, the specific factors influencing energy consumption vary with the
architectural style. Consequently, architectural design must be considered within the broader context
of urban morphology for a holistic evaluation. For isolated structures, indoor and outdoor
meteorological conditions, as well as occupant behavior, are critical variables contributing to energy
consumption fluctuations. In the context of urban clusters, the morphology shaped by urban planning
and design, along with the urban green belt coverage ratio, influences urban heat emissions, thereby
impacting building energy consumption. Thus, the primary factors examined in this discourse are
climatic conditions, occupant behavior, and urban morphology.

4.1. Climatic conditions

Climatic conditions are an important external factor influencing a building’s energy consumption.
For example, Thomas et al. [27] analyzed the impact of urban microclimate on building energy
consumption based on the monthly urban energy consumption data of New York in the past three years,
and Chen [28] AutoBPS was used to establish 22 different urban buildings, and the total energy use
intensity of these 22 types of urban buildings in 2050 and 2080 under the scenario of low emissions in
the future was compared, and the energy intensity of buildings increased by climate change was
obtained. Luo et al. [29] proposed a model predictive control (MPC) system that relies on weather
forecasting. This system is used to select the mode of renewable energy generation and building energy
consumption. Furthermore, Nowak et al. [30] conducted a systematic review of the impact of
microclimate on energy consumption, albeit with a focus on delineating Eco-feedback technology as
a mechanism for energy conservation aimed at enhancing household awareness regarding energy usage.

Climatic conditions that typically affect a building’s energy consumption include temperature,
wind direction and speed, sunlight, and climate zones, as shown in Figure 3. However, depending on
the region, the climatic conditions that affect the energy consumption of buildings are also different.
For example, heating in cold areas accounts for a large proportion of energy consumption, while
cooling energy consumption in hot areas accounts for a large proportion. Therefore, according to the
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local climatic conditions, the energy consumption of buildings can be reduced by adopting appropriate
energy-saving technologies and measures.

Air temperature

Air humidity
Wind direction,
Urban Wind speed Building energy
microclimate . . consumption
Air quality

Solar radiation,
Sunlight

Sunshine ...

Convection heat exchange

Solar radiation

Figure 3. The impact of urban microclimate on building energy consumption.

Temperature is one of the most direct factors affecting a building’s energy consumption. In cold
regions, buildings require a lot of heating energy to maintain indoor temperatures, while in hot areas,
air conditioning energy consumption is relatively high. In areas with large temperature differences, the
energy consumption of buildings will also increase accordingly. Verichev et al. [31] studied the
changes in heating energy consumption of residential buildings in three regions of southern Chile under
two scenarios of increased temperatures and found that the increase in temperature led to a decrease
in the heating energy consumption of residential buildings. Li et al. [32] studied the variation of cooling
energy consumption of office buildings in different climatic zones in China and concluded that the
annual cooling load is mainly affected by dry-bulb temperature in severely cold regions, while wet-
bulb temperature is affected in other regions.

Wind direction and velocity significantly influence the natural ventilation of a building. During
the architectural design phase, it is imperative to consider the local wind direction and velocity to
optimize the building’s layout and morphology, thereby mitigating the energy consumption associated
with ventilation and air conditioning systems. A favorable wind direction can facilitate the exchange
of air between the interior and exterior, thereby diminishing the reliance on air conditioning and
mechanical ventilation systems and subsequently lowering energy consumption. The velocity of the
wind enhances the convective heat transfer effect, which in turn impacts the heat exchange on the
building’s external surfaces. Du et al. [33] conducted an analysis of the coupling relationship between
the rugged topography of coastal cities, urban heat islands, land-sea breezes, and related local wind
patterns, as well as their collective impact on the energy consumption of urban buildings. Mikulik [34]
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investigated the correlation between various meteorological parameters—including wind speed,
irradiation, humidity, and air temperature—and observed energy consumption, revealing a correlation

coefficient of no more than 0.25 between energy demand and wind speed. Liu et al. [35] identified that
the wind velocity at the building’s corner significantly influenced the energy consumption of high-rise
buildings during renovations in severe cold regions. The renovation notably mitigated the strong wind
zones in winter and the calm wind areas in summer. In summary, wind direction and velocity are pivotal
factors affecting building energy consumption, and through judicious design and strategic interventions,
it is possible to effectively reduce building energy consumption and enhance energy efficiency.

