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1 Application of the Maintenance How-To Microservice

1.1 Demonstration data

1.1.1  Input data from other WPs

The Maintenance How-To (MHT) microservice supports the management and analysis of technical
requests in buildings, providing tools for monitoring, prediction, and optimization of maintenance
activities. It is composed of two complementary modules - MHT-HS and MHT-PR - which together
enable both performance assessment and predictive support for decision-making.

Specifically, MHT-HS (Health Status) relies on the systematic analysis of maintenance requests
collected through the Computerized Maintenance Management System (CMMS). The input database is
composed of work orders derived from end-user tickets, where each record contains both user-submitted
information (such as the description and urgency of the issue) and technical data added by facility staff
(including inspection times, closure dates, and outcome of the intervention). Each request is further
classified by activity type, priority level, programmability, and spatial reference to clusters or buildings.
This structured dataset provides the basis for evaluating the overall health status of the building stock and
for detecting patterns in the distribution of maintenance needs.

MHT-PR (Predictions) was applied to the operational handling of tickets, exploiting predictive
classification of activity type, priority, and programmability. These predictions create a consistent
reference framework that can be compared with user-reported issues. By structuring information in this
way, the dataset supports rapid categorization of new tickets and facilitates decision-making in the
operational management of maintenance tasks.

Together, MHT-HS and MHT-PR form a digital maintenance system that combines retrospective
analysis with predictive capabilities. Validated on a large-scale real-world case, the MHT microservice
shows how maintenance data can be transformed into actionable insights, improving efficiency,
prioritization, and long-term planning in building management.

1.1.2 Case study scenarios

MHT was tested on the building stock of the University Politecnica delle Marche (UNIVPM) in Ancona,
Italy (Figure 1). Over 16,000 students and 1,000 staff members use these facilities daily, generating a large
volume of corrective maintenance requests (about 17000 during the investigation period, from 2018 to
2023). Table 1 summarizes the selected case study, which includes 7 clusters and 28 buildings (serving
educational, research, and administrative purposes), considering only those assets that recorded
maintenance requests. These requests cover a wide range of systems and components, including electrical
installations, HVAC, plumbing, elevators, openings, and safety systems. The diversity and intensity of
usage across clusters make this campus a representative testbed for the application of MHT.
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Figure 1: General map of Ancona (Italy) showing the location of each cluster comprising the UNIVPM campus analyzed in this
study, along with corresponding aerial views (source: Google Maps). Legend: M, orange indicates Medicine (2 buildings); A, blue
indicates Administration (4 buildings); E, magenta indicates Economics (2 buildings), U includes the other clusters: Engineering in
red (11 buildings), Science in cyan (3 buildings), and Agricultural Science in green (3 buildings).
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Table 1: List of UNIVPM buildings organized by cluster. Each cluster corresponds to different areas in the municipality of Ancona.
*YoC/R stands for Year of Construction or Rehabilitation; GFA stands for Gross Floor Area.

Grant number: 2022JMRX2A

Cluster Building YoC/R* GFA* [m?] Floors
Ingegneria UNIA_M_IN_ED1 1990 7872 6
UNIA_M_IN_ED1BIS 1990 3176 3
UNIA_M_IN_ED2 1990 14343 3
UNIA_M_IN_ED3A 1990 6538 3
UNIA_M_IN_ED3B 1990 6036 4
UNIA_M_IN_ED4 1990 12359 3
UNIA_M_IN_ED5 1990 11826 3
UNIA_M_IN_EDAM 1990 2606 1
UNIA_M_IN_EDPMS 1990 4112 4
UNIA_M_IN_EDTOR 1990 4377 11
Aule BAS UNIA_M_BS 2005 14671 3
Scienze UNIA_M_SC_01 1997 3644 3
UNIA_M_SC_02 2004 3510 3
UNIA_M_SC_03 2008 4009 3
Agraria UNIA_M_AG_01 1982 9432 4
UNIA_M_AG_02 1982 5991 2
UNIA_M_AG_03 2002 876 1
Economia UNIA_S_EC_ 01 1996 31240 4
UNIA_S_EC_02 1996 11251 1
UNIA_S_EC_03 1996 1653 2
UNIA_S_EC_04 1996 565 2
Medicina UNIA_T_ME_01 1995 26305 7
UNIA_T_ME_02 1995 762 1
UNIA_T_ME_03 2008 10280 6
Amministrativo UNIA_R_AM_01 1976 3060 5
UNIA_R_AM_02 1976 1617 3
UNIA_R_RT_01 1976 3141 3
UNIA_R_RT_02 1976 2349 6

