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The influence of occupant behavior and improper management practices on energy
consumption in buildings is becoming increasingly significant with the decrease in the
overall energy demand. The recent jump in smart meter technology opened new
perspectives in monitoring occupant behavior and the poor management of air
conditioning systems in buildings, allowing them to be used to refine energy consumption
analysis and forecasting models. This paper describes the research activities carried out
within the RSE 2024-25 High efficiency buildings for energy transition, aimed at
implementing experimental data for monitoring indoor comfort in two public buildings
in the municipality of Carbonia. Targeted measurement campaigns were conducted to
evaluate electricity consumption in some residential and two public buildings. Primary
energy consumption was instead estimated: for residential buildings, from sample
interviews; for public buildings, from municipal administration billings and systems’
operating hours. The hourly data provided by Indoor Air Quality sensors allowed the
validation of the results obtained. The results show that the most significant errors (over
42%) are in estimating the primary energy requirement for summer air conditioning,
largely due to unrealistic efficiency data on the generation systems. The data have been
correlated to the different construction typologies and related to the territorial energy
mapping of interest.

1. INTRODUCTION

Improving the energy efficiency of buildings is one of the
main strategies for reducing energy consumption and lowering
greenhouse gas emissions [1-3]. However, as highlighted by
De Wilde [4], there is an increasing concern in the building
industry about the persistent mismatch between predicted and
measured energy performance, the so-called Energy
Performance Gap (EPG), which can reach up to 2.5 times the
expected energy use. The causes of this discrepancy are
manifold, but one of the most significant is occupant behavior.
As highlighted in research [5], users directly influence energy
performance through their daily habits and the way they
interact with the building and its systems. Recent
investigations have quantitatively demonstrated that
occupants’ operational patterns and adaptive behaviours can
account for a substantial share of the energy performance
gap—up to half of the deviation between predicted and
measured consumption [6].

Over time, scientific literature has progressively shifted its
focus from purely technical analyses of construction and
system components to a broader consideration of human
factors. Among all factors, occupant behaviour introduces the
largest uncertainty into energy performance prediction, as it is
difficult to capture the variability of human interaction with
building systems [7]. Common practices such as window
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opening, use of heating and cooling systems, or artificial
lighting can generate substantial variability in energy
consumption, even among identical buildings [8], with
differences in energy use of up to seven times between
comparable housing units [9]. Moreover, recent research has
extended occupant behaviour modelling from individual
buildings to wurban-scale simulations, confirming that
behavioural diversity remains one of the main sources of
uncertainty even when aggregated across multiple buildings
[10].

One of the main challenges in accurately forecasting energy
consumption lies in the difficulty of modeling human behavior.
Traditional deterministic models, which assume fixed and
repetitive usage patterns, have proven inadequate and may
lead to deviations in peak loads exceeding 150% [11].

To address this issue, stochastic models are increasingly
being adopted. These introduce variability and uncertainty into
behavior simulation, yielding more realistic outcomes. For
instance, study [12] demonstrates that using stochastic models
can explain up to 30% of the observed variability in real
energy consumption, thereby improving forecast accuracy.
Similarly, Yan [13] provided a comprehensive methodological
framework for integrating such models into energy
simulations. Research by Mahdavi et al. [14] and Zheng et al.
[15] confirmed that accurately representing the interaction
between users and buildings is essential for reliable energy
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performance simulation. However, implementing these
models in simulation software remains challenging due to the
lack of reliable data, the high degree of individual variability,
and the need for advanced technologies to collect and process
such information. In this regard, Paone and Bacher [16]
emphasized the growing importance of integrating IoT
systems and artificial intelligence to enhance model
calibration.

Another emerging issue is max maladaptation, namely the
tendency of users to interact with the building in ways that
contradict energy efficiency principles—often due to a lack of
awareness or the absence of intuitive interfaces. This
underscores the need for educational strategies and effective
communication tools to promote more conscious energy use
[17].