Sunlight conditions have a direct impact on a building’s energy consumption for lighting and
heating. Adequate sunlight can reduce the energy consumption of lighting, while in areas with
insufficient sunlight, the energy consumption of buildings will increase accordingly. In addition,
sunlight can also provide free heating energy for the building, reducing heating energy consumption.
Mitja et al. [36] studied that slender buildings are more effective at harvesting solar energy than
compact buildings in Central European climates, saving the need for heating energy.

The energy consumption characteristics of buildings in different climate zones are different. For
example, the energy consumption of buildings in tropical regions is mainly used for air conditioning
and lighting, while the energy consumption of buildings in temperate regions is mainly used for heating
and air conditioning. Duan et al. [37] studied the influence of climatic conditions on building energy
consumption under the conditions of five thermal climate distributions in China and concluded that
the influence of climatic conditions on building energy consumption is greater due to the greater energy
consumption of building operations in severe cold areas and hot summer and cold winter areas. Ayoub
et al. [38] selected six typical cities in Morocco to compare building energy consumption, and found
that buildings in the Mediterranean climate have the largest energy demand, while those in the desert
climate have the least energy demand. Wang et al. [39] analyzed measures to reduce hospital energy
consumption in areas with hot summers and warm winters and proposed two measures to save energy
and reduce emissions: Photovoltaic power generation and green roofs.

In summary, climatic conditions are an important factor affecting the energy consumption of
buildings, but the climatic conditions listed in this paragraph are far less than the impact of actual
climatic conditions on building energy consumption, and specific analysis is required in combination
with the actual building. For example, Kim et al. [40] used experimental reference years to study the
impact of climate parameters on the energy demand of buildings in 18 regions of South Korea and
concluded that temperature has a greater impact on building energy consumption in winter and solar
irradiance has a greater impact on building energy consumption in summer. Therefore, in the analysis
of the energy consumption of the actual building, it is often necessary to consider the influence of
multiple climatic conditions on it to ensure the accuracy of the building energy consumption prediction.

4.2. Occupant behavior

The impact of occupant behavior on building energy consumption is often multifaceted, and the
mode of energy consumption, the amount of energy consumed, and the distribution of consumption
time all affect the prediction of building energy consumption. The use behavior of the occupant directly
determines the switching status and running time of the internal equipment of the building, including
lighting, air conditioning, heating, refrigeration, and electrical appliances. For example, excessive
lighting use will increase electricity consumption, and inappropriate air conditioning and heating use
will increase fossil energy consumption, which will directly affect the energy consumption of buildings.
Generally, the influence of occupant behavior on building energy consumption can be primarily
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categorized into three aspects: Occupancy, interaction, and behavioral efficiency. A high occupancy
rate tends to elevate the frequency of interaction between individuals and building systems, thereby
affording greater opportunities to optimize energy consumption through these interactions. Moreover,
well-designed interaction mechanisms, such as intuitive control systems and real-time energy
consumption feedback, have the potential to enhance the behavioral efficiency of occupants, thereby
incentivizing more energy-efficient practices. Additionally, at a constant occupancy rate, a higher level
of behavioral efficiency is likely to result in reduced energy consumption. Conversely, lower
behavioral efficiency may exacerbate the energy consumption issues associated with high occupancy
levels. as shown in Figure 4 [41].