1.2 Demonstration results

The results of the MHT microservice are presented separately for the two modules, namely Health
Status and Prediction.

1.21 Maintenance How-To — Health Status microservice

The application of the MHT - HS microservice to the UNIVPM building stock produced a set of results
that highlight both the spatial concentration of maintenance needs and the specific technical domains
most affected. The analysis is presented at multiple scales, moving from the level of clusters and districts
to the more detailed view of individual buildings (see also Deliverable 5.1).

At the broader level, the Impact Index by building cluster shows a very clear dominance of Cluster L6-
047-006 (Figure 2), which alone accounts for more than one fifth of the overall impact (21.1%). This cluster
is particularly relevant because it does not include only a single homogeneous district, but rather
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aggregates a set of different assets, including not only Engineering buildings, but also the BAS building
and some external areas of the Montedago district (see also Deliverable 1.1). The high value observed
here reflects the combined effect of multiple critical domains concentrated within the same cluster. It is
followed by Cluster L6-047-005 (Medicine Faculty, 15.6%), while the remaining clusters display much
lower values.

Grant number: 2022JMRX2A

Top 10 Building Clusters by Impact Index [%]

L6-047-006 21.1  Impact Index [%]
100%

LE-047-005 15.59

L6-047-004 8.78 80%

LG-047-007 6.38
60%

L&-047-008 4.38

Group

LE-047-002 1.84 40%
Le-047-001 1.43

20%
Le-047-017 0.41

L&-047-003 0.00
0 5 10 15 20

Figure 2: Top 10 Building Clusters chart by Impact Index.

A closer look at Engineering reveals more specific insights. Indeed, looking at the distribution of
requests by district (Figure 3), the Engineering district clearly emerges as the most critical, contributing to
almost one third of all tickets (31.8%). Medicine follows with 25.9%, while Economics contributes 14%.
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The remaining districts - Agricultural Science (9.2%), Science (8.0%), and Administration (6.6%) - play a
secondary role, and minor areas such as ancillary facilities account for marginal shares (below 5%).

Districts

Number and Percentage per District

INGEGMNERIA, 31.8°

25.9%

MEDICINA,

ECONOMIA

AGRARIA 9.2%

SCIENZE 8.0%

AMMINISTRATIVO 6.6%

AULE_BAS 2.4%
C_SPORT_POSATORA 0.9%
LAB_PESANTI 0.8%

LOCALI_ACCESSORI 0.4%

[=]

1000 2000 3000 4000 5000

Figure 3: Number (x-axis) and percentage (at the end of each bar) of requests organized by District.

Focusing on the building scale within the most impactful District (i.e., Engineering both in terms of
Impact Index and sheer number of requests) provides a more detailed understanding of where
maintenance needs are concentrated. In terms of Activity Types (Figure 4), Electrical systems dominate
the picture, representing more than a third of all requests (34.4%). Plumbing (19.0%) and HVAC (14.1%)
also play major roles, while Openings (9.6%), General building components (8.2%), and Utilities (5.8%)
represent intermediate shares. Overall, such data indicates that Engineering’s maintenance load is heavily
skewed towards the essential infrastructure of electrical and hydraulic systems, which together account
for over half of all tickets.
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Number and Percentage per Activity Type
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Figure 4: Number (x-axis) and percentage (at the end of each bar) of requests organized by Activity Type in the Engineering Faculty
portfolio.

