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Abstract: The fundamental notion of ‘smart’ in building materials discourse is responsiveness—the
ability of materials to react to environmental stimuli by manifesting a noticeable physical change
when there is a difference in the conditions of their immediate surroundings. This notion, however, is
also interchanged with ‘intelligence’, which involves an array of control protocols. Notwithstanding,
both notions are used synonymously and as occupant comfort and energy efficiency strategies in
buildings. The current study aimed to underscore the fundamental issues in the conceptualization of
both notions in building materials colloquy by systematic review of published literature following
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 checklist.
The review revealed that while smart responses are direct, predictable and reversible, requiring
no external control system, computer systems and networks which require a constant supply of
energy are essential for intelligence. In fact, the relationship between intelligent systems, energy
efficiency and occupant comfort depends on external computer control and machine components
of learning, resulting in complex systems with longer payback times, whereas smart materials and
systems respond directly and immediately without additional energy or occupant control. The
discussions present an attempt towards promoting zero additional energy demand for buildings
using smart materials.

Keywords: energy; smart; intelligent; building materials; computer network; energy efficiency; zero
additional energy; user control; occupant comfort; PRISMA 2020

1. Introduction

The primary notion of smart and smartness in building materials discourse is
responsiveness—the ability of a material or system to react to (environmental) stimuli by
manifesting a noticeable physical change when there is a difference in the conditions of
its immediate surroundings [1–6]. Inspired by the need to find alternative solutions to the
issue of energy consumption by exploring the properties of (building) materials, the notion
provides an efficient means to manage energy in and around buildings [7–11], which has
not changed since the energy crises of the 1970s and is still dependent on the combustion
of fossil fuels. In fact, coal, oil and natural gas currently make up about 80% of today’s
energy use globally [12]. Energy, which is linked with all aspects of development and has
a tremendous impact on the wellbeing of urban citizens’ health, education, productivity,
as well as economic opportunities, mainly comes from fossil-based sources [13], and the
building industry, with its complex matrix of houses, factories, offices, schools, roads,
bridges and parks, is one of the biggest consumers in the world, accounting for about 40%
of energy consumption globally [14].
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The resulting consequences of this combined with the increased awareness of climate
change and other environmental concerns are empowering innovative solutions that seek
to improve quality of life while being environmentally friendly. In fact, it is now possible to
satisfy and eventually reduce the energy demands of buildings with less carbon-intensive
approaches through advances in the realm of building physics, new technologies and
materials science [1,15], among which advances in materials would make the most impact
since it has the most direct influence on buildings. Eight trends have been identified that
are inspiring the new material science research directions [6,8]. They include:

1. Green materials (materials that can be reused with no adverse effect on the environment)
2. Fashion materials (materials developed for their aesthetic appeal)
3. Security materials (materials that provide increased resistance against storms/natural

disasters as well as detection and alert systems)
4. Modern materials (referring to style genres—modern design, based on the use of new

materials and processes)
5. Digital technology materials (materials aligned with technological fabrication pro-

cesses otherwise difficult to realize)
6. Biomimicry (materials that imitate nature/natural processes)
7. Nanotechnology (materials used at atomic scale for industrial purposes)
8. Intelligent materials (materials that are responsive to external stimuli)

Intelligent materials have been described as being imbued with built-in sensors,
actuators and control mechanisms able to detect stimuli, respond to it and then revert to
its original state as soon as the stimuli is removed [16]. Intelligence has also been used
in connection with buildings since the early 1980s, with the first definition given by the
Intelligent Buildings Institute as “one which provides a productive and cost-effective
environment through optimization of four basic elements: structure, systems, services
and management, as well as the interrelationship between them” [17]. It uses computer
technology to provide a more efficient environment by enhancing the connection between
a building’s form, flow, mechanical and electrical services, as well as its operation [18].
Thus, intelligent buildings adjust basic elements to meet user requirements using computer
technology to make the communication between the elements possible. They are able to
recognize stimuli (by acquiring information from the environment), discriminate (making
good judgment by analyzing recognized stimuli), and then adjust accordingly (making
regulated or controlled responses to stimuli received) [19,20] by using computers and
electronic technology systems. However, a common factor with all electronics, computer
technology control systems, machines and any material with an electrical control need, is
the provision of power. No matter how small, direct or distributed a component may be,
electricity must still be supplied. If the device is made smaller, its power needs, in terms of
both voltage and current, are reduced accordingly, but traditional power sources, which
mostly come from fossil fuel combustion, cannot be correspondingly reduced [4].