Alongside these established findings, some recent studies
propose new interpretive perspectives. For example, Chen et
al. [18] classified users into three categories—frugal, standard,
and wasteful—demonstrating that the effectiveness of
regulatory interventions can vary significantly depending on
behavioral profiles. Xu et al. [19] offered an evolutionary
overview of the main approaches adopted, highlighting the
urgency of integrating user behavior into energy modeling.
Bécklund et al. [20] explored the context of university
buildings, showing how the introduction of smart technologies
and real-time feedback can positively influence energy-related
behavior. Similarly, Guerra-Santin et al. [21] proposed the use
of simple yet effective behavioral indicators to support energy
diagnoses in data-scarce contexts.

In light of these considerations, the present study aims to
contribute to the ongoing discussion by analyzing the
influence of user behavior on the energy performance of a
school building, evaluated through the classical quasi-steady-
state approach. User behavior is estimated based on data from
indoor air quality monitoring, gathered through in situ sensors
and/or sensors deployed during specific measurement
campaigns. The objective is to support the development of
more effective strategies for energy simulation and
management in school buildings, where behavioral
heterogeneity can significantly amplify the gap between
theoretical and actual performance.

2. CASE STUDY BUILDING: COMPREHENSIVE
SCHOOL SEBASTIANO SATTA

The Sebastiano Satta school building was constructed in
1939 based on a design by architects Ignazio Guidi and Cesare
Valle, as part of the urban development plan for the mining
town of Carbonia. The school was located in the southern part
of the settlement, marking the first expansion beyond the
original urban core. Its construction was included in a broader
development program aimed at equipping the city with the
necessary infrastructure to accommodate the projected
population growth: in fact, the first master plan envisioned
increasing the population from the initial 12,000 residents to
50,000.

From an architectural standpoint, the building originally
featured an L-shaped plan and volume configuration, typical
of school buildings of that era. The layout was designed to
ensure adequate natural lighting and ease of access to
educational spaces. Over time, however, the structure
underwent several expansions and internal reconfigurations,
resulting in the current C-shaped layout.
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At present, the building consists of two above-ground floors
and a basement level, with a total floor area of approximately
4,300 m? (Figure 1). The main functional spaces include
classrooms, laboratories, a library, a gymnasium, and
administrative offices. The transformations carried out over
time were driven by functional requirements and regulatory
updates, which altered the original configuration while
preserving some of the architectural features characteristic of
the building’s period of construction.
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Figure 1. Front view of S. Satta School

The original building core, constructed in 1939, consists of
load-bearing masonry made of plastered stone with a thickness
of 55 cm. Subsequent extensions were built using more recent
construction techniques, characterized by thinner envelope
layers. The external walls of the new portions are cavity brick
walls with an interposed polystyrene insulation layer, having
variable thicknesses of 10 cm and 6 cm. The roof surfaces are
made of flat reinforced concrete slabs (laterocemento),
without thermal insulation. The ground floor slab follows a
traditional stratigraphy consisting of a ventilated crawl space
(vespaio), a lean concrete layer (magrone), a lightweight
screed, and a ceramic tile (gres) flooring.

The transparent envelope elements originally consisted of
single-glazed monoblock aluminum window frames without
thermal breaks. Shutters included uninsulated roller boxes and
PVC roller blinds. All perimeter walls were plastered and
finished with a textured exterior coating (graffiato).

The energy retrofit interventions carried out in 2013
included:

e Installation of an external thermal insulation

composite system (ETICS) on all vertical envelope
surfaces, made of 8 cm thick expanded polystyrene
(EPS) panels or alternatively 8 cm rock wool
panels;
Insulation of the roof
polystyrene (XPS) panels;
Replacement of all windows with new aluminum
frames featuring thermal breaks, double glazing
with solar control, and PVC roller blinds.

The energy efficiency upgrade also included the installation
of new building systems. Originally, space heating was
provided by an oil-fired boiler serving aluminum radiators.
There were no systems in place for domestic hot water (DHW)
production or cooling for summer air-conditioning.

Currently, both space heating and DHW production are
provided by a high-efficiency hydronic heat pump rated at 101
kW, with a coefficient of performance (COP) greater than 4.
Heat emission systems include traditional cast iron radiators in
the classrooms, and hydronic fan coil units in office areas and
educational laboratories. Summer cooling is available only in
office areas, using the same HVAC system described above.
This difference in cooling distribution requires the
identification of two distinct thermal zones within the building.
Additionally, the roof hosts a photovoltaic system composed
of 61 panels, with a total installed capacity of 12.81 kW.

slab with extruded



These interventions have led to a significant improvement
in the building’s energy efficiency, resulting in a
corresponding reduction in energy consumption.

