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Abstract: The emerging concept of smart buildings, which requires the incorporation of sensors
and big data (BD) and utilizes artificial intelligence (AI), promises to usher in a new age of urban
energy efficiency. By using AI technologies in smart buildings, energy consumption can be reduced
through better control, improved reliability, and automation. This paper is an in-depth review of
recent studies on the application of artificial intelligence (AI) technologies in smart buildings through
the concept of a building management system (BMS) and demand response programs (DRPs). In
addition to elaborating on the principles and applications of the AI-based modeling approaches
widely used in building energy use prediction, an evaluation framework is introduced and used
for assessing the recent research conducted in this field and across the major AI domains, including
energy, comfort, design, and maintenance. Finally, the paper includes a discussion on the open
challenges and future directions of research on the application of AI in smart buildings.
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1. Introduction
1.1. Artificial Intelligence (AI) Evolution
Artificial intelligence (AI) can be defined as a set of computerized systems that perform
tasks usually associated with human beings. It reaches or exceeds human intelligence as it
achieves human-like levels of perception, reasoning, interacting, and learning. Like human
beings, artificial intelligence systems in intelligent machines can instigate changes in their
own behavior without explicit re-programming. Intelligence, then, can be defined as the
ability to learn from one’s environment and apply that knowledge to situations which have,
until that particular point in time, not been encountered.
As intelligent creatures, human beings have the inherent ability to learn from their
environment and respond to new situations by integrating new experiences with their
knowledge base. This process of learning and applying knowledge is what differentiates
intelligent beings from “unintelligent” machines or non-automated machines. Therefore, a
machine that can take information from its environment and make decisions on projected
future data based on the past data can be said to be intelligent. Essentially, AI can be
defined as the process of demonstrating that intelligence.
The history of AI can be traced to medieval times. In the more distant past, Aristotle
(384–322 B.C) formulated laws governing the rational part of the mind. The laws of thought
that Aristotle believed oversee the operation of the mind constituted the cornerstone in
the field of logic [1,2]. Medieval logicians vastly expanded the concept of logic as a field
of study in the 16th century. The calculating machines made since then captured the
imagination of great thinkers who pioneered great developments.
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A milestone was reached in 1943, when Warren McCulloch and Walter Pitts proposed
a model of artificial neurons [3]. They were convinced that suitably constructed networks
could learn. Just a few years later, in 1949, Donald Hebb demonstrated an updating rule
for modifying inter-neuron connectivity. In 1950, a satisfactory operational measure of
machine intelligence was provided by Alan Turing’s “Turing test”. The term “artificial
intelligence” was coined by John McCarthy in 1956 as a mark of the golden age of AI [4].
The 1990s saw the emergence of the “intelligent agent”, based on the concept of
mimicking human work. With the availability of cheaper and reliable hardware for sensing
and actuation, it became possible to build systems driven by real-world data. With advances
in computational power and storage capacity, statistical techniques were designed to derive
solutions from the vast amount of data gathered by the Internet. By the late 1990s, the
reduced uncertainty in decision-making was achieved by statistical learning methods
linked to AI. This era saw the advent of fuzzy logic [5,6], an AI concept that was successfully
applied in many aspects of life, from the running of washing machines to the operation of
high-speed trains [7].
Using AI as a science, it is possible to find ways to solve complex problems, the
solutions of which require intelligent input. AI presents itself in modern societies in many
forms. Machines are made to understand particular patterns in datasets, and this allows
data to be analyzed by using algorithms. AI provides reinforcement by experience-driven
learning. Furthermore, AI is central to the Internet of Things (IoT), which supports vital
network applications linking mobile phones, residential buildings, vehicles, homes, offices,
appliances, and relevant service providers. AI is now used extensively in the financial
sector, health care, transportation and energy, smart cities, security, education, and food
systems [8–10]. In city planning and transport infrastructure, AI is being used to analyze
driving patterns in real time as well as to prevent traffic congestion, road blockages, and
accidents [11,12].
Rapid advances in technology have a major impact on the possibilities and applications
of AI in society. While it is acknowledged that fear and mistrust in AI systems has
also grown in response to the perceived risks of losing control, the potential benefits are
astonishing and are well worth the effort required to mitigate those risks and to explore
the possibilities [13,14]. At the heart of the advances in AI is the desire to enhance human
capability. It is this which drives all research and innovations in this field.
1.2. AI and Urban Energy Transitions
Urban systems consist of numerous multi-level dynamic units that serve as integral
features in the organization of societies. These units govern the smooth running of society
and the control of political frameworks, and they also play essential roles in many aspects
of the urban form [15]. Flexibility, efficiency, and sustainability are required in the technological structures that are responsible for the smooth operation of the interconnected units
in the urban environment. As the global population grows and the pace of urbanization
continues unabated, the construction of smart cities with large commercial and residential
buildings is expected to accelerate. Information and communication technologies and
the Internet of Things (IoT) methodologies are central to the creation of smart cities. The
implementation of these technologies in modern cities is driving the transition from the
twentieth-century concept of cities to the smart cities of the future [16].
A key observation here is that while alternatives may be found for many aspects of
traditional city living, there is no substitute for energy or power from sources, as the whole
edifice of modern life is built upon it. Energy is absolutely indispensable in the smoothrunning of essential urban elements. The impact of the specific type of energy sources, their
availability, and their pattern of utilization is considerable in the urban environment [17].
To maintain stability and efficiently drive the collective intelligent infrastructure of smart
cities, a stable urban energy system that utilizes a smart technological framework must
be established. It is expected that considerable energy savings will be a feature of these
more productive, more comfortable, and more sustainable cities of the future [18,19]. The
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efficiency and reliability of communication systems, transportation networks, sewage and
water systems, production and the service industry, buildings, and the utilities in the
human habitat depend on an efficient and intelligent urban energy structure.
Significant advances in computer and communication technologies in recent years
have led to the use of AI in urban energy transitions. Intelligent control enabled by the
utilization of computer simulations has automated the management of energy in a variety
of urban environments. The rapidly expanding role of AI in urban planning is largely
due to its wide-ranging potential and its ability to sustain autonomous operations. While
many in the general public still tend to consider AI a far-fetched idea that belongs to
the realm of science fiction, AI-systems have already become a reality in the modern
infrastructure. Recent developments in AI have led to progress in solving the urban
aspects of impulsiveness, uncertainty, mismatch, complexity, and the discrepancies of
evolution. AI technologies have given us automated tools to design, analyze, simulate,
control, diagnose, and supply reliable energy within urban neighborhoods. These tools are
capable of allocating energy resources as well as managing supply and demand to ensure
the efficiency and the cost-effective operation of the grid.
AI is indisputably well suited to govern urban energy systems flexibly by using
real-time data [20–22]. It was shown to be highly capable of running the autonomous
grid management system by successfully optimizing energy consumption through the
enhanced efficient management of supply and demand, and also by carrying out the
auto-maintenance of energy infrastructure. AI can also reduce peak loads and stabilize
the grid [23–25]. By utilizing energy demand and supply forecasts, AI-based prediction
models can optimize dispatch and minimize the operation cost of power generation as
a consequence, while power plants meet demand and operate within the operational
constraints of the power network for extended periods of changing conditions [26]. By
utilizing big data (BD) and AI, the demand response and end-use energy efficiency are
optimized, and the energy bills on the premises are reduced [27,28].
IoT and AI today are at the top of the agenda of all the leading technology. The
studies on the future of building technology show that requirements are undergoing
lasting changes. The need for security will play an even more significant role in the future.
Flexibility and dynamics will be the basic requirements for system operation. Maximum
efficiency will have a top priority. One of the current global challenges in buildings is to
increase energy efficiency while upgrading the comfort level, health, and safety of their
inhabitants. AI seems to be the only solution that creates the greatest synergies between
energy efficiency, comfort, adaptability, safety, and security, all of which can be sustainable
over the long term. AI turns buildings into living organisms: networked, intelligent,
and adaptable to the changing needs of their operators and users. An intelligent energy
management system controls the interplay between internal consumers, producers, and
the energy mix of public power grids.
AI can help overcome the challenges in developing energy-efficient buildings by
increasing the rate of energy savings, facilitating on-site generation, detecting and minimizing operation faults, as well as controlling and ensuring continued energy savings [29]. The
benefits that come from desiring optimum energy savings will be secured by integrating
advanced reporting on-board visualization diagnostics and cloud connectivity. Having
multiple control systems creates complexities and ultimately results in high costs in buildings. Therefore, adopting a digital transformation mindset when deploying AI solutions
will lower operational costs while maximizing the overall energy performance of the building. Case studies discussed in [30] have highlighted the role of AI in ventilation control
strategies and integrated air pre-heaters, which manifested about 26% energy savings in
commercial buildings in the US. The following section addresses the applications of AI in
improving energy efficiency in buildings and integrated communities.
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1.3. What Will Be Elucidated in This Paper
According to the discussion, the problem of energy conservation in buildings is a
multidimensional one. It remains a challenging and yet rewarding study. AI can offer
a possible solution to this problem by providing energy efficiency, comfort, health and
productivity in living spaces. On this basis, the major objective of this research is to
review, analyze, and identify the application of AI and AI-based approaches in smart
buildings, especially for building energy efficiency. The review method in this paper
includes the establishment of a comprehensive database, through search string design,
bibliographic analysis, and content analysis of over 150 articles. The database consists
of relevant publications on the topic of current research, namely AI in smart buildings,
and data are taken from reliable and comprehensive databases such as Scopus and Web of
Science.
The paper is organized as follows. In Section 2, the principles of a cyber-physical system in a smart building are explained, and then the role of AI in demand side management
through the implementation of the demand response programs is discussed. In Section 3,
the main aspects of an AI-based approach infrastructure in buildings are thoroughly reviewed and compared by addressing the most recent studies. Finally, the opportunities and
challenges of AI-based applications for smart building implementation are summarized.
2. Application of AI to Smart and Energy-Efficient Buildings
A recent survey on the energy consumption in buildings revealed their high levels
of energy consumption. In a global study conducted by the International Energy Agency,
it was shown that buildings account for 71% of the total electricity and 39% of the final
energy consumption in an urban area; furthermore, buildings are responsible for close to
40% of the total carbon dioxide emissions in urban areas [31].
The most promising application of AI in urban energy systems is the advent of
smart buildings. Smart buildings are equipped with numerous sensors, subsystems, and
actuators, and their many advanced and smart automation monitoring and control tools
can be utilized for energy-saving purposes. These reductions in energy consumption are
accompanied by simultaneous reductions in greenhouse gas emissions. It was shown that
the potential impact of smart buildings is in urban areas toward protecting the environment,
reducing the running costs of buildings, and conserving energy [32–35].
The smart building is a concept representative of the modern infrastructure. It includes
automated control systems and utilizes data to optimize the building’s performance and
the level of comfort experienced by its inhabitants [36]. It provides a cyber-physical system
(CPS) that integrates the cyber world; it also combines sensing devices, controllers, and
metering components with the physical world, which includes various electric appliances
and electronic devices (Figure 1).
The smart building concept is based on the correct assumption that free interactions
between both worlds yield advantages. As technology advances, the presence of AI
technologies in smart buildings becomes more pronounced. The joint development of
ever smaller, more energy-efficient sensors and communication procedures with parallel
advances in hardware and software technologies provides simpler possibilities for evaluating, monitoring, and interacting with the environment [38]. Efficiency is constantly
being improved with the lower operating and maintenance costs and the reductions in
energy consumption as well as with parallel improvements in the comfort level and safety
conditions for the inhabitants of the buildings [39]. This concept, known as the building
management system (BMS), hints at the potential of AI to greatly enhance in the future not
only the efficiency of buildings but also the experience of living in them.
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has been studied extensively [43–45]. As shown in Figure 2, DRPs can be classified into
time-based rate (TBR) programs and incentive-based programs (IBPs).
TBR programs are based mostly on dynamic pricing, which aims to smooth the load
by varying consumer electricity prices based on the time of day. These programs are designed to encourage consumers to react sensitively to the reduced rate of electricity at
certain times of the day. TBR programs propose an optimal and automatic residential
scheduling of energy consumption to minimize the electricity payment and minimize the
operation waiting time of each appliance by taking into account the consumer’s lifestyle
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Table 1. Comparison between different DPRs in smart buildings.

