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Figure 1: Illustration of a prototype classroom equipped with climate sensors and sustainable energy systems.

ABSTRACT

This paper presents concepts and approaches towards a climate
and energy oriented digital twin for public buildings. The sustain-
able, resource-efficient operation of these buildings, such as schools
and education centers, and the monitoring, control, and optimiza-
tion of their climate, air, and energy performance pose multiple
challenges, in particular to cope with the consequences of climate
change and changes in the energy economy. In our approach, we
consider buildings in which a network of heterogeneous sensors
in each spatial unit records key properties such as temperature,
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humidity, and CO, concentration, as well as energy consumption
and solar energy production. The continuously collected sensor
data forms a spatio-temporal data space, which is used by the digital
twin as a basis for Al-based analyses and simulations. The trans-
fer of time-series data in near real time can be done by different
databases. Analysis techniques focusing on time-series data allow
for targeted access to the information and support the identification
of exceptional events, recurring patterns, and the comparison of
energy and climate-related performance. A prototype of an energy-
and climate-oriented digital twin is currently being implemented
in a government project in Andalusia, Spain, covering about 430
public buildings.

CCS CONCEPTS

« Information systems — Information systems applications;
Geographic information systems; Location based services;
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1 INTRODUCTION

The sustainable, safe and health-ensuring design and operation
of public buildings, such as schools and educational centers, and
the monitoring, optimization and documentation of their air and
energy footprints are important future challenges to address with
the changes and consequences of climate change, energy costs,
and environmental impacts [Asif and Zeeshan 2020; Hafez et al.
2023; Wang and Adeli 2014]. In this article, we explore challenges,
design, implementation and operation of a prototype of a digital
twin (DT) for public buildings (Fig. 1), focusing on their climate
and energy-related properties as the first-class functionality to be
provided.

1.1 Energy and Climate Characteristics

The energy and climatic characteristics of buildings become more
and more critical due to various reasons:

o Climate Change: Buildings contribute significantly to global
greenhouse gas emissions through their consumption for
heating, cooling, and electricity.

o Energy Security and Resilience: Buildings that are energy
efficient and can operate independently of the grid are more
resilient to power outages and energy price fluctuations.

e Health and Comfort: Indoor environmental quality in build-
ings is a major determinat of occupant health, comfort, and
productivity and is dependent on energy and climate char-
acteristics such as temperature, humidity, and ventilation.

e Regulation and Policy: Governments around the world are
implementing stricter regulations on building energy use
and emissions to meet climate change targets. The ability to
monitor and optimize energy and climatic efficiency is key.

e Urbanization: Population growth is accompanied by con-
trolled or uncontrolled urbanization, which means that the
demand for buildings increases and so does the environmen-
tal impact.

A building digital twin can play a crucial role in managing the
energy and climate characteristics of a building and, more generally,
in the context of smart cities [Fuller et al. 2020], towards the goal of
resilient, sustainable building design and operation. For example, it
can monitor health and comfort characteristics in real time, identify
energy inefficiencies, automatically adjust HVAC settings, or opti-
mize building usage patterns. DTs can also use machine learning
algorithms to predict future energy needs based on historical data
and predict weather conditions. In addition, DTs can be used to
simulate and compare different energy-saving measures. For exam-
ple, if a building manager is considering installing solar panels, a
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DT could estimate the expected energy production, cost savings,
and reduction in greenhouse gas emissions.

1.2 Digital Twin Sensor Infrastructure

In our approach, we assume that there is a network of sensors that
forms the underlying specific infrastructure required for energy-
and climate-oriented DTs per building. In general, sensors (includ-
ing actuators and other IoT devices) are used to measure and control
aspects such as temperature, humidity, air quality, power and water
consumption, lighting, and motion.

The resulting heterogeneous collection of sensors generate, process,
and transmit time-series data, generally at high frequency, e.g., near
real time or real time. The huge amount of data in operational use
poses processing, analysis and storage challenges, requiring the use
of specialized compression, filtering and databases, as well as real-
time processing algorithms and advanced data analysis techniques
such as machine learning and data mining.

Together with a hierarchical model of the corresponding building
and due to the well-defined time coordinate and georeferences of
each sensor data item, a spatio-temporal data space is created, which
is managed and used by the DT.

1.3 Digital Twin Pilot Project

In 2022, a pilot project was launched by the Andalusian Agency
of Education, an agency of the Andalusian government, through a
collaboration agreement with the Andalusian University Institute
of Domotic and Energy Efficiency (UIDEE), part of the University
of Malaga, Spain.