With smart materials, however, the response ability to the received environmental
stimuli is embedded in the material itself, requiring no external control system. Smart
materials will exhibit the characteristics of immediacy (respond in real-time), transiency
(respond to more than one environmental state), self-actuation (triggered discernment
internal to, rather than external to, the material), selectivity (respond in distinct and
predictable way), and directness (respond head-on to the stimuli) [21].

Indeed, while the responses of smart materials and systems come direct from the
material itself and are reversible and predictable, it is practically impossible to have intelli-
gence without (additional) computers and electronic technology (control) systems [3,22,23],
which require a constant supply of energy, currently mainly sourced from the combustion
of fossil fuels, which exacerbates climate change.

Both notions (of smart and intelligence) have also been combined in some instances
as hybrid systems, with computer intelligence connected with smart materials to provide
occupant comfort and efficient ways to manage energy. In fact, one of the first uses of
the term “smart” in association with buildings was in connection with improved sensor-
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based monitoring and control systems for “intelligent” regulation of the indoor thermal
environment of a house, which was imbued with computer intelligence along with miles
of wiring and walls that concealed a household-wide skeleton of pipes to facilitate the
distribution of data throughout the house [24].This hybrid system also promises to solve
many of the issues associated with progressive urbanization, such as traffic congestion and
strains on energy and water systems, amongst other things, through digitalization, with
the use of computers and the internet. As a result, several highly innovative information
technology companies, including IBM, Cisco, Telekom, Siemens, Toshiba, and Google,
along with public utilities around the world, are actively investing in what has been
termed “smart city development.” Indeed, the socio-political requirements for energy
management as a result of the energy crisis, and the possibility of interconnectivity within
the internet of things (IOT) framework, are inspiring the transformation of urban centers
into smart cities [25], and “ . . . technology enabling data capture and analysis, connectivity,
monitoring and control is becoming the new baseline for smart buildings” [26]. However,
as far as the preservation of energy and the conservation of the environment are concerned,
computers and the associated infrastructure facilitating communications between them, are
a huge part of the problem. Receiving, analyzing and processing data requires a great deal
and constant supply of (additional) power. Buildings are already huge energy consumers.
Why make a case for additional energy, only to justify its management and efficient use?
Even if alternative energy is used to satisfy this ‘additional’ power, how much of it will
be left to substitute current fossil fuel sources? Indeed, although information technology
(IT) is transforming the way we create and interact with buildings, their energy, as well as
associated operational requirements, cannot simply be overlooked.

2. Materials and Methods

The study developed a framework (shown in Figure 1) identifying two paths to
comfort and energy efficiency in buildings. While there is a direct relationship in ‘smart’
between input–output, sensing–response, and external stimuli–action, with ‘intelligence’,
the relationship between same variables is routed through computer control and monitoring
systems which require energy that is mostly currently sourced from fossil fuel combustion.
These inputs, including sensing and external stimuli, comprise environmental variables
such as heat, moisture, light, electric/magnetic fields, or chemicals, which results in an
output(response and action) that manifests in a color change, deformation, stiffness and
viscosity change, potential difference, or emission of light. This framework suggests that
it is possible to have responses to environmental stimuli without electrically controlled,
computer-based and energy-dependent intelligence. Nonetheless, smart continues to
be described as intelligence and vice versa, prompting the need for an investigation by
systematic review of the available literature on the matter.

Systematic reviews use explicit and standardized approaches to collate and analyze
the findings of studies that address a clearly structured question. The current study follows
the PRISMA 2020 statement, which includes a flow diagram (see Figure 2) that has been
developed to improve the transparent and complete reporting of (systematic) literature
reviews [27].