Time-Based
Rate Programs

Type of DR

Definition

Time Resolution

Response Type

Algorithm

Real-time
pricing (RTP)

The electricity tariffs are
changed and announced
on a day-ahead or
hour-ahead basis before
each period.

Hourly

Customer side

Mixed integer linear
programming
(MILP)

Time of use
(TOU)

A day can be divided into
three intervals under a
TOU pricing scheme,
including peak, mid-peak
and off-peak intervals;
consumers often try to
shift the shiftable loads to
the off-peak interval.

Hourly

Consumer side

Branch and bound
algorithm

Critical peak
price (CPP)

CPP operates similarly to
the TOU program, except
for the time in which the
power reliability
is endangered.

Consumer side

Difference-indifference (DID)
method/Fixed-effects
logistic regression

Hourly/Daily

res

Appl. Sci. 2021, 11, 763

7 of 25

Table 1. Cont.

IncentiveBased
Programs

Type of DR

Definition

Time Resolution

Response Type

Algorithm

Direct load
control (DLC)

According to the
advanced agreement
between customers and
utility, the utility can
remotely turn off the
registered consumers’
electrical appliances
during peak demand
or events.

Hourly/Daily

Utility side

Second-order conic
programming

Demand
bidding (DB)

DB is a mechanism that
enables consumers to
actively participate in
electricity trading by
offering to undertake
changes to their regular
pattern of consumption.

Hourly/Daily

Consumer side

CIGRE 32-bus test
system/GAMS

Interruptible/
Curtailable (IC)

The utility curtails the
usage of the consumers
registered in this program.
They receive more
consumption credit for
any reduction in their
consumption. If
consumers do not get a
response to the incentive,
they are strictly penalized.

Hourly/Daily

Consumer side

Mixed-integer
programming(MIP)

Capacity
market (CM)

Consumers who can
provide predefined load
drops are offered to
replace conventional
generation or distribution
resources to ensure the
security of supply and
incentivize reliable
investment in
generation capacity.

Hourly/Daily

Consumer side

Linear optimization
problem/Agent-based
model

Emergency
planning (EP)

Consumers are provided
incentive payments for
reducing their power
usage during
reliability-caused events.
Consumers can choose not
to limit and skip the costs
specified beforehand.

Hourly/Daily

Utility side

Whale optimization
algorithm (WOA)