A first version of the building DT system is being implemented in
about 430 schools, which will later reach all 5,400 schools. For each
school, sensors for, e.g., temperature, CO2, humidity and energy
consumption will be installed, which together with the installation
of photovoltaic panels and an adiabatic or evaporative air condi-
tioning system, will be the key to control these variables in order to
reduce the energy consumption of schools and educational centers
and ensure healthy conditions for users.

1.4 Structure

The article is organized as follows: Section 2 presents related work.
Section 3 discusses challenges and requirements. Section 4 intro-
duces climate and energy sensor data. Section 5 outlines a concept
for the transmission, preprocessing, and storage of sensor data col-
lected from building sites. Section 6 outlines the visual analytics
approach. The last section gives conclusions and outlines future
work.

2 RELATED WORK

A digital twin [Javaid et al. 2023] is a general concept that refers
to a virtual representation or replica of a physical object, system,
or process that maps its physical and functional characteristics,
behavior, and dynamics, i.e., connects the physical world with the
digital one, preferably in real time . An overview of definitions
and characteristics of DTs is given in [Barricelli et al. 2019]. As a
conceptual and technical framework and computational model, DTs
integrate real-time data, sensory inputs, and contextual information
to simulate, monitor, analyze, and optimize the physical entity
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throughout its lifecycle. DTs are key to Industry 4.0 [Sjarov et al.
2020] together with visual computing and VR/AR/XR technologies
[Posada et al. 2015]. DTs enable a bi-directional flow of information
between the physical and virtual domains, facilitating decision
making, predictive analysis, and performance optimization; Jones
et al. [Jones et al. 2020] review the state of the art in DT mechanics
and characteristics in detail.

DTs for the built environment have been emerging for decades,
particularly through building information models (BIM) and in
the context of smart cities [Mylonas et al. 2021]. Together with
advances in the Internet of Things (IoT) and sensor, actuator, and
controller technology [Rivera et al. 2020], DTs for buildings are
becoming an integral part of their entire life cycle [Deng et al. 2021].

In the Architecture, Engineering, Construction and Operation
(AECO) industry, climate and energy issues are crucial: "Energy
consumption has dramatically increased in buildings over the past
decade due to population growth, more time spent indoors, in-
creased demand for building functions and indoor environmental
quality, and global climate change. Building energy use currently
accounts for over 40% of total primary energy consumption in the
U.S. and E.U” [Cao et al. 2016]. To improve energy efficiency and
occupant comfort in public and commercial buildings, Clausen et
al. [Clausen et al. 2021] demonstrate how DTs can control heat-
ing and ventilation switching from rule-based control to model
predictive control. Given a 3D model of a building, e.g., based on
CityGML, a general energy assessment can be derived [Giovan-
nini et al. 2014], e.g., used for plausibility and estimation purposes.
Billanes et al. [Billanes et al. 2017] detail and discuss the social,
technical, and business needs based on various hypotheses related
to building managers and occupants regarding energy and climate
aspects, such as indoor comfort, electricity costs, business profits,
security and privacy: "The advancement of building intelligence
is concerned with plugged-in devices as well as various building
instrumentation devices - including sensors, actuators, and con-
trollers - that enable energy-efficient building automation while
ensuring the comfort of building occupants”

Regulatory issues also play a role such as the Energy Perfor-
mance of Buildings Directive (EPBD), which aims for a highly en-
ergy efficient and decarbonized building stock and near zero energy
buildings by 2050. Spudys et al.[Spudys et al. 2023] demonstrate
how DTs can be applied to "the operational energy assessment
of buildings, highlighting the significance of adapting the energy
assessment of buildings to state-of-the-art practices for digital as-
sessment, such as smart sensors, real-time measurements, IoT, and
digital twins." In this paper, we outline a lightweight, scalable techni-
cal approach for an operational system that extracts an operational
energy and climate-oriented rating.

To build and operate a sensor network in a building, wireless ap-
proaches are becoming increasingly important, especially as a kind
of ecosystem for IoT. For example, based on a cross-layer design of
lightweight and scalable web services, an infrastructure for wireless
sensors can be built and network complexity can be reduced [Sheng
et al. 2015]. For a review of the state of the art in energy-efficient
data aggregation techniques that extend the life of battery-powered
devices and when the number of communication devices is large,
see Gulati et al. [Gulati et al. 2022]. For point-to-point transmission,
these networks generally suffer from limited bandwidth, power,
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and resources. Therefore, in our approach, the transmission and
reception of sensor data is done through ports. To enable the ex-
change of data between devices, different protocols based on the
802.11 standard can be used to standardize and structure the com-
munication (such as Wifi, ZigBee, LoRa, ModBus TCP/IP, etc.), each
with its own technological characteristics adapted to the different
variants.

