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https://doi.org/10.18280/jesa.570510 ABSTRACT

The IBIS ECO prototype platform is introduced here as a Decision Support System (DSS)
designed to intelligently monitor and efficient management of the energetic performance
and comfort of existing buildings. This innovative DSS is user-friendly and prioritizes
sustainability by employing wireless 10T equipment that automatically adjusts to each
building’s unique characteristics. Through integration with IoT networks, big data
infrastructure, algorithms, and advanced artificial intelligence models, IBIS ECO conducts
predictive analysis, identifying anomalies and discomfort situations at an early stage.
During the research phase, the prototype drew insights from two distinct case studies in
Basilicata, in southern Italy: a primary school classroom and a university classroom with
varying occupancy rates, usage patterns, plant system, and environmental conditions. In
its development, IBIS ECO focused on creating customizable dashboards and smart
applications to effectively monitor and manage environmental and energy parameters,
including microclimatic conditions, resource usage, and infrastructure. Moreover, IBIS
ECO serves as a comprehensive tool for energy managers, maintainers, and building
occupants, promoting continuous monitoring and enhancing well-being and energy
efficiency both indoors and outdoors. Its data-driven approach empowers users” awareness
to make informed decisions, leading to energy savings, environmental sustainability, and
improved living conditions.
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1. INTRODUCTION potential impact on the quality of life of those who live in them

in terms of both perceived comfort management and indoor

In recent years, the spread of solutions using innovative
technologies, such as the Internet of Things (IoT), in the
context of buildings is spurring the creation of new,
increasingly smart buildings that can offer people living in
them an advanced living experience in terms of comfort and
energy savings [1]. New smart building constructions are
based on systems that enable interaction between objects and
humans occupying the same environment. At the same time,
the modernization and technological upgrade of the existing
building stock, which is old and energy inefficient in most
countries, has become one of the priority goals of governments
[2, 3]. Indeed, the existing building system is responsible for a
significant share of greenhouse gas emissions and air pollution
and often consumes natural resources such as water and energy
inefficiently due to outdated or poorly maintained systems [4].

To address these problems, it is essential to adopt not only
design strategies but also automated building management and
monitoring systems that aim to improve energy efficiency,
reduce greenhouse gas emissions, minimize the use of
unsustainable materials, and promote people’s health and
well-being. In addition to energy efficiency aspects,
technological upgrading through the use of buildings has a
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pollution [5]. The DSS IBIS ECO solution presented below
supports users in the intelligent and effective management of
all types of buildings, including those of historical and artistic
heritage, because it is easily installed (thanks to IoT and
wireless technologies). The web platform can represent an
extremely effective tool for monitoring the main aspects that
characterize the environment (including consumption of
energy resources, water, etc.), to predict and promptly address
any discomfort or emergency situations, thanks to the
innovative data-driven approach based on the use of dedicated
smart services. These features allow the full potential of IoT
networks to be exploited in order to optimize operational
efficiency, safety and occupant comfort.