3. AI-Based Approaches in Building Energy Management
The application of modern technologies in BMS and DRPs, including sensors, network communication, cloud computing, wireless transmission, information, and smart
devices, has led to the rapid implementation of computational modeling frameworks in
these domains. The statistical approaches applied to the modeling frameworks result in
accurate and precise predictions of consumer energy use, which are classified into artificial
intelligence (AI) based engineering and hybrid approaches [55].
The AI-based approach predicts the future trends of energy demand using historical
data. The impact of key variables such as characteristics of the building and environmental
conditions are considered in a process comprising four main steps: “(1) data collection,
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(2) data pre-processing, (3) model training process, and (4) model testing” [55]. The main
learning algorithms that are commonly applied in AI-based models are described in the
following sections.
3.1. Machine Learning (ML)
Machine learning (ML) is, by definition, introspective and adaptable, and it allows
for the evolution of superior performance. It calls for development interfaces that enable
societies to scrutinize the behavior of AI systems and to allow the system to account for
its operational procedures. Advances in AI are bolstered by the availability of massive
amounts of data through the Internet and by the progress in sensory technology together
with ML and its subset, i.e., deep learning. Since self-improvement through evolution is a
basic tenet of machine learning systems, the pace of progress in many AI research areas
has been considerable. Machine learning (ML) can be defined as the learning made by
machines from algorithms designed to allow machines to react to new input from their
environment. ML allows non-linear relationships to be determined, such as the relation
between the energy demand and other relevant factors, through mapping functions from a
training dataset (supervised learning) or any form of the dataset (unsupervised learning),
or even a sequence of decisions in an uncertain or a complex system [56].
Supervised learning is a type of machine learning in which the algorithms are pretrained with some dataset input–output values. The algorithm is then expected to produce
a correct output when a different input (different from the training dataset) is entered into
the model. Supervised learning is used to solve classification problems by determining
to which group the input data belong and to solve regression problems by predicting
the correct output value given a new input. Unsupervised learning is a type of machine
learning in which the algorithm is not pre-trained with any form of the dataset. The
algorithm learns from the input data as they arrive. Reinforcement learning is a type of
machine learning in which the algorithm learns by being rewarded for every correct output
Appl. Sci. 2021, 11, x FOR PEER REVIEW
10 of 26
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Machine learning models can be categorized as either shallow learning or deep learning. Shallow learning models are models with simple layers, while deep learning models
are models with complex or multiple layers. Figure 4 represents the relationship between
the different types of machine learning techniques used in energy systems.
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Figure 3. Classification of machine learning techniques (adapted from [57]).
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3.2.1. Decision Trees
Decision trees is a machine learning model in which classification decisions are divided
into sets of choices depending on the features of the input parameters, which are considered
individually. This process starts from the base feature and then progresses in a manner
resembling a tree branch. A tree is constructed by dividing the root node (source set) of
the tree into branch nodes (sub-sets). The division is based on a set of rules determined
from the properties of the set and the target classification [58]. There are several areas
in smart energy buildings where decision trees models have been used, including the
predicted risk of a blackout [59] and energy storage planning and energy management in
buildings [60–62].
3.2.2. Random Forest
An extension to ML is random forest, which uses classification and regression tasks
and incorporates multiple decision trees to improve the prediction accuracy. Bagging
(bootstrap aggregation) is a general procedure that can be used to reduce the variance of a
decision tree algorithm. Bootstrapping is a process that involves estimating a quantity from
a data sample. The random forest algorithm is achieved by creating a new bootstrap sample
of the training set and using it to train a decision tree. Features are randomly selected at
every node of the decision tree and then applying Gini impurity (i.e., a measurement of the
likelihood of an incorrect classification of a new instance of a random variable) only on
that set of features, then selecting the optimal one and repeating the process until the tree
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is complete. The random forest model is widely used in building energy systems to predict
hourly energy consumption [63,64].
3.2.3. Wavelet Neural Network
The wavelet neural network is another machine learning model that combines the
concepts of wavelet analysis and neural network architecture. The wavelet concept stems
from the generalization of the Fourier transform (FT) and the windowed Fourier transform
(WFT). The concept has been found to be useful in the prediction of time series data for
hybrid renewable residential micro-grids for simultaneously optimizing system cost and
the battery state of charge [65,66].
3.2.4. Naïve Bayes
The Naïve Bayes learning model is based on the Naïve Bayes theorem [67]. The
theorem is used for calculating the probability of a guess when given prior knowledge. This
learning model has been used extensively to solve building energy problems. Prasetiyo et al.
used a Naïve Bayes classifier in their analysis of building energy efficiency datasets [68],
and Bayindir et al. used it in the prediction of photovoltaic energy [69]. In another study,
Lin et al. applied this method to predict HVAC energy using hourly data [70].
3.2.5. Artificial Neural Networks (ANNs)
Artificial neural networks are widely used in the modeling of non-linear processes.
It is useful in a wide range of applications, such as natural language processing, decision
making, classification, dimension reduction, regression problems, clustering, decision
making, anomaly detection, and computer vision. ANNs have been broadly utilized to
forecast electricity consumption and the cooling and heating loads in buildings.
A “deep neural network” is a type of deep learning model that is an artificial neural
network with multiple layers. The concept is centered on the modeling of the hierarchical
characterization behind the patterns used to predict data. This is achieved by creating
modules comprised of multiple layers of information for processing.
ANNs are used in combination with building information models (BIMs) to evaluate
thermal comfort. Suggestions for optimizing savings on interior energy consumptions are
made by forecasting the indoor climate, with a focus on temperature and humidity [71,72].
Real-time monitoring is also possible using the ANN method. One of the advantages of
this method is that it can detect non-linearity between the input and output datasets.
Deep learning (DL) is an artificial neural network method, the objective of which
is to model the hierarchical characterization behind data prediction patterns by stacking
multi-layer information processing modules. Examples include a convolutional neural
network (CNN), radial basis function (RBF) networks, restricted Boltzmann machines
(RBMs), and recurrent neural networks (RNNs). The DL method can be used in estimating
the power consumption of individual appliances in the distribution system [73,74].
3.2.6. Regression
Multiple linear regression (MLR) is a machine learning model based on statistical
linear regression, and it is widely used in several studies to predict the monthly heating
and cooling demands of residential buildings. A support vector machine is typically used
in contexts where the objective is to classify data. The main goal of these methods is to find
a function from the obtained target for all the training data, including information about
the weather condition, the relative humidity, and the intensity of the solar radiation [75,76].
The prediction accuracy and robustness of both the MLR and the SVR methods require
improvement for use with the highly non-linear energy demand function.
Li et al. compared predictions of the hourly cooling load in a building made using
SVR with those made using several ANN models [77]. In another study on non-residential
buildings, Massana et al. used SVR as well as MLR and ANNs to predict the short-term
thermal load for non-residential buildings [78]. These studies showed that the improve-
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ment in the energy use prediction when using SVR was better than using other AI-based
prediction methods. The trade-off between prediction accuracy and computation speed
when using the SVR has also been shown to be better than that provided by MLR and
ANNs.
Logistic regression is based on the statistical logistic function (also referred to as the
sigmoid function), and is basically used as a model for classification. It is widely used in
events or problems that require predictions of the probability of occurrence. Wang et al.
used logistic regression in analyzing the effect of certain significant factors on the amount
of energy consumed when heating rural buildings in China [79].
3.2.7. Genetic Algorithm (GA)
The GA is a heuristic search technique extensively used in AI-based models because of
its ability to cope with non-linear characteristics of smart buildings. Both unconstrained and
constrained optimization problems can be solved competently using GA. This technique
is widely applied in the scheduling of residential loads with the aim of minimizing the
total energy cost in a dynamic pricing scheme [80]; it is also applied in finding the optimal
energy consumption to provide comfortable thermal conditions by selecting the optimal
range of the indoor temperature setpoints [81]. Manzoor et al. developed an intelligent
energy management strategy using a DR program to schedule household load with the
aim of minimizing the cost of electricity based on a hybrid of the GA and the teaching–
learning-based optimization algorithm [82].
3.2.8. Fuzzy Logic (FL)
Because their simplicity, fuzzy logic control models have been adopted more widely
than other models that use conventional configuration control logic (CCL). The adaptive
network-based fuzzy inference system (ANFIS) is a machine learning model that combines
the forecasting approach of fuzzy logic with the capability of a neural network. In this
hybrid configuration, each learning model complements the weaknesses of the other,
producing better results and better performance. ANFIS is used along with the wireless
sensors network to forecast the demand load based on the changes in the indoor and
outdoor climate conditions of buildings [83–85].
3.2.9. Particle Swarm Optimization
Particle swarm optimization (PSO) is a meta-heuristic optimization technique developed based on the flocking behavior and social cooperation of birds and fish. The PSO
algorithm employs a swarm of particles that traverse a multi-dimensional search space to
seek the optimal location [86]. Each particle is a potential solution and is influenced by
the experiences of its neighbors and itself. PSO is used in hybridization with a machine
learning technique to achieve an optimal solution. PSO was used in hybridization with
the genetic algorithm to estimate energy demand [87] and was also used with differential evolution (DE) in the planning of transmission expansion [88]. PSO was hybridized
with ant colony optimization (ACO) for studying the energy demand in Turkey [89] and
for conducting a techno-economic analysis of the hybrid renewable energy systems in
Japan [90,91].
3.2.10. K-Nearest Neighbor
K-nearest neighbor (KNN) is performed based on memorizing the training set and
then predicting the label of any new instance based on the labels of its closest neighbors
in the training set. KNN is widely used in building energy management systems and in
demand analyses of energy consumption in residential buildings [92,93].
3.2.11. Principal Component Analysis
Principal components analysis (PCA) is a machine-learning model used for dimensionality reduction. Dimensionality reduction is the process of mapping a function from
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higher-dimensional space into a lower-dimensional space. Sun and Sun (2017) used the
PCA method to predict carbon dioxide emission with a regularized extreme learning machine. It has been used in improving the residential load disaggregation of energy [94] and
the determination and analysis of electricity consumption in China [95,96].
3.2.12. Hybrid Models
Hybrid models use multiple machine-learning techniques. Data pre-processing and
optimization tools have become common in the effort to produce high-accuracy hybrid
models for improved prediction capabilities. Hybrid models are being applied to the
day-ahead prediction of power generation in the hybrid renewable energy systems and
micro-grids [97,98] and the prediction of energy consumption in buildings [99].
Table 2 presents a comparison of machine learning models used in the smart building
system. This comparison was made by considering the complexity, user-friendliness, and
speed of the models.
Table 2. Comparison and applications of different machine learning models in smart buildings.
ML Models