3 REQUIREMENTS AND CHALLENGES

Implementing and operating a DT for buildings based on a het-
erogeneous sensor network focused on climate and energy faces a
number of common challenges:

e Data Collection and Integration: Different types of sensors
produce different types of data, often in incompatible formats.
In particular, time-series data must be fused and integrated
into a consistent, coherent spatio-temporal data space.

o Real-Time Data Processing and Analysis: For a system to react
and respond intelligently to internal, external, and environ-
mental states and changes, it must process sensor data in
real time or near real time.

o Interoperability: Heterogeneous sensors and existing home
automation or domotics systems must be integrated, and
interoperability of all different components must be ensured.

o Network Connectivity: Sensors and devices need to commu-
nicate over a reliable network. Since there may be areas of
weak signals in buildings, sensors must always be connected
to the network, and high network traffic and congestion
issues must be addressed.

o Scalability: As more devices and sensors are added to the
system, it must be able to scale more smoothly; as more build-
ings are included in a DT ecosystem, storage and processing
power become more important.

o Energy Efficiency: Since one of the main motivations for
smart buildings is to save energy, a challenge is to ensure that
the network of sensors and devices itself does not consume
too much energy.

o Sensor Accuracy and Reliability: The quality of data provided
by sensors is critical for the efficient operation of the DT.
Poor quality or faulty sensors can lead to inaccurate data.

o Simulation and Modeling Challenges: To create a DT that
accurately reflects the condition of the building, complex
models and simulations must be created that can predict
how the building will respond to various conditions based
on sensor data.

o Cost and ROI: Financial aspects are important for develop-
ment and maintenance costs, and return on investment (ROI)
should be clarified.

e Security and Privacy: With many IoT sensors and devices,
the building becomes more vulnerable to cyber-attacks. En-
suring the security of the smart building’s network and data
is critical; user behavior data can also be sensitive due to
privacy concerns.

o Regulation and Standards: 10T and DTs in smart buildings are
increasingly subject to legal regulation, requiring compliance
with relevant local, national and international regulations
and standards.
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In our pilot project, the initial focus is on the technical design,
implementation and operation of the sensor networks necessary
for the construction of the DT.

4 CLIMATE AND ENERGY SENSORS DATA

In our approach, we have designed and assembled devices that
combine a number of different sensors and that are installed in the
building, e.g., in the classrooms. Fig. 2 shows an example of a sensor
device.

Figure 2: Example of a compound sensor device built for the
pilot project.

4.1 Sensor Types for Climate and Energy Data

The following sensors were used in the sensor network for the pilot
project:

o Temperature sensors, both indoor and outdoor, allow us to
respond quickly and accurately to air conditioning (heating
or cooling) and optimize energy consumption [Shinoda et al.
2021];

e Humidity sensors ensure a healthy environment and help
reduce energy consumption, as high humidity can increase
this consumption [Xianzhe 2011];

o Air quality sensors, e.g., carbon dioxide (CO3) or volatile
organic compounds (VOC), ensure a healthy environment
and detect the need to ventilate and, in the best case, program
this process when energy costs are lower [Sung and Hsiao
2021];

o Energy sensors provide real-time measurements of energy
consumption and allow us to manage energy demand, de-
tecting both anomalies and different consumption patterns,
thus optimizing energy efficiency [Bae et al. 2021];

o Light sensors provide information about the amount of natu-
ral light in a room so that artificial lighting can be adjusted to
the minimum necessary and unnecessary energy consump-
tion can be avoided [Wagiman et al. 2020];

e Motion sensors, for example, detect the presence of people in a
room so that other aspects mentioned above, such as lighting
and air conditioning, can be managed accordingly [Pedersen
et al. 2017].
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4.2 Sensor Design and Implementation

The operational use of DTs in buildings requires both a robust and
reliable sensor design; in particular, the sensor network installed
on site should not imply further complexity induced by, e.g., do-
motic platforms. To this end, we decided to design and assemble
the platform based on the Espressif microchip ESP32-WROVER-
B, a generic Wi-Fi and Bluetooth micro controler unit targeting
low-power sensor networks. It is integrated into the AMSTRON
WT32-SC01 capacitive multi-touch screen, which is equipped with
a graphical user interface (GUI) and can be programmed via the
PlatformIO user interface. For indoor building units, a compact
unit and display, commercially called "Quarth Meter" (Fig. 3), has
been designed by UIDEE and provided by IDG2007 as an easy-to-
understand communication interface for typical building users.
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Figure 3: A compact unit for air control as installed in the
interior of building units, called "Quarth Meter".