The notions of smart and intelligence have been used interchangeably as synonyms
to broadly describe energy efficiency and occupant comfort strategies. However, while
smart responses are direct, requiring no external control, it is practically impossible to
have intelligent responses without additional electronic technology control systems which
require a constant supply of energy. The current study therefore aimed to establish the
basic differences in the notions of smart and intelligence in building materials discourse,
and attempts to make a case for ‘smart’ as a standalone notion for zero additional energy
demand.
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For this systematic review, a search was conducted to identify academic publications
on the existing state of affairs in the use of ‘smart’ and ‘intelligence’ in discussions around
building materials. Independent queries were run in June 2021 on the Web of Science, Scilit,
and Google search databases. The Web of Science database presents a rich collection of
citation indexes, covering content including life sciences, biomedical sciences, engineer-
ing, social sciences, arts and humanities, natural sciences, health sciences, engineering,
computer science, and materials sciences, representing the citation connections between
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scholarly research articles found in the most globally significant journals, books, and
proceedings [28].

Scilit presents a multidisciplinary, free, and comprehensive database that indexes
scientific material covering all subjects from arts and humanities, behavioral sciences,
and social sciences to medicine and pharmacology, physical sciences, mathematics and
computer science, chemistry, and biology by extracting the latest data from CrossRef,
PubMed and other sources on a daily basis [29].

The selection of the articles was performed in multiple steps. The initial search was
conducted in the Web of Science database for ‘smart buildings’, which resulted in a number
of articles, (n) = 9038. Because smart buildings contribute to energy savings, the search was
refined with ‘energy efficiency’, resulting in n = 1232. Further, smart responses are direct,
requiring no external control. They have also been described as ‘passive’; thus, the search
was refined accordingly, resulting in n = 47. Based on the filter options provided on the
database, ‘review articles’ were selected because they present a summary of the current
state of understanding on a topic, resulting in n = 5.

The same process was followed for ‘intelligent buildings’ on the Web of Science
database, resulting in n = 4209. Because intelligent buildings also contribute to energy
savings, the search was refined with ‘energy efficiency’, resulting in n = 401. Further,
intelligent responses require external control. They have also been described as ‘active’;
thus, the search was refined accordingly, resulting in n = 28. Based on the filter options
provided by the database, ‘review articles’ were selected because they present a summary
of the current state of understanding on a topic, resulting in n = 3.

For Scilit, the same process was followed with independent queries for ‘smart build-
ings’ and ‘intelligent buildings’.

For smart buildings, results revealed n = 4238.
When refined with ‘energy efficiency’, n = 965.
Further refined with ‘passive’ resulted in n = 34.
The database presented no results for review articles; thus, n = 0.
For intelligent buildings, results revealed n = 2629.
When refined with ‘energy efficiency’, n = 284.
Further refinement with ‘active’ resulted in n = 35, and for review articles, n = 3.
Queries were also run on Google search engines at google.com. To ensure only

standardized documents were returned, “.pdf” (portable document format) was included
in the query. This returned documents that could be referenced and eliminated adverts.
Publications were selected by exponential discriminative snowball sampling. Searches
for ‘smart buildings.pdf’ and ‘intelligent buildings.pdf’ gave multiple referrals and were
refined using the same criteria as the Web of Science and Scilit databases. However, final
selection was based on the objective(s) of the study. A total of 10 articles were assessed as
eligible for inclusion in the study. A summary is presented in Table 1 below.

Table 1. Summary of publication selection criteria.

Keywords/No. of Articles
Web of Science Database Scilit Database Google

Intelligence Smart Intelligence Smart Snowball Sampling

Smart buildings n/a 9038 n/a 4238

10

Intelligent buildings 4209 n/a 2629 n/a
Energy efficiency 401 1232 284 965

Active 28 n/a 35 n/a
Passive n/a 47 n/a 34
Review 3 5 3 0
TOTAL 21

Thus,
nweb of science (intelligence) + nweb of science (smart) = 3 + 5 = 8
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nscilit (intelligence) + nscilit (smart) = 3 + 0 = 3

ngoogle (snowball sampling) = 10

Total number of articles from the Web of Science and Scilit databases and Google
search engine, i.e.,

nweb of science (intelligence) + nweb of science (smart)+ nscilit (intelligence) + nscilit (smart) + ngoogle (snowball sampling) = 21

All queries were sent and returned in the English language. Additional data on the
report (title, author/s, year, source/publisher, as well as the content of the study) were also
obtained.