Area of Application

Domain of Application in
BMS

ANN

Modelling, forecasting,
and curve-fitting of
non-linear processes

HVAC energy consumption
modelling

Data classification

Building energy
consumption prediction

SVM

Advantages

•
•
•

•

High accuracy
Reasonable speed
Good for noisy data

High accuracy

Disadvantages

•
•

Highly complex
Low
user-friendliness

•
•

Highly complex
Low
user-friendliness
Low speed

•
•
Decision trees

Classification decision

•

Energy storage
planning
Building energy
management

•
•
•

Reasonably accurate
Reasonable speed

•

•
Random forest

Event forecasting and
data classification

Energy consumption
forecasting

•
•

•
Deep learning

Data prediction and
pattern modelling

Energy efficient system
design and modelling

•
WNN

Time series event
prediction

•

HRES operating cost
optimization
Wind and solar power
prediction

•
•

•

Reasonably accurate
Reduces over-fitting

Reasonably
user-friendly
High accuracy
Reasonable speed

Reasonably
complex
Low
user-friendliness

•

Reasonably
complex
Low
user-friendliness
Low speed

•

Highly complex

•
•

Low speed
Low
user-friendliness
Reasonably
complex

•

High accuracy

•
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Table 2. Cont.
ML Models

Area of Application

Domain of Application in
BMS

Advantages

•
Fuzzy logic

Hybrids

Control applications

High-accuracy
predictions

Regression

Prediction of the
probability of
occurrence

Genetic
algorithm

Problem optimization

PSO

KNN

Naïve Bayes

Problem optimization

•
•

Power point tracking
Control and monitoring

•
•

Load forecasting
Energy generation
forecasting

•

HVAX energy
consumption
forecasting

•

Optimal load
scheduling

Operating cost optimization
and energy scheduling

Building energy
consumption analysis

Prediction

Calculating the
probability of
occurrence

•
•

Building energy
efficiency analysis
Energy generation
prediction

•
•

Reasonably
user-friendly
Reasonably accurate
High speed

•
•
•

High speed
High accuracy
High speed

•

Disadvantages

•

Reasonably
complex

•

Reasonably
complex

Highly
user-friendly
Simple structure
High speed

•

Low accuracy

•
•

High accuracy
Used in hybrid
mode

•

Low speed

•
•

High accuracy
Used in hybrid
mode

•
•

Low speed
Low convergence
rate
Fall in local
optimum

•
•

•

•
•

High speed
User-friendly

•

Low accuracy

•
•

High speed
User-friendly

•

Low accuracy

Previous studies have focused on comparing data-driven models with physics-based
models, comparing machine learning with statistical techniques, evaluating group methods, and analyzing machine learning, with the objective to forecast building energy use.
Runge and Zmeureanu in 2019 provided a comprehensive review of the studies published
since the year 2000 that have applied artificial neural networks for forecasting building
energy use and demand; they particularly focused on reviewing the applications, data,
forecasting models, and performance metrics used in model evaluations [100]. Zhao et al.
in 2012 published a review focusing on the main approaches for energy prediction and forecasting in buildings, and they compared machine learning, statistical, and physics-based
models. Their results showed that the machine learning-based models could provide the
highest accuracy and flexibility, compared with statistical models such as support vector
machines [101].
A comparison between the machine learning-based models and other conventional
methods was carried out by [102]; the comparison indicated a lack of flexibility of the
current conventional methods in dealing with non-linear patterns, especially in forecasting building electrical consumption. The application of hybrid models within building
energy prediction was explored by [55], who highlighted the role of ANN models and
their improved performance compared with single prediction models. Wei et al. in 2018
provided a review for data-driven approaches of both the prediction and classification
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in buildings, and they noted the wide range of practical applications of ANN models to
date, including forecasting and predicting energy loads; their work ascertained the current
energy performance of a building and predicted the potential for energy saving through
retrofit strategies [103]. Seyedzadeh et al. in 2018 provided a substantial review on the
four main ML approaches, including artificial neural network, support vector machine,
Gaussian-based regressions, and clustering, all of which have commonly been applied in
forecasting and improving building energy performance [56].
The recent work in the field of AI-based approaches for predicting building energy is
presented in Table 3. The application of the AI-based methods in building energy systems
was assessed by considering the domains, targets, and applied methodologies used in
each study. Figure 5 shows the classification of the domains in the present study, which
takes into consideration the building services suitable for linking to the AI components, as
discussed in the Building Intelligence Quotient (BiQ) [104], the Honeywell Smart Building
Score [105] and the EU Smart Readiness Indicator (SRI) [106].
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Table 3. Applications of the AI-based approaches used in building energy systems.
Focus of the Study
Proposing a decision-making system for
maintaining the thermal comfort of the user; it
uses intelligent sensors, and is flexible and
energy-efficient

Domains
Energy Comfort

√

Analyzing the outcomes in residential buildings
when the indoor temperature is set too high, using
passive cooling
Examining the utilization of IoT and
cyber-physical systems in a large-scale network
game designed to improve energy efficiency in
a building

Design

√

√

√

Comparing predictions achieved by the artificial
neural network (ANN) and random forest (RF) of
the hourly HVAC energy consumption of a hotel
in Madrid, Spain

√

Discussing the potential of AI to improve the
well-being of building users and the interaction of
the users with the building environments
Predicting the monthly demand for heating in
residential buildings

Safety

√

√

Target and Results

Maintenance

Ref.

•
•

Improved thermal comfort
Lower operational costs

FL

[107]

•

Improved thermal comfort

GA

[108]

•
•

Lower energy cost
Lower energy consumption

DL

[109]

•

Improved air quality and other conditions for
the comfort of the occupants

ANN

[71]

•
•

Lower costs and reduced waste
Improved architectural, electrical, mechanical,
and layout design

ML

[110]

•

Easy and efficient prediction tools for calculating
the energy demand for heating
residential buildings

MLR

[111]

A higher accuracy when identifying and
predicting due to the number of input neurons
and hidden layers
Improved accuracy when identifying the values
of the model parameters for the neural
network model

ANN

[112]

•
Predicting the cooling demand in buildings using
a back-propagation neural network (BPNN)

Algorithm
/Method

√
•
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Table 3. Cont.
Focus of the Study
Predicting the energy consumption in buildings
using a combination of the neural networks and a
hybrid genetic algorithm–adaptive network-based
fuzzy inference system (GA-ANFIS)
Predicting the sub-hourly electricity consumption
in commercial buildings using a combination of
the ANN model with the Bayesian
regularization algorithm

Domains
Energy Comfort

Safety

Design

Target and Results

Maintenance

Ref.

√

•

The prediction accuracy of the hybrid
GA-ANFIS model is better than that of the ANN

GA
ANN

[99]

√

•

Faster and more accurate predictions of building
energy consumption

ANN

[113]

•

Useful building cooling load

SVR

[85]

•

Used in the prediction of demand

ANN

[114]

ANN

[115]

ML

[116]

FL
ANN

[117]

Building a prediction model to determine the
hourly building cooling load based on SVR in an
office building in Guangzhou, China

√

Predicting the short-term electricity demand in a
bioclimatic building in Spain using the
ANN model

√

Estimating the energy consumption and the
thermal comfort of the inhabitants in buildings
using an ANN

√

√

•
•

Building energy retrofit
Sensitivity analysis

Evaluating thermal comfort using a combination
of wireless sensors and smart grid initiatives in
reinforcement learning

√

√

•
•

Energy management
Provides thermal comfort

•
•

Lower cost of ownership and operations
Improved efficiency of equipment and results in
fewer failure events
Reduced long-term maintenance costs
Improved the length of the asset life cycles

Detecting abnormal operating conditions and the
generation of fault signatures for various fault
types using fuzzy logic in the novel health
monitoring system (HMS) for a variable air
volume unit

Algorithm
/Method

√

•
•
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Table 3. Cont.
Focus of the Study
Predicting the thermal preference of individuals
in buildings using a personal comfort system
(PCS) based on the ANN algorithm.
Determining the optimal load scheduling under a
price-based demand response structure in a smart
grid, i.e., the development of a
modular framework

Domains
Energy Comfort

√

√

√

√

√

Managing, detecting, and isolating contaminants
in the building interior
Forecasting the electricity price and load using a
novel hybrid algorithm in smart grids with
demand-side management, using the
ANN-GA scheme

Safety

√

Design

Target and Results

Maintenance

Algorithm
/Method

Ref.

ANN

[74]

GA

[118]

•

Improved occupant satisfaction and reduces
energy consumption in buildings

•

Reduced the cost of electricity

•
•

Reducing the risk of harm for occupants
Promoting a secure environment

MILP

[119]

•

Reduced the consumption of grid electricity

ANN
SV

[120]

Appl. Sci. 2021, 11, 763

tems was assessed by considering the domains, targets, and applied metho
in each study. Figure 5 shows the classification of the domains in the presen
takes into consideration the building services suitable for linking to the A
as discussed in the Building Intelligence Quotient (BiQ) [104], the
Honeywe
18 of 25
ing Score [105] and the EU Smart Readiness Indicator (SRI) [106].

Figure
5. Smart
building
services services
and domains
categories
in this
study.
Figure
5. Smart
building
and
domains
categories

in this study.

4. Opportunities
The smart energy-efficient buildings targeted in this review constitute the elemental
level at which the benefits of AI are being materialized. The much greater benefits lie
ahead as we build on this foundation and when smart buildings are integrated with
AI into connected communities that interact in real time through the power and water
grids. The path to this opportunity is traced in recent advances with constructal theory
and design [121]. By empowering software applications to analyze large datasets by
identifying patterns, detecting anomalies, and making precise predictions, AI can create
further revenue opportunities for smart buildings.
4.1. AI for Renewable Energy Forecasting
A consistent challenge with the variable sources of energy such a renewable energy is
their unreliability. Weather-dependent power sources will often fluctuate in their strength.
Weather can often be unpredictable, which can result in destabilization of the power
supply generated from weather-dependent energy sources such as solar and wind. This
means that greater precautions could be taken to harness and preserve the energy that
was generated. The AI-based approaches can extract a combination of data from local
satellite, meteorological stations to provide a precise hour-ahead estimation of weather
conditions, including wind, temperature, lightning density, and humidity [122]. This will
help in balancing the energy supply and demand in smart buildings that are equipped
with hybrid micro-grids.
4.2. AI for Energy Efficiency
Although building automation and energy management systems have been available
for some time, they focus mainly on monitoring and providing alarm capabilities. With
the increasing convergence of smart buildings, there is great value in developing a central
analytics platform to provide more insights from the combined data. AI monitors, collects
information, controls, evaluates, and manages energy consumption in buildings. It controls energy usage and reduces it during peak hours, identifies and signals problems, and
detects equipment failures before they occur. The AI-based approaches can facilitate active
customer participation in demand response programs using ML algorithms and leverag-