2. RELATED WORKS

The scientific literature proposes several studies and
innovative solutions for smart environmental comfort
management and energy consumption monitoring but, in most
cases, these solutions do not provide relevant suggestions that
could induce the inhabitants of the monitored environments to
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take targeted actions to optimize in parallel the aspects
concerning thermal, visual or acoustic comfort and energy
consumption [6]. Such approaches could support the figures in
charge of managing the monitored environments in achieving
adequate comfort levels, while simultaneously reducing
energy consumption from the heterogeneous instrumentation
used and monitoring expenses related to the management of
the facilities themselves. In this regard, the scientific literature
presents a variety of IoT solutions for the smart home [7-9]
and, more generally, for smart buildings [10-13], diversifying
between application domains, frameworks and types of
architectures, platforms and algorithms for intelligent
management of environments. However, the conditions and
regulations governing energy resources and indoor air quality
are not standard, but vary from country to country. Thus, the
need arises to implement an innovative solution that integrates,
processes and extracts knowledge from data retrieved from
IoT networks composed of smart nodes and sensors installed
in buildings. With this in mind, Ahmed et al. [14] describe the
design of an IoT platform for remote monitoring and control
of smart buildings by implementing a use case composed of
different  scenarios  (offices, university classrooms,
laboratories, etc.) and based on the use of various types of
wireless network protocols for communication between
components. Similarly, Kumar et al. [15] present a platform
for intelligent building management based on an evolving loT
architecture that is secure and energy efficient. Eltamaly et al.
[16] propose an IoT architecture for the management of hybrid
building systems, as also proposed by the study [14]
considering the use case of a university campus in which to
implement an IoT network to ensure the communication of the
hybrid energy system, showing particular interest in the
aspects inherent to the topology, capacity and latency of the
network. On the other hand, the analysis conducted by Abir et
al. [17] delves into the main key features of IoT smart grid
energy systems, paying particular attention to the application
of 10T in smart energy systems and the respective security
issues related to the use of these technologies as tools for
sensing, communication (using various standard wireless
protocols) and data processing. In turn, Metallidou et al. [18]
delve into aspects of the Internet of Energy (IoE), an
implementation of the Internet of Things (IoT) in distributed
energy systems whose goal is to reduce energy consumption
while improving environmental comfort. The study presents a
smart building model based on a smart building cloud platform
with ToT architecture for remote and automated control of
devices and storage of energy performance recorded by
buildings, with the aim of developing eco-conscious behavior
in people living in indoor environments, supporting the user in
the behaviors to be adopted through data-driven solutions that
aim to reduce energy consumption and ensure the comfort of
indoor environments. The study [12] proposes an IoT
infrastructure tested within the facilities of Aalborg University
that leverages the potential of wireless communication
protocols to implement a sensor network aimed at ensuring the
monitoring of energy-aware indoor environments. A similar
framework is proposed by Zhang et al. [11] for indoor
environment management based on the use of self-learning
thermal models trained using data collected from low-cost IoT
sensors to provide reliable thermal comfort assessments.
Alsuhli and Khattab [19] focus on the implementation of an
IoT platform based on a mixed fog-cloud computing
architecture for smart building management, deployed and
tested at the prototype level in an indoor laboratory
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environment to evaluate the ability to detect door/window
status and room occupancy/lighting levels. Tushar et al. [10]
highlight the enormous potential of IoT architectures in the
realization of state-of-the-art systems for smart building
management. Such solutions enable the constant monitoring
of comfort and energy consumption aspects through IoT
applications installed in buildings to manage air conditioning,
lighting, ventilation, occupancy and other systems.
Contextually, Basnayake et al. [20] present the design and
implementation details of a smart controller for automated
building management, a cognitive solution based on the use of
infrared devices for data collection and artificial intelligence
models for making data-driven decisions aimed at improving
environmental comfort, without affecting the safety of people
living in the environments.

3. METHODOLOGICAL APPROACH

To achieve adequate comfort levels (thermal, visual,
acoustic, etc.) and optimize the energy consumption generated
in an environment, a multiplicity of aspects must be monitored
simultaneously. In addition to taking into account the
structural characteristics of the building, aspects that
characterize the indoor environment, outdoor weather
conditions, and the multiple activities that may be carried out
within a building must be considered. In the same physical
environment, several activities could in fact be carried out
simultaneously: the same room in an office could be used
either for a meeting or work party or as a relaxation area to
take a coffee/lunch break or to welcome guests. As an example,
consider a very crowded university lecture hall where a lecture
is in progress. After a few minutes level of CO» in the air, the
indoor temperature and humidity could increase due to the
very presence of people in the room, changing outdoor
weather conditions, and the structural nature of the walls (e.g.,
glass). Without appropriate action, such as opening windows
or air conditioners, participants would breathe unhealthy air
and perceive discomfort. At the end of the lesson, those in
attendance might also leave the classroom without paying
attention to turning off the lighting system, the heating/cooling
system, or the instrumentation used. In this case, in the absence
of timely human intervention, these systems could be left
running unnecessarily, generating excess consumption.