Efforts were made to eliminate bias in the current review study by running separate
queries to identify articles on ‘smart buildings’ and ‘intelligent buildings’, as opposed to
‘smart/intelligent buildings’ or ‘smart and intelligent buildings’. The study expectation
notwithstanding, this was necessary to avoid results that already identify both notions
as the same, unless the results of the review reveal so. This also ensured the focus of the
query remained within the building materials range, eliminating ‘materials’ results from
non-building fields. Examination and comparison of items was performed by tabulation,
which provided easier and faster assessment of items in selected articles.

3. Results

A total of 21 articles (refined) were selected for review from three databases.

nweb of science (intelligence) + nweb of science (smart)+ nscilit (intelligence) + nscilit (smart) + ngoogle (snowball sampling) = 21

The full texts of each article were read and the contents analyzed. Each article was
searched for statements associated with its aim, as well as identified energy efficiency
and overall comfort strategy. Emerging issues with identified strategies was also high-
lighted against the energy efficiency/comfort strategy. A concise summary of the articles <
nweb of science + nscilit > is presented in Table 2 below.

Analyzed content from Google snowball sampling [5–11] generally identifies smart
and intelligence as synonyms and describes ‘smart or intelligent buildings’ as notions
to ensure occupant comfort and energy savings. Notwithstanding, for Addington and
Schodek [4], an attempt was made to distinguish between smart materials (which are able
to respond to changes in the environment by generating a perceivable reaction), smart
devices/systems (with embedded smart materials and computational enhancements able
to respond to multiple stimuli), and intelligent components/environments (with interactive
behaviors and controls that can ‘act upon’ the environment). However, in their proposed
classification system of smart and intelligent materials and systems, intelligent components
and environments usually consist of complex assemblies that combine traditional materials
with smart materials and components, with resulting attributes enabled by computation
(see Table 3). Now, these ‘complex assemblies’ and ‘computation’ involve computers and
associated equipment that develop complex algorithms concerned with comfort or energy
efficiency, while using energy which currently majorly comes from fossil fuel combustion,
whereas smart materials manifest direct and reversible property change abilities in response
to external stimuli.
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Table 2. Concise summary of articles from Web of Science and Scilit databases.

S/N Title Year Publisher Included Keywords Identified Aim Energy Efficiency/
Comfort Strategy Emerging Issues

n [web of science (smart buildings)] refined = 5

1.

Technological innovations
to assess and include the
human dimension in the

building-performance loop:
A review [30]

2019
Energy and
Buildings
(Elsevier)

Kinetic technology;
internet of things;

virtual reality

Identify challenges related
to the combination of the

human dimension and
technological innovations,
leading to reduced energy

consumption

Allow human-in-the-loop approaches enabled by
human-centric computing, smart devices and machine
components of intelligence to complement each other.

-Lack of privacy.
-Energy for sensors.
-False-off readings.

2.
Enabling Smart Air

conditioning by sensor
development: A review [31]

2016 Sensors
(MDPI)

Smart air conditioning;
energy saving; thermal

comfort

Investigate the development
of sensors to achieve smart

operation of air
conditioning systems

-Use integrated circuits (IC) to increase accuracy of
measured data and convert same into digital signals

that can be transmitted wired or wirelessly to a control
system which generates optimal value for occupants as

feedback solution.
-Focus on user education or non-thermostatic operation

of air conditioners.
-Use desk fans as ways of saving energy.

-Requires continuous monitoring
technology, computers for

supervisory control, and other
associated hardware.

-Data transmission would
consume power, increase

equipment costs and decrease
overall system efficiency.

3.

Design optimization of solar
shading systems for tropical
office buildings: challenges

and future trends [32]

2018 Solar Energy
(Elsevier)

Smart materials; fixed
shading systems; shape

morphing skin

Emphasize the most
efficient category of shading

systems in the tropics.

-Passive systems (egg crate design type) with zero
energy demand, can improve daylight and thermal

performance, but are limited due to changeable
weather through the year.

-Active systems are complex, expensive and have high
operational energy.

Hybrid systems use unique property of smart materials
to produce movement.

The smart material used in hybrid
systems use low energy to control

deformation through sensors.

4.