Appl. Sci. 2021, 11, 763

19 of 25

ing blockchain to protect data. While heating, ventilation, and air-conditioning (HVAC)
systems provide indoor comfort, they also contribute to staggering energy consumption
levels. AI-driven district heating provides an irreplaceable flexibility element for the new
energy system in smart cities.
Several smart buildings can have their heat pumps connected efficiently and adaptively to a single heat exchanger loop buried in the ground that the buildings share [123].
AI can enable the automation of district heating when electrification increases the amount
of controllable units as the energy system becomes more complex. It can predict the heat
demand of customers, steer the usage of storage, and guide the control room in the optimal
utilization of assets.
In an arid area, the connected community shares the power grid and the water grid
that is driven by power, as in the case of a distributed solar power field that delivers power
to the community and the field of desalination plants that deliver water to community
in the same area [124]. The integrative design of the community with distributed power
and water is fast-forwarded in time by AI, and it enables future designers and builders
to correctly scale up (and scale down) the efficient designs that have been perfected and
tested at a particular scale [125].
4.3. AI for Energy Accessibility
With the decarbonization, decentralization, and the rollout of novel technologies,
utilities, independent power producers (IPPs) and other energy companies are employing
AI to manage the imbalance in demand and supply. In combination with other technologies
such as big data, cloud, and Internet of Things (IoT), AI can support the active management
of electricity grids by improving the accessibility of renewable energy sources in buildings.
Along with a slew of advanced AI-based technologies, AI enables customer-centric solutions that understand evolving customer needs, in turn allowing AI to make automatic
recommendations as well as use predictive analytics to improve equipment O&M and
predict downtime, which can extend the lifetime of the equipment in buildings.
5. Open Challenges
It is widely understood that the social and ethical impacts of AI will amount to nothing
short of a revolution. While many cite the multitude benefits of this revolution for the
human race, there are skeptics who see it as a major threat to human control and dominance.
With the ongoing advances in AI spurring new technologies in fully-automated driving
as well as the evolving technologies of IoT, BD, and robotics, AI is arguably the major
contributor in the current evolution of humankind. This situation requires the development
of policies governing human–AI issues. Such policies must seek to ensure that all future
developments in AI are trustworthy human-centered systems [126]. Policymaking in the
era of AI must acknowledge and reflect the awareness that despite the undisputed benefits
of AI applications in today’s society and the potential benefits of future applications, AI is
little understood and widely feared by the general public.
From a humanistic point of view, AI systems are required to be robust. The “robustness” of AI refers to the reliability of the intelligent algorithms used in AI systems
to process and execute tasks in a manner that upholds the common good and benefits
all of humanity. Robustness includes features such as fairness, and it ensures that the
privacy of individuals, families, and communities is protected. Robustness also requires
the socio-economic well-being of society to be upheld impartially, and it guarantees that
there are appropriate measures in place to ensure that the autonomous power to hurt,
destroy, or deceive humanity cannot be pursued.
The role of a robust AI system is then to oversee solutions, provide technical vigor and
data control measures, and generate diverse results. One of the challenges in the technical
elements of AI systems is establishing human–operator expectations. For a society to trust
and adopt a new technology, the system must prove beyond a reasonable doubt that it
is reliable and safe, and that it contributes to the betterment of society. To gain the trust
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of humanity, AI systems must be instrumental in solving complicated challenges that the
society faces. The confidence of the general public in the ability of AI systems to reliably
process private data will build over time with successes.
The public’s confidence in AI would be significantly bolstered by the success of
AI systems in the future of smart buildings designed to optimize energy requirements
according to the data shared from individual residences, appliances, and other lifestyle
facilities. It is reasonable to expect that the general public will balk at participating in such
big data processing unless people are completely confident that their data are secure. In
other words, creating trust and confidence as well as respect for human beings whose
abilities are being emulated must be apparent in the operation of the AI applications.
While smart buildings represent a revolution in the built environment with their
innovative applied standards for managing numerous devices and handling data, the
massive step-up in the approach taken by smart buildings presents numerous challenges
and difficulties. For the smooth functioning of any organization, Internet security is of
utmost importance. To ensure that smart building users do not lose their data due to
improper measures being taken, it is necessary to manage security concerns with extra
measures. Such measures will bring higher costs. Investing in user privacy, however, must
not be considered optional since the protection of data is a basic duty for all organizations.
Since smart buildings are a hub of consumer devices and a center for data, measures to
secure privacy are absolutely essential.
It is conceivable that the lack of globally accepted and unified IoT standards may
hinder the widespread development of IoT. Regulators and governments need to consider
how relevant standards can be developed. The diversity of standard protocols will inevitably present a challenge in finding appropriate experts in programming languages.
With billions of devices operating simultaneously in smart buildings around the world,
the biggest challenges are in the storage, protection, and analysis of the data. Furthermore,
developments in technology are required to handle the huge number of devices in the
network and to improve the role of the central processor and the other devices involved.
6. Conclusions
On the way to zero-emission buildings, several challenges have to be answered.
In modern energy systems, several energy sources must be adjusted to maintain high
security and a healthy environment for building users, with minimal energy consumption.
Improving the comfort level of residents is associated with the use of large amounts of
energy, and this stresses the need for establishing an optimal balance between quality of
life and energy savings in buildings. The optimization of the performance of the whole
building is computationally intensive and needs robust data on the status of all the systems
and equipment. Because building energy systems increasingly integrate sensors and
embedded components, buildings are becoming complex networked cyber-physical energy
systems. Artificial intelligence can help to optimize the operation of these complex systems
by managing the computational burden rapidly and efficiently. AI includes standard
communication protocols that enable the interchange of information to achieve the main
goals, such as energy efficiency, comfort, health, and productivity in living spaces.
AI-based prediction methods offer promising prediction accuracy once the model is
well trained. In addition, the process of data acquisition and data loading in these models
is relatively convenient, which means the prediction model can be easily established. There
are limitations to the use of AI-based approaches in building energy efficiency. For example,
there is no explicit relation between the physical building parameters and model inputs in
these models, making it impossible to extrapolate building energy performance once the
building’s design or operation has changed. Furthermore, AI-based approaches require
extensive training data for model establishment and the maintenance of prediction quality,
which means that the models need to be re-trained once changes are made to the building
envelope, system, or operation. In order to integrate AI-based methods into building
energy efficiency practices, the application needs to be simplified in both the type and the
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number of input parameters. Incorporating occupancy information into the prediction
model has a great potential to improve prediction performance. Occupancy factors such
as the number and type of occupants and their activities play a key role in the energy
consumption of the building.
The establishment of good practices and threat-driven procedures to strengthen the
trust in AI systems is of paramount importance. Although the advent of the widespread use
of AI has generated intense discussions about the need for more interpretable AI models,
the main challenges for the right deployment of AI in smart buildings and in society
concern the resilience, accuracy, reliability of AI systems. Several avenues for reflection
should be considered to address these challenges, for example, by introducing standardized
tests to assess the robustness of AI technologies and, in particular, to determine their field
of action concerning the data that have been used for the training, the type of mathematical
model, and the context of use.
Author Contributions: Conceptualization and methodology: H.F. and A.B., Investigation: H.F., L.M.,
T.A., A.M. and P.P.D.; Writing: H.F., L.M., A.B. and T.A.; Review, editing: H.F. and A.B.; Supervising:
A.B. All authors have read and agreed to the published version of the manuscript.
Funding: This research was supported by the Kyushu Natural Energy Promotion Organization and
Hitachi Global Foundation for supporting of financial support of this research.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Acknowledgments: The authors wish to thank the editor and the reviewers for their contributions
on the paper.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.

8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

Coppin, B. Artificial Intelligence Illuminated; Jones & Bartlett Learning: London, UK, 2004.
Russell, S.; Norvig, P. Artificial Intelligence: A Modern Approach; Pearson Higher Education; Prentice Hall: Upper Saddle River, NJ,
USA, 2016.
Ertel, W. Introduction to Artificial Intelligence; Springer Nature Switzerland: Cham. Switzerland, 2018.
McCarthy, J.; Minsky, M.L.; Rochester, N.; Shannon, C.E. A proposal for the dartmouth summer research project on artificial
intelligence, august 31, 1955. AI Mag. 2006, 27, 12.
Zadeh, L. Fuzzy sets. Inf. Control. 1965, 8, 338–353. [CrossRef]
Bellman, R.E.; Zadeh, L.A. Decision-Making in a Fuzzy Environment. Manag. Sci. 1970, 17, 141–164. [CrossRef]
Brynjolfsson, E.; Rock, D.; Syverson, C. Artificial Intelligence and the Modern Productivity Paradox: A Clash of Expectations and
Statistics. Working Paper 24001, National Bureau of Economic Research. Available online: http://www.nber.org/papers/w24001
(accessed on 21 October 2020).
Olayode, O.; Tartibu, L.; Okwu, M. Application of Artificial Intelligence in Traffic Control System of Non-autonomous Vehicles at
Signalized Road Intersection. Procedia CIRP 2020, 91, 194–200. [CrossRef]
Chen, W.; Zhao, L.; Kang, Q.; Di, F. Systematizing heterogeneous expert knowledge, scenarios and goals via a goal-reasoning
artificial intelligence agent for democratic urban land use planning. Cities 2020, 101, 102703. [CrossRef]
Camaréna, S. Artificial intelligence in the design of the transitions to sustainable food systems. J. Clean. Prod. 2020, 271, 122574.
[CrossRef]
Boukerche, A.; Tao, Y.; Sun, P. Artificial intelligence-based vehicular traffic flow prediction methods for supporting intelligent
transportation systems. Comput. Netw. 2020, 182, 107484. [CrossRef]
Pau, G.; Campisi, T.; Canale, A.; Severino, A.; Collotta, M.; Tesoriere, G. Smart Pedestrian Crossing Management at Traffic Light
Junctions through a Fuzzy-Based Approach. Future Internet 2018, 10, 15.
Bryson, J.J. The Artificial Intelligence of the Ethics of Artificial Intelligence. In The Oxford Handbook of Ethics of AI; Oxford
University Press (OUP): Oxford, UK, 2020; pp. 1–25. [CrossRef]
Bejan, A. AI and freedom for evolution in energy science. Energy AI 2020, 1, 100001. [CrossRef]
Doll, C.N.; Oliveira, J.A. Urbanization and Climate Co-Benefits: Implementation of Win-Win Interventions in Cities; Taylor & Francis:
Didcot, UK, 2017.
Kirwan, C.G.; Zhiyong, F. Smart Cities and Artificial Intelligence; Elsevier: Amsterdam, The Netherlands, 2020.
Farzaneh, H. Devising a Clean Energy Strategy for Asian Cities; Springer Nature: Singapore, 2018.