Fig. 4 illustrates the network architecture in terms of how data is
collected and stored in the pilot project. EDS concentrators manu-
factured by Circutor were used to read and store sensor data. These
devices also use the ModBus protocol to perform and send the cyclic
reading of the photovoltaic energy production parameters and the
general or selective consumption of the buildings.

—-——

D=

Instituto Andaluz de Domdtica
y Eficiencia Energética

Figure 4: General architecture of for data capturing and stor-
age.

To generate data on air quality and weather conditions, a cyclic
reading system of sensors (i.e., temperature degrees, humidity per-
centage and parts per million of CO3) located in each classroom
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has been programmed to send its results via WiFi. In the case of
the general energy parameters, they are sent directly to the local
information concentrators. The pseudo code is shown below:

Definition of basic parameters
setup() block
Screen activation;
Reading or modifying WiFi network data;
loop() block
Connection to the data concentrator;
Reading values from sensors;
Display of data on the screen;
Writing data via ModBus;

This data is sent with every two minutes from each of the class-
rooms and educational centers in the region of Andalusia (Fig. 5).
All this information arrives at the central server of the government
platform, generating an annual storage of approximately 8TB.

From here, when the system exceeds 50% of its storage capacity,
data compression is performed. After that, when it approaches 75%
of that capacity, it starts deleting the oldest data to free up space.

i
PG B

Figure 5: Overview: Real-time data capturing of energy-
related data for buildings.

The management of massive time-series data is based on a web
platform. It can be accessed by different stakeholders, including the
general public, where the accumulated local and global data are
presented, and a visualization procedure allows users to access the
DT [Merino et al. 2015].

5 TRANSMISSION, PROCESSING, AND
STORAGE OF SENSOR DATA

The volume of data to be processed requires a high degree of versa-
tility in its management. Common database approaches for building
DTs include:

o Relational databases such as MySQL, PostgreSQL, or Mi-
crosoft SQL Server, can be used to store sensor data providing
structured storage, which allows for efficient querying and
indexing of the data.

e Time-series databases are designed to handle time-stamped
data, making them well suited for sensor data storage (e.g.,.
InfluxDB, Prometheus, and TimescaleDB) providing high
write throughput and efficient querying based on time ranges.
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o NoSQL databases (e.g., MongoDB, Cassandra, Apache HBase)
offer flexible schema designs and horizontal scalability, effi-
ciently handle large volumes of unstructured or semi-struc-
tured sensor data, and provide high write throughput, fault
tolerance, and the ability to distribute data across multiple
nodes in a cluster.

e Data lakes: Data lakes such as Apache Hadoop or Ama-
zon S3, provide a centralized storage repository for storing
large volumes of raw sensor data in its original format. Data
lakes provide scalable and cost-effective storage and support
various data processing and analytics frameworks.

¢ Distributed file systems (e.g., HDFS, GlusterFS) distribute
data across a cluster of servers, provide high scalability and
fault tolerance and are capable of handling large volumes of
data.

e Cloud storage services (e.g., Amazon S3, Google Cloud
Storage) provide highly scalable and durable storage for
sensor data, offering easy scaling storage capacity based on
demand and providing built-in data redundancy and disaster
recovery capabilities.

o Edge storage: Storing sensor data close to the sensors them-
selves reduces network bandwidth requirements and pro-
vides faster access to data for real-time processing and local
decision making.

We identified the need for both relational (e.g., MySQL, Post-
gresSQL) and non-relational databases (e.g.., MongoDB, Cassandra).
Due to the massive amount of data and its real-time delivery as well
as the different types of query, the dual approach to data manage-
ment allows for faster, more selective and more accurate searches.

In particular, SQL is used when there are similar relationships
between different pieces of data. For example, the names of schools
are related to the school’s IP in different tables.

The use of NoSQL is limited to massive data that does not require
relationships, but rather an established structure that allows its
particular query. It manages, in a sense, a kind of “data lake” [Khine
and Wang 2018] and copes with the structured, semi-structured,
and unstructured data coming from the sensor networks.