Transition metal oxide films:
Technology and “Smart

Windows” electrochromic
device performance [33]

2012

Progress in
Organic
Coatings
(Elsevier)

Transition metal oxides;
Optical properties;

Color efficiency

Explore effective utilization
of solar energy by

optimizing the basic
elements of electrochromic

devices

Develop films capable of changing their transmittance
with small applied voltage

-Operation of electrochromic
windows require energy.

-Must function for over 20 years to
be considered cost effective.

5.

Passive and active phase
change materials integrated

building energy systems
with advanced

machine-learning based
climate-adaptive designs,

intelligent operations,
uncertainty-based analysis

and optimizations: A
state-of-the-art review [34]

2020

Renewable
and

Sustainable
Energy

Reviews
(Elsevier)

Phase change materials;
Combined active and

passive energy systems;
Machine learning

Integrating phase change
materials (PCMs) in

buildings to improve energy
efficiency.

-PCM collector efficiency in passive systems increases
by 24.1%.

-Discomfort hours reduced by 16% during the
transition season in natural ventilation systems.

-PCM with higher melting temperature capable of
higher energy savings and lower payback periods.
However, overall system efficiency is low because

efficiency is dependent on material properties.
-Combined (passive and active) solutions can improve

the utilization efficiency of natural energy and the
system energy during the operational process.

-Still requires input energy for the
active operation mode, resulting

in increased operation and
maintenance costs.

-Requires development of
advanced (re)learning algorithms

for efficient performance
predictions, optimal structural

configurations on neural
networks.
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Table 2. Cont.

S/N Title Year Publisher Included Keywords Identified Aim Energy Efficiency/
Comfort Strategy Emerging Issues

n [web of science (smart buildings)] refined = 5
n [web of science (intelligent buildings)] refined = 3

6.

Control Strategies for
Daylight and Artificial

Lighting in Office
Buildings—A

Bibliometrically Assisted
Review [35]

2021 Energies
(MDPI)

Control strategies;
energy efficiency;

user-centered systems

Improve energy efficiency
by reducing artificial

lighting.

Integrate active user interaction with automatic control
systems.

-Requires the application of ICT to
facilitate implementation of
advanced sensor and control

systems, which can also enable
focus on multiple targets.

-Energy savings are largely
determined by the degree of

automation of the control system
which itself requires energy.

7. Active dynamic windows
for buildings: A review [36] 2017

Renewable
Energy

(Elsevier)

Smart windows;
electro-kinetic pixel

window; electrochromic
glazing

Obtain a new generation of
advanced and transparent
windows, able to adapt to
environmental conditions,

ensuring efficient,
continuous and automatic

management of energy
relative to climate, user
behavior, and market
conditions of energy.

-Passive systems respond independently to natural
environmental stimuli without any external induced

input.
-Installation is easy and reliable, but direct user control

according to occupant preference is not possible.
-Active systems respond to an external electrical

stimulus by changing their optical characteristics in
order to address user demands (they can be

self-powered by photovoltaic battery systems applied
to the window edge, without the need of power supply
wires and can be operated by smart phones, tablets via

Wi-Fi).

Payback time for active systems in
both new residential and

commercial buildings is long.

8.

The processing of optically
active functional

hierarchical nano-particles
[37]

2016

Advanced
Powder

Technology
(Elsevier)

Hierarchical structures;
yttrium

compound-based
phosphors; soft
chemical routes

Develop new material forms
through controlled assembly
and hybridization of atoms

and molecules towards
desired functionality, low

carbon and sustainable
society.

Future design of the advanced materials with multiple
functionalities able to respond to the emerging
environmental-energy problems in our society.

-

n [scilit (intelligent buildings)] refined = 3

9.
Artificial Intelligence for

Efficient Thermal Comfort
Systems [38]

2020
Frontiers in

Built
Environment

Building energy
efficiency; intelligent

personal comfort
systems; machine

learning

Explore the potential of
regulating thermal comfort

in occupied spaces by
improving functions of

operational devices.

Integrate system of sensors to enable system
interoperability, learning and control algorithms, as
well as actuators working under a governing central

intelligent system, allowing for improvements in both
comfort and energy efficiency.