Appl. Sci. 2021, 11, 763

18.
19.
20.
21.
22.
23.

24.
25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.
37.
38.
39.
40.

41.

42.
43.
44.
45.
46.

22 of 25

Chui, K.T.; Lytras, M.; Visvizi, A. Energy Sustainability in Smart Cities: Artificial Intelligence, Smart Monitoring, and Optimization
of Energy Consumption. Energies 2018, 11, 2869. [CrossRef]
Mehmood, M.U.; Chun, D.; Zeeshan, Z.; Han, H.; Jeon, G.; Chen, K. A review of the applications of artificial intelligence and big
data to buildings for energy-efficiency and a comfortable indoor living environment. Energy Build. 2019, 202, 109383. [CrossRef]
Sharma, K.; Saini, L.M. Performance analysis of smart metering for smart grid: An overview. Renew. Sustain. Energy Rev. 2015, 49,
720–735. [CrossRef]
Alahakoon, D.; Yu, X. Smart Electricity Meter Data Intelligence for Future Energy Systems: A Survey. IEEE Trans. Ind. Inform.
2016, 12, 425–436. [CrossRef]
Stankovic, L.; Liao, J.; Wilson, C. Measuring the energy intensity of domestic activities from smart meter data. Appl. Energy 2016,
183, 1565–1580. [CrossRef]
Marzband, M.; Azarinejadian, F.; Savaghebi, M.; Pouresmaeil, E.; Guerrero, J.M.; Lightbody, G. Smart transactive energy
framework in grid-connected multiple home microgrids under independent and coalition operations. Renew. Energy 2018, 126,
95–106. [CrossRef]
Marzband, M.; Fouladfar, M.H.; Akorede, M.F.; Lightbody, G.; Pouresmaeil, E. Framework for smart transactive energy in
home-microgrids considering coalition formation and demand side management. Sustain. Cities Soc. 2018, 40, 136–154. [CrossRef]
Tavakoli, M.; Shokridehaki, F.; Akorede, M.F.; Marzband, M.; Vechiu, I.; Pouresmaeil, E. CVaR-based energy management scheme
for optimal resilience and operational cost in commercial building microgrids. Int. J. Electr. Power Energy Syst. 2018, 100, 1–9.
[CrossRef]
Farzaneh, H. Energy Systems Modeling: Principles and Applications; Springer Nature: Singapore, 2019.
Allam, Z.; Dhunny, Z.A. On big data, artificial intelligence and smart cities. Cities 2019, 89, 80–91. [CrossRef]
Arena, F.; Pau, G. An overview of big data analysis. Bull. Electr. Eng. Inform. 2020, 9, 1646–1653. [CrossRef]
Grueneich, D.M. The Next Level of Energy Efficiency: The Five Challenges Ahead. Electr. J. 2015, 28, 44–56. [CrossRef]
Al Raees, N.; Nassif, N.; Al Rifaie, F. The effect of ventilation and economizer on energy consumptions for air source heat pumps
in schools. Am. J. Eng. Appl. Sci. 2014, 7, 58–65. [CrossRef]
IEA. World Energy Outlook; International Energy Agency: Paris, France, 2008.
Raza, M.Q.; Khosravi, A. A review on artificial intelligence based load demand forecasting techniques for smart grid and
buildings. Renew. Sustain. Energy Rev. 2015, 50, 1352–1372. [CrossRef]
Ullah, Z.; Al-Turjman, F.; Mostarda, L.; Gagliardi, R. Applications of Artificial Intelligence and Machine learning in smart cities.
Comput. Commun. 2020, 154, 313–323. [CrossRef]
Zhao, Y.; Li, T.; Zhang, X.; Zhang, C. Artificial intelligence-based fault detection and diagnosis methods for building energy
systems: Advantages, challenges and the future. Renew. Sustain. Energy Rev. 2019, 109, 85–101. [CrossRef]
Mariano-Hernández, D.; Hernández-Callejo, L.; Zorita-Lamadrid, A.; Duque-Pérez, O.; García, F.S. A review of strategies for
building energy management system: Model predictive control, demand side management, optimization, and fault detect &
diagnosis. J. Build. Eng. 2021, 33, 101692. [CrossRef]
Al Dakheel, J.; Del Pero, C.; Aste, N.; Leonforte, F. Smart buildings features and key performance indicators: A review. Sustain.
Cities Soc. 2020, 61, 102328. [CrossRef]
Rivera, W. Sustainable cloud and energy services: Principles and practice. In Sustainable Cloud and Energy Services: Principles and
Practice; Springer: Berlin/Heidelberg, Germany, 2017; pp. 1–268. [CrossRef]
Sembroiz, D.; Careglio, D.; Ricciardi, S.; Fiore, U. Planning and operational energy optimization solutions for smart buildings. Inf.
Sci. 2019, 476, 439–452. [CrossRef]
Panchalingam, R.; Chan, K.C. A state-of-the-art review on artificial intelligence for Smart Buildings. Intell. Build. Int. 2019, 1–24.
[CrossRef]
Khalid, A.; Javaid, N.; Guizani, M.; Alhussein, M.; Aurangzeb, K.; Ilahi, M. Towards Dynamic Coordination Among Home
Appliances Using Multi-Objective Energy Optimization for Demand Side Management in Smart Buildings. IEEE Access 2018, 6,
19509–19529. [CrossRef]
Shahinzadeh, H.; Moradi, J.; Gharehpetian, G.B.; Nafisi, H.; Abedi, M. IoT Architecture for smart grids. In Proceedings of the
2019 International Conference on Protection and Automation of Power System (IPAPS), Tehran, Iran, 8–9 January 2019; pp. 22–30.
[CrossRef]
Vázquez-Canteli, J.R.; Nagy, Z. Reinforcement learning for demand response: A review of algorithms and modeling techniques.
Appl. Energy 2019, 235, 1072–1089. [CrossRef]
Ghorashi, S.M.; Rastegar, M.; Senemmar, S.; Seifi, A.R. Optimal design of reward-penalty demand response programs in smart
power grids. Sustain. Cities Soc. 2020, 60, 102150. [CrossRef]
Das, S.; Basu, M. Day-ahead optimal bidding strategy of microgrid with demand response program considering uncertainties
and outages of renewable energy resources. Energy 2020, 190, 116441. [CrossRef]
Mazidi, M.; Zakariazadeh, A.; Jadid, S.; Siano, P. Integrated scheduling of renewable generation and demand response programs
in a microgrid. Energy Convers. Manag. 2014, 86, 1118–1127. [CrossRef]
Mohsenian-Rad, A.-H.; Leon-Garcia, A. Optimal Residential Load Control with Price Prediction in Real-Time Electricity Pricing
Environments. IEEE Trans. Smart Grid 2010, 1, 120–133. Available online: http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.
htm?arnumber=5540263 (accessed on 21 October 2020). [CrossRef]

Appl. Sci. 2021, 11, 763

47.
48.
49.
50.

51.

52.

53.
54.
55.
56.
57.
58.
59.

60.
61.
62.
63.
64.
65.
66.
67.
68.
69.

70.
71.
72.
73.