The IBIS ECO DSS is able to analyze the data collected
from the sensor network installed in the environment (indoor
and outdoor) and recognize the scenario that has been
configured, providing timely alerts and warning messages that
suggest to users the best behaviors and interventions to be
implemented (e.g. increasing or decreasing temperature,
activating air recirculation systems, opening doors/windows,
turning off lighting or unnecessarily running systems, etc.) to
be performed to restore comfort in the room, remedying
discomfort situations that, if not properly managed, could
affect the livability of the rooms and the building’s
consumption. Specifically, IBIS ECO represents an innovative
smart building IoT platform aimed at supporting users (energy
managers, maintainers, and environmental inhabitants) in the
optimal management of buildings through: (i) the constant
monitoring of aspects that influence overall comfort, energy
consumption, and the state of the structure and the people
living in it; (ii) the integration of outdoor microclimate
forecasts; (iii) the analysis of the behaviors, preferences, and
needs expressed by the people living in the building and the



building context in which it is located; (iv) the formulation of
data-driven decisions to support the achievement of adequate
levels of comfort, safety, and energy efficiency; (v) a series of
smart macro-services that aim to detect anomalies, possible
hazardous situations, and support in the predictive
maintenance of monitoring systems.

In order to satisfy user needs, DSS offers a series of
dashboards that can be customized by user type and can
manage and monitor the following environments: building,
asset, and room. Specifically, a building may contain one or
more assets, which in turn may consist of one or more rooms
(physical environment where IoT sensor networks are
installed). Assuming that each type of user could be interested
in the simultaneous management of multiple monitored
environments (building, asset, or room) and that each
monitored environment (room) should be managed by a single
energy manager, the DSS is based on three different
“Building-Asset-Room” configurations.

In the Figure 1, use case A is configured as a building
associated with a single asset composed of a single room (a
configuration suitable, for example, for the management of a
warehouse or industrial building).

Use case B, on the other hand, is configured as a building

consisting of several assets composed of several rooms (a case
suitable for the management of a residential building in which
each apartment corresponds to an asset and the respective
rooms represent rooms). A further use case (C) could be
represented by a building with a single asset associated with it
composed of several rooms (typical single dwelling
configuration in which the building coincides with the asset
and the individual rooms of the house represent the rooms).

In all cases, the DSS processes in near real time the raw data
set collected from the IoT sensor network and extracts
knowledge from it, generating structured information to
support end users in their decisions.

The DSS is structured into several processing modules and
analysis tools that harmonize and make efficient Big Data
process management and data analysis through artificial
intelligence algorithms and statistical-inferential methods, as
reflected in the platform architecture depicted in Figure 2.

The platform combines the loT network configured for data
collection with the DSS architecture equipped with back-end
systems (for managing the sensor network, integration of
processing units and databases used for data storage) and
front-end systems (for managing the user interface).
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Figure 2. Building-Asset-Room configurations of the application use cases
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The IoT network infrastructure enables secure, reliable and
durable communication between the macro groups of sensors
installed for the detection of : pollutants and indoor
environmental parameters (Air Quality), energy consumption
and indoor thermal comfort (Energy Efficiency & Thermal
Comfort), data from outdoor measurements inherent to
weather conditions (Weather), and data collected by specific
hand-tracking devices for the measurement of the main
phenomena affecting comfort and air quality (Manual
tracking). In addition, the IoT network is prepared for the
integration of an experimental Plug & Play multisensor device,
created in the context of the IBIS ECO project for the detection
of pollutant values (CO,, O3, NO, and SO;) present in an
indoor environment undergoing monitoring [21].

On the other hand, with regard to the breakdown of the DSS
into functional blocks, the platform includes the modules:

* Ingestion, for storing and acquiring data sensed by the [oT
network through communication interfaces compatible with
the specifications of the configured sensor networks;

* Processing & Analysis, for analyzing the acquired data
through a relational database and an API stack necessary to
ensure interfacing with the dedicated frontend module;

* Presentation, reserved for managing the user interface that
allows users to interact with the DSS, monitor environments,
and view dashboards for analyzing the sensed data.