3. MATERIALS AND METHODS

The electrical consumption of the Sebastiano Satta school
was measured using a network analyzer (FLUKE
1777/BASIC), a device typically employed for the automatic
acquisition of power parameters and power quality indicators.
In this case, the instrument was directly connected to the fiscal
meter, allowing real-time monitoring of electricity
withdrawals.

The Sebastiano Satta Comprehensive Institute in Carbonia
was equipped with a set of sensors to monitor indoor air
quality. This IoT-based sensor system enables the monitoring
of temperature, humidity, air quality, energy consumption,
lighting, and occupant presence. The sensors, from the Aircare
Mini product line, are designed to measure air quality (TVOC,
CO., PM2.5, PM10) and environmental comfort parameters
(sound pressure level, illuminance, temperature, relative
humidity, and atmospheric pressure).

The collected data are transmitted to a cloud platform that
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enables real-time visualization and tracking of the monitored
parameters. The analysis of these sensor data—recorded at 5-
minute intervals—provided useful information on actual
occupancy levels in different areas of the building, as well as
evidence of forced ventilation events due to window or door
openings.

The sensor deployment layout is shown in Figure 2 below:
two classrooms located on different floors and one office room
on the ground floor were monitored in order to capture
variations in occupancy patterns and usage profiles across
different types of indoor spaces.

In addition to the continuous indoor monitoring, specific
outdoor measurement campaigns were conducted to assess air
quality outside the school and compare it with indoor
conditions. The outdoor measurements were carried out using
Trotec particle counters (BQ20 and PC220) during the most
relevant periods—namely, school hours between 8:00 a.m.
and 2:00 p.m., on weekdays from Monday to Friday. Two
sampling points were selected: one in the inner courtyard of
the school, facing the monitored classrooms and office,
identified as the “zero” reference environment due to its
limited exposure to vehicular traffic, and another in the square
in front of the school’s main entrance, where higher
concentrations of atmospheric pollutants were expected.
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Figure 2. Sensor’s location in classrooms (CL) and in offices (OF) on the two different floors



For the assessment of outdoor climatic conditions, a fixed
weather station—installed on a public building of the
Municipality of Carbonia—was used. This station provided
data at a 15-minute acquisition interval.

The building’s energy modeling was carried out in
accordance with research [22], using the Termolog® software.
The entire building envelope was modeled in detail, including
external and internal walls, floors, ceilings, roof slabs, and
transparent surfaces (Figure 3). Each element was assigned the
specific parameters required for the energy analysis.

To ensure accurate modeling, the various existing thermal
bridges were studied, distinct thermal zones were identified,
the contribution from renewable energy systems was
incorporated, and the effects of shading from surrounding
vegetation and neighboring buildings were evaluated.

Figure 3. Graphical output of the energy model

The results obtained from the energy modeling were
subsequently refined by incorporating the data gathered from
the measurements of various parameters related to the Indoor
Air Quality (IAQ) index. This integration enabled the
estimation of the actual thermal contributions induced by
occupants and their behavior in managing building systems
and envelope elements (e.g., window and door openings).

4. RESULTS AND DISCUSSION

The primary energy for space heating EP,H, and for space
cooling EP,C, expressed in kWh, results:

(EP,H) asset=137129 kWh
(EP,C)_asset=5557 kWh

These values differ by about 40% from the actual billed
annual energy consumption, indicating an inaccurate
assessment of the building-system operation.

The actual behavior of the occupants and the real use of the
HVAC systems can be inferred from the analysis of sensor
data and recorded energy consumption.

The main parameters obtained from the measurement
campaign—used to calibrate and refine the simulation
model—are presented in Figure 4, which shows the hourly
average power absorbed by the Sebastiano Satta school in
Carbonia on a typical winter and summer day.