Occupancy mainly refers to the occupancy rate of occupants in the building, and factors such
as the number of people in the building, the time distribution of activities, and the nature of
activities (e.g., different energy consumption needs of offices and gyms) will affect the total amount
of energy consumption. For example, the peak energy consumption of domestic buildings usually
occurs from the evening to night, while the peak energy consumption of commercial buildings may
occur during the day on weekdays. Hu et al. [42] analyzed the composition and floor area of 4964
households in China based on a questionnaire survey, and concluded that the larger the unit size of the
household, the greater the energy consumption of the building. Osman et al. [43] studied the energy
use intensity of six types of households: Single working individuals, single retired individuals, working
couples, retired couples, nuclear families, and single-parent families and found that regions with more
retirees had higher energy intensity at noon and larger households. Luo et al. [44] studied the impact
of hotel occupancy rate on the efficiency of building photovoltaic cell energy consumption and
proposed a new scheme for hotel energy cost savings.
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Figure 4. The impact of the occupants on the building’s energy consumption.

Interaction refers to the behavior and habits of the occupants in the use of the building, such as:
The interaction of the occupants with lighting, the interaction with the air conditioning system, the
interaction with the heating system, the interaction with electrical appliances, etc. Moreover, regulating
indoor temperatures, using lighting and appliances wisely, and avoiding wasting energy can reduce
building energy consumption. Duan et al. [45] divided the energy consumption of households living
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in high-rise buildings into five categories, namely, households with high energy consumption for
heating and cooling, households with low energy consumption for heating and cooling, households
with high cooling energy consumption and low heating energy consumption, households with low
cooling energy consumption, households with high heating energy consumption, and households with
medium energy consumption for heating and cooling. For university buildings, Deng et al. [46]
calculated the electricity consumption of university dormitory buildings in China’s hot summer and
cold winter areas for two consecutive years, and concluded that the frequency of computer use by men
and women is different, and the height and orientation of the floors lead to different electricity
consumption in the dormitories. Zhang et al. [47] proposed an improved building energy consumption
prediction system, which uses the duration of occupant behavior as an input parameter to more
accurately reflect the relationship between building users and building energy consumption.

Behavioral efficiency refers to consciously improving the awareness and awareness of building
users on energy conservation and emission reduction through publicity, which is also one of the
effective ways to reduce building energy consumption. Rational usage mode can reduce ineffective
energy waste and improve energy efficiency by optimizing the operating state of the equipment. For
example, the intelligent control system can effectively reduce energy waste by adjusting the
temperature of the air conditioner according to the temperature difference between indoor and outdoor
and the needs of personnel. Zhou et al. [48] established a model of residents’ behavior in government
office buildings, analyzed the specific causes of residents’ energy consumption behavior, and reduced
the energy intensity of buildings as a basis for improving building energy efficiency. Yoon et al. [49]
designed a new building energy consumption model based on the energy consumption of individual
rooms, offices, and retail tenants in commercial buildings, focusing on the different energy
consumption caused by different tenants to achieve energy conservation and emission reduction.

According to the above research and analysis results on occupant behavior, it was found that the
use behavior of occupants greatly affects the consumption of building energy, and different family
structures will lead to different consumption of building energy. Therefore, in the prediction of building
energy consumption, the behavior habits of occupants need to be considered. In addition, in order to
better save energy and reduce emissions, it is advisable to consider taking into account the behavior
and habits of occupants in the future building design and functional layout, so that occupants can use
reasonable equipment, reduce the consumption of ineffective energy, and reduce energy intensity to
improve the prediction accuracy in the prediction of building energy consumption.

4.3. Urban form

The impact of urban form on a building’s energy consumption is multifaceted. The urban form
mostly includes the density, type, and spatial layout of the buildings, as shown in Figure 5. Different
urban forms will have an impact on solar radiation, wind direction, and speed, which impact the energy
consumption of buildings.
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Figure 5. Different urban forms.

First, the density and height of buildings in cities are often higher, which leads to the heat island
effect between buildings, where temper