23 of 25

Ozturk, Y.; Senthilkumar, D.; Kumar, S.; Lee, G. An Intelligent Home Energy Management System to Improve Demand Response.
IEEE Trans. Smart Grid 2013, 4, 694–701. [CrossRef]
Kato, T.; Tokuhara, A.; Ushifusa, Y.; Sakurai, A.; Aramaki, K.; Maruyama, F. Consumer responses to critical peak pricing: Impacts
of maximum electricity-saving behavior. Electr. J. 2016, 29, 12–19. [CrossRef]
Vardakas, J.S.; Zorba, N.; Verikoukis, C.V. A Survey on Demand Response Programs in Smart Grids: Pricing Methods and
Optimization Algorithms. IEEE Commun. Surv. Tutor. 2015, 17, 152–178. [CrossRef]
Tascikaraoglu, A.; Paterakis, N.; Erdinc, O.; Catalão, J.P. Combining the Flexibility From Shared Energy Storage Systems and
DLC-Based Demand Response of HVAC Units for Distribution System Operation Enhancement. IEEE Trans. Sustain. Energy 2019,
10, 137–148. [CrossRef]
Saebi, J.; Taheri, H.; Mohammadi, J.; Nayer, S.S. Demand bidding/buyback modeling and its impact on market clearing price.
In Proceedings of the 2010 IEEE International Energy Conference and Exhibition, Manama, Bahrain, 18–22 December 2010; pp.
791–796. [CrossRef]
Imani, M.H.; Yousefpour, K.; Andani, M.T.; Jabbari Ghadi, M. Effect of changes in incentives and penalties on interruptible/curtailable demand response program in microgrid operation. In Proceedings of the 2019 IEEE Texas Power and Energy
Conference, College Station, TX, USA, 7–8 February 2019; pp. 1–6. [CrossRef]
De Vries, L.; Verzijlbergh, R.A.; Sakinci, O.C.; De Vries, L.J. How do demand response and electrical energy storage affect (the
need for) a capacity market? Appl. Energy 2018, 214, 39–62. [CrossRef]
Mohajeryami, S.; Schwarz, P.; Baboli, P.T. Including the behavioral aspects of customers in demand response model: Real time
pricing versus peak time rebate. N. Am. Power Symp. 2015. [CrossRef]
Wang, Z.; Srinivasan, R.S. A review of artificial intelligence based building energy use prediction: Contrasting the capabilities of
single and ensemble prediction models. Renew. Sustain. Energy Rev. 2017, 75, 796–808. [CrossRef]
Seyedzadeh, S.; Pour Rahimian, F.; Glesk, I.; Roper, M. Machine learning for estimation of building energy consumption and
performance: A review. Vis. Eng. 2018, 6, 5. [CrossRef]
Sharma, S.K.; Wang, X. Toward Massive Machine Type Communications in Ultra-Dense Cellular IoT Networks: Current Issues
and Machine Learning-Assisted Solutions. IEEE Commun. Surv. Tutor. 2020, 22, 426–471. [CrossRef]
Marsland, S. Machine Learning: An Algorithmic Perspective, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2015.
Aliyan, E.; Aghamohammadi, M.; Kia, M.; Heidari, A.; Shafie-Khah, M.; Catalão, J.P. Decision tree analysis to identify harmful
contingencies and estimate blackout indices for predicting system vulnerability. Electr. Power Syst. Res. 2020, 178, 106036.
[CrossRef]
Moutis, P.; Skarvelis-Kazakos, S.; Brucoli, M. Decision tree aided planning and energy balancing of planned community
microgrids. Appl. Energy 2016, 161, 197–205. [CrossRef]
Bonetto, R.; Rossi, M. Machine Learning Approaches to Energy Consumption Forecasting in Households. 2017. Available online:
http://arxiv.org/abs/1706.09648 (accessed on 21 October 2020).
Smarra, F.; Jain, A.; De Rubeis, T.; Ambrosini, D.; D’Innocenzo, A.; Mangharam, R. Data-driven model predictive control using
random forests for building energy optimization and climate control. Appl. Energy 2018, 226, 1252–1272. [CrossRef]
Wang, Z.; Wang, Y.; Zeng, R.; Srinivasan, R.S.; Ahrentzen, S. Random Forest based hourly building energy prediction. Energy
Build. 2018, 171, 11–25. [CrossRef]
Pham, A.-D.; Ngo, N.-T.; Truong, T.T.H.; Huynh, N.-T.; Truong, N.-S. Predicting energy consumption in multiple buildings using
machine learning for improving energy efficiency and sustainability. J. Clean. Prod. 2020, 260, 121082. [CrossRef]
Doucoure, B.; Agbossou, K.; Cardenas, A. Time series prediction using artificial wavelet neural network and multi-resolution
analysis: Application to wind speed data. Renew. Energy 2016, 92, 202–211. [CrossRef]
Sarshar, J.; Moosapour, S.S.; Joorabian, M. Multi-objective energy management of a micro-grid considering uncertainty in wind
power forecasting. Energy 2017, 139, 680–693. [CrossRef]
Berrar, D. Bayes’ Theorem and Naive Bayes Classifier. In Encyclopedia of Bioinformatics and Computational Biology; Elsevier:
Amsterdam, The Netherlands, 2019; pp. 403–412. [CrossRef]
Prasetiyo, B.; Muslim, M.A. Analysis of building energy efficiency dataset using naive bayes classification classifier. J. Phys. Conf.
Ser. 2019, 1321, 032016. [CrossRef]
Bayindir, R.; Yesilbudak, M.; Colak, M.; Genc, N. A novel application of naive Bayes classifier in photovoltaic energy prediction.
In Proceedings of the 2017 16th IEEE International Conference on Machine Learning and Applications (ICMLA), Cancun, Mexico,
18–21 December 2017. [CrossRef]
Lin, C.-M.; Lin, S.-F.; Liu, H.-Y.; Tseng, K.-Y. Applying the naïve Bayes classifier to HVAC energy prediction using hourly data.
Microsyst. Technol. 2019. [CrossRef]
Ahmad, M.W.; Mourshed, M.; Rezgui, Y. Trees vs Neurons: Comparison between random forest and ANN for high-resolution
prediction of building energy consumption. Energy Build. 2017, 147, 77–89. [CrossRef]
Ma, G.; Liu, Y.; Shang, S. A building information model (BIM) and artificial neural network (ANN) based system for personal
thermal comfort evaluation and energy efficient design of interior space. Sustainability 2019, 11, 4972. [CrossRef]
Chemali, E.; Kollmeyer, P.J.; Preindl, M.; Emadi, A. State-of-charge estimation of Li-ion batteries using deep neural networks: A
machine learning approach. J. Power Sources 2018, 400, 242–255. [CrossRef]

Appl. Sci. 2021, 11, 763

74.

24 of 25

Kim, J.; Zhou, Y.; Schiavon, S.; Raftery, P.; Brager, G. Personal comfort models: Predicting individuals’ thermal preference using
occupant heating and cooling behavior and machine learning. Build. Environ. 2018, 129, 96–106. [CrossRef]
75. Zhong, H.; Wang, J.; Jia, H.; Mu, Y.; Lv, S. Vector field-based support vector regression for building energy consumption prediction.
Appl. Energy 2019, 242, 403–414. [CrossRef]
76. Ma, Z.; Ye, C.; Ma, W. Support vector regression for predicting building energy consumption in southern China. Energy Procedia
2019, 158, 3433–3438. [CrossRef]
77. Li, Q.; Meng, Q.; Cai, J.; Yoshino, H.; Mochida, A. Predicting hourly cooling load in the building: A comparison of support vector
machine and different artificial neural networks. Energy Convers. Manag. 2009, 50, 90–96. [CrossRef]
78. Massana, J.; Pous, C.; Burgas, L.; Melendez, J.; Colomer, J. Short-term load forecasting in a non-residential building contrasting
models and attributes. Energy Build. 2015, 92, 322–330. [CrossRef]
79. Wang, Y.; Wang, F.; Wang, H. Influencing factors regression analysis of heating energy consumption of rural buildings in China.
Procedia Eng. 2017, 205, 3585–3592. [CrossRef]
80. Oladeji, O.; Olakanmi, O.O. A genetic algorithm approach to energy consumption scheduling under demand response. In
Proceedings of the 2014 IEEE 6th International Conference on Adaptive Science & Technology (ICAST), Ota, Nigeria, 29–31
October 2014. [CrossRef]
81. Reynolds, J.; Rezgui, Y.; Kwan, A.; Piriou, S. A zone-level, building energy optimisation combining an artificial neural network, a
genetic algorithm, and model predictive control. Energy 2018, 151, 729–739. [CrossRef]
82. Manzoor, A.; Javaid, N.; Ullah, I.; Abdul, W.; Almogren, A.; Alamri, A. An Intelligent Hybrid Heuristic Scheme for Smart
Metering based Demand Side Management in Smart Homes. Energies 2017, 10, 1258. [CrossRef]
83. Keshtkar, A.; Arzanpour, S. A fuzzy logic system for demand-side load management in residential buildings. Can. Conf. Electr.
Comput. Eng. 2014, 1–5. [CrossRef]
84. Farzana, S.; Liu, M.; Baldwin, A.; Hossain, U. Multi-model prediction and simulation of residential building energy in urban
areas of Chongqing, South West China. Energy Build. 2014, 81, 161–169. [CrossRef]
85. Li, Q.; Meng, Q.; Cai, J.; Yoshino, H.; Mochida, A. Applying support vector machine to predict hourly cooling load in the building.
Appl. Energy 2009, 86, 2249–2256. [CrossRef]
86. Sengupta, S.; Basak, S.; Peters, R.A. Particle Swarm Optimization: A Survey of Historical and Recent Developments with
Hybridization Perspectives. Mach. Learn. Knowl. Extr. 2018, 1, 157–191. [CrossRef]
87. Yu, S.; Wei, Y.-M.; Wang, K. A PSO–GA optimal model to estimate primary energy demand of China. Energy Policy 2012, 42,
329–340. [CrossRef]
88. Gomes, P.V.; Saraiva, J.T. Transmission system planning considering solar distributed generation penetration. In Proceedings of
the 2017 14th International Conference on the European Energy Market (EEM), TU Dresden, Germany, 15 February 2017.
89. Kıran, M.S.; Özceylan, E.; Gunduz, M.; Paksoy, T. Swarm intelligence approaches to estimate electricity energy demand in Turkey.
Knowl. Based Syst. 2012, 36, 93–103. [CrossRef]
90. Takatsu, N.; Farzaneh, H. Techno-economic analysis of a novel hydrogen-based hybrid renewable energy system for both grid-tied
and off-grid power supply in Japan: The case of Fukushima prefecture. Appl. Sci. 2020, 10, 4061. [CrossRef]
91. Yoshida, Y.; Farzaneh, H. Optimal Design of a Stand-Alone Residential Hybrid Microgrid System for Enhancing Renewable
Energy Deployment in Japan. Energies 2020, 13, 1737. [CrossRef]
92. Wahid, F.; Kim, D. A prediction approach for demand analysis of energy consumption using k-nearest neighbor in residential
buildings. Int. J. Smart Home 2016, 10, 97–108. [CrossRef]
93. Fan, G.-F.; Guo, Y.-H.; Zheng, J.-M.; Hong, W.-C. Application of the Weighted K-Nearest Neighbor Algorithm for Short-Term
Load Forecasting. Energies 2019, 12, 916. [CrossRef]
94. Moradzadeh, A.; Sadeghian, O.; Pourhossein, K.; Mohammadi-Ivatloo, B.; Anvari-Moghaddam, A. Improving Residential
Load Disaggregation for Sustainable Development of Energy via Principal Component Analysis. Sustainability 2020, 12, 3158.
[CrossRef]
95. Sun, W.; Sun, J. Prediction of carbon dioxide emissions based on principal component analysis with regularized extreme learning
machine: The case of China. Environ. Eng. Res. 2017, 22, 302–311. [CrossRef]
96. Zhang, J.; Yang, X.; Shen, F.; Li, Y.; Xiao, H.; Qi, H.; Peng, H.; Deng, S. Principal component analysis of electricity consumption
factors in China. Energy Procedia 2012, 16, 1913–1918. [CrossRef]
97. Dehghani, M.; Riahi-Madvar, H.; Hooshyaripor, F.; Mosavi, A.; Shamshirband, S.; Zavadskas, E.; Chau, K.-W. Prediction
of Hydropower Generation Using Grey Wolf Optimization Adaptive Neuro-Fuzzy Inference System. Energies 2019, 12, 289.
[CrossRef]
98. Shuai, Y.; Notton, G.; Kalogirou, S.; Nivet, M.-L.; Paoli, C.; Motte, F.; Fouilloy, A. Machine learning methods for solar radiation
forecasting: A review. Renew. Energy 2017, 105, 569–582.
99. Li, K.; Su, H.; Chu, J. Forecasting building energy consumption using neural networks and hybrid neuro-fuzzy system: A
comparative study. Energy Build. 2011, 43, 2893–2899. [CrossRef]
100. Runge, J.; Zmeureanu, R. Forecasting energy use in buildings using artificial neural networks: A review. Energies 2019, 12, 3254.
[CrossRef]
101. Zhao, H.-X.; Magoulès, F. A review on the prediction of building energy consumption. Renew. Sustain. Energy Rev. 2012, 16,
3586–3592. [CrossRef]