For the pilot project, we evaluated different approaches for data
collection. In particular, we have considered the priority of perform-
ing minimally invasive efforts that do not require the installation of
new wiring. For this reason, we chose to use wireless technologies
for communication between sensors within a sensor network on a
site.

In order to work with open protocols and to maximize the num-
ber of devices that can be placed on the networks, we have cho-
sen Modbus technology and, within it, the Ethernet-based option
(TCP/IP). When we talk about ModBus (Modicon Bus), we are not
referring to a control system, but to a communication protocol. It
was developed in 1973 by the American company MoDiCon (Modu-
lar Digital Controller, acquired by Schneider Electric in 1979), by the
engineer Dick Morley, for communication between programmable
logic controllers (PLCs); being open and public, relatively easy to
implement and flexible, it became one of the most popular commu-
nication protocols in automation and control systems.

This protocol is the main exponent of BUS-type systems and
specifies the procedure used by the controller and slave to exchange
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data, the format of that data, and how errors are handled. It is
the most widely used protocol, especially for its use in energy
management, because it is only necessary to know the ModBus
map of the device to be used in order to establish communication
between master and slave (Fig. 6).

It is used in systems such as ADAM (Advantech), NuDAM (Na-
tional), ICP, etc. Depending on its design, each device can act as a
master, slave, or master/slave. ModBus always operates in master-
slave mode (client-server in TCP), as defined by the manufacturer,
in pairs, with the master (client) always controlling communication
with the slaves (servers). These are limited to returning the re-
quested data or performing the action specified by the master. Each
slave has an assigned address and devices with the same address
cannot coexist. The master not only collects information from the
slaves through queries, but can interact with them or change their
state, being able to read and write information in any of them. A de-
vice must initiate a request and then wait for a response. Typically,
the master is a SCADA (Supervisory Control And Data Acquisition)
system.

Practically, due to the construction of the protocol and despite
the fact that they can be numbered (as mentioned above) between 1
and 255, no more than 32 slaves can be connected on the same line.
If we want to connect a larger number of devices, it is necessary to
use different lines and, in order to have communication between
them, to connect them to gateways that convert RTU to TCP/IP
and, once in TCP, they communicate between them using, for this
purpose, the IP that has been assigned in that network layer. In
ModBus TCP/IP networks, there can be more devices in the network
(as many as Ethernet supports) and also the transfer speed is higher,
10/100 Mbaud. The transmission of information is not limited to one
type of data, which allows a certain flexibility in the exchange of
data. If a 16-bit data is transmitted, its representation is not subject
to any restriction, so it can be a signed word data, a 16-bit unsigned
integer or the upper part of a 32-bit float representation, etc. The
representation of the value is defined by the specification given by
the manufacturer of the device, which allows the representation of
a wide range of values. It is up to the master to understand how
the slave stores information in memory and decode it correctly.
It is recommended that the documentation reflect the word order
used by the system. Byte order can also be added as a system
configuration option with basic encoding and decoding functions
if this flexibility in implementation is required. Because the packet
size is limited to 253 bytes, devices are limited in the amount of
data that can be transferred. The most common function codes
can transfer between 240 and 250 bytes of data from the slave data
model, depending on the code.

ModBus TCP is a variant of the Modbus communication pro-
tocol that allows physical input/output devices to communicate
over an Ethernet network. Specifically, the protocol defines the
use of ModBus messages in an Intranet or Internet environment
using TCP/IP protocols. It is easy to implement for any device that
supports TCP/IP sockets. All requests are sent over TCP using the
registered port 502 and typically use half-duplex communication
over a given connection. This means that there is no advantage
to sending additional requests over a single connection while a
response is pending. In addition, it allows for real-time data trans-
fer, which is essential for applications that require fast and reliable
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communication, such as industrial control and monitoring. In our
case, the data transferred via this technology is also sent via TCP,
to a Synology server in charge of storing it, using the appropriate
security protocols. The information from the air quality sensors
is collected at two-minute intervals and the photovoltaic energy
data is collected at 15-minute intervals, which is sufficient given
the nature of the data to be processed, and the set of data received
is sent to the server every 15 minutes (so as not to saturate the
communication). Finally, for each data extraction request, graphs
and charts are generated and stored in folders on the internal server,
displayed in the visualization and updated every 15 minutes.