Technologically, the platform leverages an interoperable,
scalable and secure loT network architecture based on the
concept of agent programming [22, 23]. In particular, the
“Ingestion” module is based on a non-relational Influx
database, which is highly performant for time series
management through Map-Reduce functions typical of Big
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Data Analytics. The application represented by the
“Processing & Analysis” module was implemented using
Microsoft’s Net technology while the predictive algorithms
were implemented in the Python language, using the features
made available by the main open-source machine learning
libraries. Simultaneously, Microsoft SQL Server was chosen
for the persistence of the data generated by the algorithms and
all the information supporting the platform. The same
technologies were chosen for the realization of the backend
application components while for the realization of the
frontend application (“Presentation” module) the use of the
angular framework was chosen.

4. USE CASE

IBIS ECO DSS, funded under project “IBIS ECO-IoT-
based Building Information System for Energy Efficiency &
Comfort”, realized was tested and put into operation by
exploiting data collected from IoT networks configured and
installed in the Montemurro School Building in Val d’Agri
(Potenza) and in the A208 drawing room of the University
Campus of the University of Basilicata in Matera, and depicted
in Figure 3 and Figure 4.

After analyzing the specific information needs for each
possible user profile (energy manager, maintainer, end user),
for both demonstrators, with the support of a team of domain
experts, the functionalities have been realized and an optimal
configuration of the dashboards has been defined, in order to
make the navigation of the platform as user friendly as
possible.

UNIVERSITY OF BASILICATA
MATERA CAMPUS

Multi-Sensor Plug&Play

Control Unit

ROOM A208

Figure 3. IoT network graph installed in A208 drawing room at University Campus, University of Basilicata, Matera

1352



= O % B ¥ 5 @ & B8 0 4
Profile summary Your Environments
7 e N = 3
User type: Energy Manager = L/ ; %;‘ g
A, A, ; — _ o > ¢
User rating: i ¥ 37 37 % Universita della Basilicata sede " Contrate €
Buildings: 3 Matera
Add new 8uilding | Asset
Asset: Edificio Centrate - Universita
Edit profile solio Basilicato el
System information Room: Laboratorio CAD-CAM LOC34 -
Support systam # Piano
Navigate a Dashboards

Asset summary

@

Edlificio Centrale - Unive v

HESOEY S RAA AN
Alerts: 24 read alerts
Errors: 31 read errors
Simulation data

Asset details

Support building
Suspend data harvesting
Send notification to
mantainers

Send notification to
inhabitants

X

-~
at
Loy

fEBclg 1oT Based Building information System for Energy Efficiency & Comfort

Coppright 9922 = RI-TC0 ~ Tuls | Gt 3 pvwan

Figure 4. Home page decision support system IBIS ECO

e Lo 1 Covam Sgerae

IS _
ECO 2
] You covronments
- -\.’_q Y - - 5 57 s 7 X
Scuola flementare Montemutro v it + g P~ Rl R S Universita dello Basilicata sede % s 1 B,
._&_% e Matera o PR 'y-\' A
- A . a L AR ¢
s o e Asset: Eificio Contrak - Universite CAEYY Ml
Py mree N della Bosiicota \ o et WA s
‘ -y RoOM: [AbOrOtOro CAD- CAM (OCIE - CTIR e P
M= | i piano A o e
v Navigate a Dashboards bt ez
= & e % = B et
b I = S\ oRase 3
- mooor o o | N = a BARE n: b
22 comfort & &Q s 4 S e
B9 energy - L :
ourboor — s
- A Quality & Wecther -1 =
EXTRA 3
‘)
5 Monual Data Tracking g
0+ Sensors Overview = :&.
4=} Cuided Simulation A\
smart Report . .‘t_..':'
MEATLETE N SRy
@ vattery Monitor s et = Leatet | @ OpenStrestiiap
Edificio Scailab v
stem for Energy Efficiency & Comlort ) E @ UNKAE EGROPEA
= Ugur satting v —

SR Sl T S D -l R et

Figure 5. IBIS ECO decision support system navigation

1353



Upon accessing the system, one lands on the DSS homepage
from which, after selecting the building of interest (from the
map or from the pop-up navigation menu located on the left
side of the web page) one can navigate all sections and use the
different information tools, as Figure 5 shows.