Appl. Sci. 2021, 11, 763

25 of 25

102. Daut, M.A.M.; Hassan, M.Y.; Abdullah, H.; Rahman, H.A.; Abdullah, M.P.; Hussin, F. Building electricalenergy consumption
forecasting analysis using conventional and artificial intelligence methods: A Review. Renew. Sustain. Energy Rev. 2017, 70,
1108–1118. [CrossRef]
103. Wei, Y.; Zhang, X.; Shi, Y.; Xia, L.; Pan, S.; Wu, J.; Han, M.; Zhao, X. A review of data-driven approaches for prediction and
classification of building energy consumption. Renew. Sustain. Energy Rev. 2018, 82, 1027–1047. [CrossRef]
104. Katz, D.; Škopek, J. The CABA Building Intelligence Quotient programme. Intell. Build. Int. 2009, 1, 277–295. [CrossRef]
105. Honeywell. Smart Building Score. 2020. Available online: https://smartbuildings.honeywell.com/hsbs_home (accessed on
21 October 2020).
106. VITO, NV. Smart Readiness Indicator for Buildings. Available online: https://smartreadinessindicator.eu/ (accessed on
27 December 2018).
107. Ain, Q.U.; Iqbal, S.; Khan, S.A.; Malik, A.W.; Ahmad, I.; Javaid, N. IoT Operating System Based Fuzzy Inference System for Home
Energy Management System in Smart Buildings. Sensors 2018, 18, 2802. [CrossRef] [PubMed]
108. Grygierek, K.; Ferdyn-Grygierek, J. Multi-Objectives Optimization of Ventilation Controllers for Passive Cooling in Residential
Buildings. Sensors 2018, 18, 1144. [CrossRef] [PubMed]
109. Konstantakopoulos, I.C.; Barkan, A.R.; He, S.; Veeravalli, T.; Liu, H.; Spanos, C. A Deep Learning and Gamification Approach to
Energy Conservation at Nanyang Technological University. Published Online 2018. Available online: http://arxiv.org/abs/1809
.05142 (accessed on 21 October 2020).
110. Ewert, M.; Brodowicz, D.P.; Pospieszny, P. Artificial Intelligence and machines: A curse or blessing for corporate real Artificial
Intelligence and machines: A curse or blessing for corporate real estate? Corp. Real Estate J. 2018, 7, 337–351.
111. Catalina, T.; Virgone, J.; Blanco, E. Development and validation of regression models to predict monthly heating demand for
residential buildings. Energy Build. 2008, 40, 1825–1832. [CrossRef]
112. Yokoyama, R.; Wakui, T.; Satake, R. Prediction of energy demands using neural network with model identification by global
optimization. Energy Convers. Manag. 2009, 50, 319–327. [CrossRef]
113. Chae, Y.T.; Horesh, R.; Hwang, Y.; Lee, Y.M. Artificial neural network model for forecasting sub-hourly electricity usage in
commercial buildings. Energy Build. 2016, 111, 184–194. [CrossRef]
114. Mena, R.; Rodriguez, F.D.B.; Castilla, M.; Arahal, M. A prediction model based on neural networks for the energy consumption of
a bioclimatic building. Energy Build. 2014, 82, 142–155. [CrossRef]
115. Ascione, F.; Bianco, N.; De Stasio, C.; Mauro, G.M.; Vanoli, G.P. Artificial neural networks to predict energy performance and
retrofit scenarios for any member of a building category: A novel approach. Energy 2017, 118, 999–1017. [CrossRef]
116. Gao, G.; Li, J.; Wen, Y. DeepComfort: Energy-Efficient Thermal Comfort Control in Buildings Via Reinforcement Learning. IEEE
Internet Things J. 2020, 7, 8472–8484. [CrossRef]
117. Allen, W.H.; Rubaai, A.; Chawla, R. Fuzzy Neural Network-Based Health Monitoring for HVAC System Variable-Air-Volume
Unit. IEEE Trans. Ind. Appl. 2015, 52, 2513–2524. [CrossRef]
118. Hafeez, G.; Islam, N.; Ali, A.; Ahmad, S.; Alimgeer, K.S. A Modular Framework for Optimal Load Scheduling under Price-Based
Demand Response Scheme in Smart Grid. Processes 2019, 7, 499. [CrossRef]
119. Kyriacou, A.; Timotheou, S.; Michaelides, M.P.; Panayiotou, C.; Polycarpou, M. Partitioning of Intelligent Buildings for Distributed
Contaminant Detection and Isolation. IEEE Trans. Emerg. Top. Comput. Intell. 2017, 1, 72–86. [CrossRef]
120. Ghasemi, A.; Shayeghi, H.; Moradzadeh, M.; Nooshyar, M. A novel hybrid algorithm for electricity price and load forecasting in
smart grids with demand-side management. Appl. Energy 2016, 177, 40–59. [CrossRef]
121. Bejan, A. Sustainability: The Water and Energy Problem, and the Natural Design Solution. Eur. Rev. 2015, 23, 481–488. [CrossRef]
122. Sarwat, A.I.; Amini, M.; Domijan, A.; Damnjanovic, A.; Kaleem, F. Weather-based interruption prediction in the smart grid
utilizing chronological data. J. Mod. Power Syst. Clean Energy 2016, 4, 308–315. [CrossRef]
123. Errera, M.; Lorente, S.; Bejan, A. Assemblies of heat pumps served by a single underground heat exchanger. Int. J. Heat Mass
Transf. 2014, 75, 327–336. [CrossRef]
124. Lorente, S.; Bejan, A.; Al-Hinai, K.; Sahin, A.Z.; Yilbas, B. Constructal design of distributed energy systems: Solar power and
water desalination. Int. J. Heat Mass Transf. 2012, 55, 2213–2218. [CrossRef]
125. Rocha, L.A.O.; Lorente, S.; Bejan, A. Distributed energy tapestry for heating the landscape. J. Appl. Phys. 2010, 108, 124904.
[CrossRef]
126. Vesnic-Alujevic, L.; Nascimento, S.; Pólvora, A. Societal and ethical impacts of artificial intelligence: Critical notes on European
policy frameworks. Telecommun. Policy 2020, 44, 101961. [CrossRef]