Artificial intelligence (AI) systems
require an intelligent entity

(rational agent) and components
of the problem-solving process

(i.e., search algorithms, logic
inference, and machine learning).
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Table 2. Cont.

S/N Title Year Publisher Included Keywords Identified Aim Energy Efficiency/
Comfort Strategy Emerging Issues

n [web of science (smart buildings)] refined = 5

10.

A review on artificial
intelligence-based load

demand forecasting
techniques for smart grid

and buildings [39]

2015

Renewable
and

sustainable
energy
reviews

(Elsevier)

Artificial intelligence;
smart grid; neural

network

Predict energy use pattern
for efficient energy

management planning.

Use AI to predict energy use pattern for efficient energy
management planning.

-Constant training/learning and
re-learning algorithms.
-Network complexities

11.
Net zero energy building in

Brazil: Potential smart
building [40]

2019 IEEE
Energy efficiency; Net
zero energy buildings;

smart buildings

Establish correlation
between sustainable
buildings and smart

buildings.

Extend the approach to sustainable, energy-efficient
buildings to include control and automation systems.

Skepticism surrounding the
feasibility of Zero Energy

Buildings due to ever-increasing
energy demand, growing

population, decreasing
non-renewable energy resources,

energy pricing and climate change
issues.
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Table 3. Proposed classification system for smart materials and intelligent components [41], adapted from Schwartz, 2002).

Category Material Characteristics System Behavior

Traditional materials

Natural materials (stone,
wood)

Fabricated materials (steel,
aluminum, concrete)

Materials have been given properties that
can be ‘acted upon’.

Materials have no inherent active response abilities
but have good performance properties.

High performance/advanced materials

Polymers, composites Materials are designed for specific
purposes.

Materials have limited inherent active response
abilities but have good performance properties.

Smart materials

Property-changing and
energy-exchanging materials

Materials are designed to respond to
varying external conditions or stimuli.

Materials have active responses to external stimuli
and can serve as sensors and actuators.

Intelligent components

Smart assemblies, polyvalent
walls

Materials are designed to respond
intelligently to varying external
conditions in discrete locations.

Complex behaviors can be designed to respond
intelligently and directly to multiple stimuli.

Intelligent environments

Environments have designed interactive
behaviors with intelligent response
components that can ‘act upon’ the

environment.

Intelligent environments consist of complex
assemblies that combine traditional materials with
smart materials and component whose interactive

characteristics are enabled by computation and
associated (computer) equipment.

4. Discussion

The current study sought to underscore the fundamental issue in the qualification of
smart and intelligence in building materials discourse through systematic review of existing
literature against the backdrop of energy efficiency and (occupant) comfort. The review
revealed that the energy efficiency and comfort strategies concerned with intelligence
involve machine components of learning and control algorithms, actuators working under
a governing central intelligent system, an integrated system of sensors complementing
each other, as well as integrated circuits to help increase the accuracy of measured data
and convert the same into digital signals that can be transmitted wired or wirelessly
to a control system. These control systems require the application of information and
communication technology (ICT) to facilitate the implementation of advanced sensors
and control algorithms. Thus, the measure of energy efficiency and comfort is largely
dependent on the degree or level of automation and sophistication of the control system,
which has also been described as complex and expensive, requiring high operational energy
and a payback period, in some cases, of up to 20 years.