6 ANALYTICS FOR BUILDING DIGITAL TWINS

In our pilot project, we are addressing the following first, concrete
analytical features of the system with respect to energy and climate
issues:

e Room Scheduling: Improving the scheduling and the alloca-
tion and use of rooms based on energy and climatic character-
istics. The knowledge of the climatic and energy parameters
of the different rooms of the building allows us to the plan-
ning of the rooms and to modify the habits of use of the
same in order to achieve a better use of them and a lower
energy consumption.

Occupancy-based services: By analyzing parameters such as
CO3 concentration, we can simultaneously estimate the num-
ber of users. By analyzing occupancy data, the system can
implement services such as demand-responsive ventilation
and adaptive lighting, thereby saving energy and improving
comfort when the rooms are occupied and saving energy
when they are not.

e Energy cost savings: In contrast to the rigid rules and pro-
cedures for air conditioning, heating, and cooling in pub-
lic buildings, we can use the data from the DT to create
room-specific climate and energy plans to optimize the en-
ergy balance and save money. Energy efficiency, predictive
maintenance, and improved building utilization can reduce
operating costs.

Climatic and energy-sensitive room usage: The analysis of
data such as the photovoltaic (self-)energy production or
the outdoor temperature facilitates the energy optimization
with respect to the working conditions in the building. In
particular, the use of rooms can be adapted to the measured
or predicted conditions, e.g. ventilation of rooms by air con-
ditioning with outside air at the desired temperature, adapta-
tion of use times to the electricity production of the building,
etc.

e Monitoring energy efficiency: By monitoring energy usage
patterns in real time, the system can identify inefficiencies
and suggest changes to reduce energy waste, such as ad-
justing temperature settings, controlling lighting based on
natural daylight availability or occupancy, etc (Fig. 7).
Optimal learning environments: By continuously monitoring
and adjusting COg levels, lighting, temperature, and humid-
ity, the DT can help create an optimal learning environment
for students, improving their concentration, health, cognitive
performance, and productivity.
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o Trend prediction: Over time, the system can help understand
how the building’s performance is changing and predict
future trends, such as increasing or decreasing energy con-
sumption, air quality levels, etc.

o Green building certifications: The data collected and the im-
provements made can help achieve green building certifi-
cations such as LEED or BREEAM, which can enhance the
school’s reputation and contribute to sustainability goals. In
particular, climate and energy-oriented DTs for buildings
provide the basis for Energy Performance Certification (EPC)
as a core element of the EU’s energy efficiency policy for
buildings.

7 CONCLUSIONS AND FUTURE WORK

In our pilot project, we are focusing on energy and climate aspects
of DTs for public buildings. To this end, we have so far installed a
sensor infrastructure in 430 educational centers and schools. Our
first studies are based on the following collected data:

e Energy consumption of the buildings from conventional
energy.

Energy produced by the solar panels installed in each of
them.

e Temperature in each of the classrooms.

Humidity level in each of the classrooms.

Percentage of CO2 measured in the air.

From a technical perspective, the deployment and operation of
the heterogeneous sensor networks could be implemented based
on low-cost, robust devices assembled for this project based on
standard IoT and sensor hardware components. We also decided to
use only wireless connections within the buildings to simplify and
speed up the installation processes.

In the case of buildings, on the one hand, there is a public need
for action due to increasing demands on resilience and energy
consumption caused by climate change. On the other hand, the use
of buildings must provide the highest possible quality for living,
health and working. The DT pilot project allows us to combine
these two aspects in one technical solution.

Although we are at a very early stage in our pilot project, we are
already seeing the first applications: (a) improving resilience, i.e., in-
creasing the ability to adapt quickly and safely to any circumstance,
whether or not it has happened in the past; (b) improving efficiency,
i.e., ensuring that decisions are made taking into account the impact
they may have on the various processes taking place in the system;
(c) citizen-oriented management, i.e., as advocated by the EU’s 2030
Digital Decade, the DTs must involve citizens to inform them with
information and adapt the management of systems to their needs;
(d) contribution to sustainability, i.e., there is a clear commitment to
the new concept of sustainable cities; the aim is to adapt to climate
change through planning, optimal management of infrastructures
and citizen participation.

In particular, one future research direction is autonomous build-
ing control that anticipates and adapts itself to user needs in near
real time, so that physical conditions adapt to current and expected
user behavior, taking into account, for example, room occupancy,

S. Merino, F. Guzman, ). DélIner, J. Martinez, R. Guzman, and ). de Dios Lara.

type of activity, lighting needs, or weather forecasts. In the long-
term, these are key DT capabilities for creating “conscious and
cognitive buildings”.
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