The following key findings emerged from the analysis of
the monitored data:

e The centralized generator (air-to-water heat pump)
operates in heating mode from 6:30 a.m. to 12:30
p-m., with partial power modulation during midday
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hours.

The weekly control system does not account for
midweek holidays, leading to non-optimized
operation on those days.

During the summer period, offices and laboratories
use fan coil units for cooling.

The photovoltaic system installed on the rooftop
contributes significantly to on-site self-consumption,
particularly during the spring and autumn months.
The average coefficient of performance (COP) of the
central heat pump was estimated at 2.77 during the
winter period.

In summer, the central generator is partially used for
cooling, limited to office areas and certain
laboratories.

A constant power demand from the grid is observed,
which is attributed to emergency lighting systems.

Winter day

O Withdrawals
O Self-cons.

Summer day

(kW] O Withdrawals

10 W Surpluses

O Self-cons.
8
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Figure 4. Average hourly consumptions and surpluses on a
typical winter and summer day

The use of AIRCARE sensors enabled the identification of
actual occupancy and the management of window and door
openings across various indoor environments.

As an example, Figure 5 presents the hourly average
readings of temperature and CO- concentration recorded on a
typical winter day in one of the classrooms at the Satta school.
These data allowed the extraction of several key aspects:



. A more accurate estimation of internal heat
gains during the day, with peaks observed during
class hours and noticeable reductions or null values
during outdoor activities such as physical education
or laboratory sessions, or when windows were
opened.

. The building’s good thermal inertia, which
helped maintain acceptable indoor thermo-
hygrometric conditions even after the heating system
was turned off at 12:30 p.m., two hours before the end

of lessons at 2:00 p.m.

. A consistent exceedance of indoor air
quality thresholds during the central hours of the day,
with average increases of approximately +2°C in
temperature and +70% in CO: concentration
compared to baseline reference values.

These data provided valuable insights not only into the
behavior of the building envelope but also, more importantly,
into the actual management of conditioned spaces. Once
integrated into the simulation model, they contributed to the
validation of the results obtained in terms of indoor operative
temperature profiles.
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Figure 5. Hourly indoor comfort parameters monitoring

The management of the building—system integration, as
estimated through direct monitoring of electrical consumption,
along with the influence of occupant behavior, as inferred
from IAQ sensor data, enabled the correction of the previously
obtained results derived from the standard asset-based
approach.

This process allowed for the recalculation of primary energy
consumption for space heating and for space cooling:

(EP,H) tailored=11628 kWh
(EP,C)_tailored=8912 kWh

With a deviation of about 25% compared to the billed
annual energy consumption.

The results highlight how the standard asset-based energy
evaluation model, while providing useful insights for
regulatory compliance and performance assessments, tends to
yield generally overestimated and incomplete values. For
greater reliability, such estimates should be properly adjusted
to reflect the building’s actual usage profile.

The most significant discrepancies are observed in the
estimation of primary energy demand for space cooling, with
deviations potentially exceeding 300%. These errors are likely
due to the reliance on average performance data for generation
systems, which may not accurately represent the actual
operation and responsiveness of such systems to external
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climatic variations.

Such differences are mainly attributable to the absence of
zone-specific climate control systems within the building,
which often result in discomfort conditions and, in some cases,
trigger inappropriate behavior by occupants.

5. CONCLUSIONS

In this paper, the authors evaluated the impact of occupants’
stochastic behavior on the results of the energy simulation of
a school building, conducted using a standard asset rating
approach. Occupant behavior was monitored through two
distinct experimental methodologies: direct monitoring of
electrical consumption and continuous monitoring of key
parameters related to indoor air quality.

Direct consumption monitoring provided valuable insights
into the suboptimal management of HVAC systems, which
operated on a scheduled basis without accounting for regular
school closures. The authors estimated that such improper
management results in an annual energy cost increase of over
7%.

Indoor air quality monitoring, on the other hand, allowed
for the calibration of the energy model based on actual
occupant behavior, through a direct correlation between
measured CO: concentrations and the real presence of people
in conditioned spaces. The monitoring of these parameters
enabled the refinement of the simulation model, reducing the



deviation from the actual billed energy consumption to within
20%.
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