As can be seen from the menu, the navigation of DSS is
divided into three macro sections: Indoor, Outdoor and Extra.
The “Indoor” macro section collects within it all the smart
tools and services dedicated to managing the aspects that most
influence overall comfort and energy consumption in the
indoor environments being monitored. Within this macro
section it is possible to navigate the analysis modules:

* “Comfort & Air Quality” (Figure 6) reserved for air
quality management with specific indicators defined with the
support of domain experts and machine learning models for
10-, 20- and 30-minute forecasts of temperature, relative
humidity and CO, concentration;

* “Energy” dedicated to analyzing and monitoring facilities
and energy consumption within the monitored environment
(Figure 7), equipped with indicators defined with the support
of domain experts and machine learning models for detecting
abnormal consumption and forecasting energy consumption
for the next three hours, for today and the next days.
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Contextually, the “Outdoor” macro section consisting of the
“Air Quality & Weather” (Figure 8) module supports DSS
users in analyzing and monitoring weather conditions outside
the environment subjected to continuous measurements. The
module presents a tool based on artificial intelligence models
for forecasting hourly and three-hourly outdoor weather
conditions for the next five days.

The “Extras” macro section of the DSS groups several
analysis modules to support the user in the intelligent
management of monitored buildings. In particular, the
“Manual Data Tracking” module facilitates the user in
analyzing the data collected through manually tracking
devices (globe-thermometer, sound level meter, indoor
dusttrak, outdoor dusttrak, anemometer and radon) identified
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by domain experts for achieving overall environmental
comfort. The “Sensor Overview” module, on the other hand,
represents a useful tool for the user to check the efficiency of
individual IoT sensors installed in the monitored environment,
measured in number of monthly detections made by the
individual sensor compared to the expected value. The
machine learning tool “Guided Simulation” allows the user to
carry out guided simulations on the air quality of the
monitored environment and identify possible actions to be
taken if, compared to the actual values detected by the sensors,
the room occupancy or the state of the doors and windows
were different from what was actually detected by the IoT
network, guiding the user through messages that invite indoor
air regeneration. “Smart report management,” on the other



hand, represents a tool for the automatic generation of smart
reports containing the graphical and tabular processing
generated by the various sections of the DSS while the
artificial intelligence tool called “Battery Monitoring” allows
the user to estimate the remaining useful life (RUL) of the
lithium batteries (remaining charging cycles) that power the
IoT network’s low-impact sensors used for data collection in
the monitored environment [24].

Furthermore, from the header of the DSS web page, it is
possible to access the “Alerts and errors management” section,
which is reserved for the management of alert notifications
sent by the DSS to report any operational warnings, abnormal
or dangerous situations.

5. CONCLUSIONS

The evolution of decision support systems for energy
management of building well-being and livability is strongly
supported by the advent of low-impact IoT networks for
indoor and outdoor detection.

This study introduced the IBIS ECO solution, a DSS that
leverages the potential of innovative IoT networks to detect
information on key environmental and energy parameters
within any type of building. The information properly acquired
and processed thanks to Cloud, Big Data and Al technologies
integrated in the DSS, is proposed to users through interactive
and user-friendly dashboards. An innovative system capable
of providing highly customized suggestions because it is based
on the evidence provided by the data acquired in near real time.
The platform is able to guide both expert users and simple
users of buildings in performing the most effective and
efficient actions to improve comfort levels and reduce energy
consumption.
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NOMENCLATURE

Al Artificial Intelligence

API Application Programming Interface

DB Database

DSS Decision Support System

IoT Internet of Things

PM Particular Matter

TVOC Total Volatile Organic Compounds