So-called ‘hybrid systems’ featuring human-in-the-loop approaches enabled by human-
centric computing, smart devices and machine components of intelligence complementing
each other have been suggested. However, the machine components still require con-
tinuous monitoring technology, computers for supervisory control, and other associated
hardware, including data transmission systems, which would consume power, increase
equipment costs and decrease the overall system efficiency. Consequently, systems with
zero additional energy demand remain the best approach to the issue of energy use, and
passive systems were identified as meeting these criteria, with smart materials able to
respond independently to environmental stimuli without any external or induced input.
Additionally, their installation is easy and reliable. However, direct user control accord-
ing to occupant/user preference is not possible. Indeed, while smart/passive systems
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comprise advanced materials with multiple functionalities able to respond to the emerg-
ing environmental-energy problems in the society, it is practically impossible to have
intelligent/hybrid/active systems without additional computer control and its resulting
implications. Moreover, user control (an identified problem with smart systems), still
presents a problem in intelligent systems, with some occupants still reporting feeling un-
comfortable with the deployed optimized solutions, especially with mechanical heating,
ventilation and air conditioning (HVAC). Studies reveal that as many as 43% of occupants
are actually dissatisfied with mechanical HVAC, and 56% to 89% of government workers
regard it as a problem in Europe and the US [42], and thus a mismatch between building
systems and occupant comfort. Since energy savings in intelligent systems are largely
determined by the degree of automation of the control system, and system performance
depends on user behavior or acceptance, the personal preferences and requirements of
each user would need to be taken more into account when optimizing control algorithms
to achieve better system performance and thus higher energy savings. This, however, still
presents a problem, because occupant behavior is not a precise and quantifiable science.
Even with passive sensors (widely used because they are cheaper and consume less energy
than active ones), an external power source is needed, ‘false-off’ readings may also occur
frequently in systems as sensors may fail in detecting a stationary body, and so on [30].
Generally, now, building occupants actually accept a larger range of temperature variation
in naturally ventilated buildings than in computer controlled air-conditioned ones [3].

5. Conclusions

The justification of this research work was in underscoring the fundamental issues
in the conceptualization of the notions of ‘smart’ and ‘intelligence’ in building materials
discourse against the backdrop of comfort and energy efficiency. The study reviewed
published literature, following the PRISMA 2020 guidelines, from the Web of Science
and Scilit databases. Additional articles and books were obtained from Google search by
snowball sampling, and it was found that both notions were often used interchangeably
even though they have distinct implications. On the one hand, while smart materials
could be connected to computers to provide building occupants with control, the resulting
intelligence, on the other, adds complexity to the system and ultimately increases the
demand for energy. It has been argued that this ‘additional energy’ could be supplied from
renewable sources. However, renewable energy systems still fall short because of their
high upfront cost, intermittency and general low capacity. Additionally, sensor feedback
is necessary to deploy comfortable solutions and energy savings in intelligent systems,
but only after they have ‘sensed’ or detected all environmental variables. Monitoring,
calculating, analyzing and transmitting all this data across a range of users with different
needs would consume a lot of power, increase equipment as well as associated (installation)
cost, and decrease the overall system efficiency. Consequently, until the global community
finds more considerable alternatives, focus and attention should indeed be on zero energy
demand technologies and systems.

Buildings remain the biggest energy consumers in the world, and thus present a huge
opportunity for significant savings in global energy use, especially when the focus is shifted
to address the issue from the point of demand. With smart materials, the requirement of
zero additional energy demand and occupant comfort can be achieved without the need for
computer-controlled intelligence. In fact, the current study revealed that while smart mate-
rials and systems independently manifest direct responses to external stimuli by altering
their physical state and reverting back when the stimuli is removed, intelligent materials
and systems provide occupant/user control of the environment and technological appeal,
rather than comfort and energy efficiency. The prevalence of information and communica-
tion technology, interconnected devices and IOTs, enabled by even faster internet speeds,
inadvertently positioned intelligent buildings as the next logical step in the evolution of
buildings, and is now gradually expanding the current approach to building design to
include automation and computer-based (control) systems, which will require machine
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learning and human-in-the-loop approaches with computers able to predict behavior and
deploy solutions after close monitoring.

The world is experiencing an increase in energy demand. From energy use charts,
energy use is on the increase, and this is largely due to the demand from electrically
powered technologies that are presented as clean or efficient. The current study makes
the case that focus should be on reducing or eliminating demand altogether with less
pressure on existing sources of energy production. Thus, when assessing the key challenges
of buildings in making them truly smart, the focus should be towards zero additional
energy. Interventions in old and new buildings alike can come in the form of advanced,
high-performance, passive smart materials that use their (material) properties to respond
to the changes in their environment, resulting in significant energy savings by eliminating
demand and ensuring overall occupant comfort. The approach to design and overall
solutions to environmental problems should be region specific. Technology is not a one-
stop approach to issues, and the ‘one size fits all’ approach is no longer feasible. Instead of
changing energy use, the focus should be on eliminating demand altogether. The properties
of existing advanced smart materials with multiple functionalities can be further modified
so they are able to respond to the emerging environmental-energy problems in our society.
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