However, despite the high number of requests received, when the Priority is considered (Figure 5), the
vast majority in Engineering are classified as low priority (P3), representing 84% of cases. High-priority
requests (P1) account for 15%, while medium-priority (P2) are only 1%. This pattern suggests that, while
the workload is intense, most issues are not emergencies but instead require careful scheduling and
ongoing management.

Percentage by Priority in INGEGNERIA

P3 84.0% m P2

P2I 1.0%
P1 15.0%

0 10 20 30 40 50 60 70 80

Priority

Figure 5: Number (x-axis) and percentage (at the end of each bar) of requests organized by Priority in the Engineering Faculty
portfolio.

The Programmability of interventions provides an additional perspective. Within Engineering, the
requests are mostly distributed between short-term (41.3%) and medium-term (39.6%) programmability.
Long-term interventions (13.6%) and those deemed Undeferrable (5.5%) are much less frequent. This
balance confirms that the majority of interventions can be planned with a reasonable time frame, which
offers facility managers the opportunity to distribute resources and optimize schedules rather than dealing
predominantly with urgent situations.
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Percentage by Programmability in INGEGNERIA
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Figure 6: Number (x-axis) and percentage (at the end of each bar) of requests organized by Programmability in the Engineering
Faculty portfolio.

In conclusion, by further refining the scale of analysis down to individual buildings within the
Engineering district, the analysis shows that the Impact Index is more evenly distributed than at the cluster
level. Indeed, no single building dominates the overall picture as a whole. The highest index is observed
for UNIA_M_IN_EDS5 (12%), followed by ED1 (8%) and ED2 (7.4%), with other buildings contributing
values ranging from 7% down to 2%. This indicates that the district criticalities are not concentrated in
one asset, but rather distributed across multiple buildings, each adding a significant share to the overall
maintenance burden. It is important to underline that the Impact Index does not merely reflect the
absolute number of requests, but combines different dimensions of maintenance demand - including
frequency, priority, programmability, and activity type - through weighted factors (see Deliverable 5.2).
As a result, buildings with fewer tickets may still reach higher values if those requests are classified as
urgent or less deferrable, while others with many low-priority tickets may appear less impactful.

Top 10 Buildings in District INGEGNERIA by Impact Index [%]

UNIA_M_IN_EDS 12, Impact Index [%]
100%
UNIA_M_IN_ED4 8.00
UNIA_M_IN_ED2 7.74 80%
UNIA_M_IN_EDTORR 7.44

UNIA_M_IN_ED1 7.32 60%

Group

UNIA_M_IN_ED3B EHET,
40%
UNIA_M_IN_ED3A 4.83

UNIA_M_IN_EDPMS 2.56
20%

UNIA_M_IN_ED1BIS 2.34

UNIA_M_IN_EDAM 1.60 0%

0 2 4 6 8 10 12

Figure 7: Top 10 Engineering Building chart by Impact Index.
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1.2.2 Maintenance How-To — Prediction microservice
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The MHT - Pr microservice complements the Health Status analysis by focusing on the automated
classification of technical reports at the ticket level. Unlike the HS component, which highlights spatial
concentrations and aggregated maintenance trends, the Pr module is designed to support operational
workflows by providing predictive labels on individual requests (Figure 8). Predictions are generated by
the machine learning models trained on historical ticket data shown in WP2, Deliverable D2.1. Users can
either accept, modify, or revert the output proposed by the models (i.e., the intervention Priority, ranging
from P1 to P3, Programmability, ranging from Undeferrable to Long-Term, and Activity Type, in according
to WP1 tasks). It is important to underline that this module does not aim to produce aggregated indicators
or spatial insights, but rather to streamline the classification of individual reports to reduce the potential
for human error and ultimately contribute to a more efficient management of the maintenance workflow.
The accuracy of the predictive models - as reported in Deliverable 2.1 - provides a quantitative
benchmark for reliability, confirming the practical value of this component in supporting daily maintenance
activities.

11 - HVAC Pl 1differibile

7 [E] REVERT PREDICTION

Figure 8: Prediction result for a typical maintenance request., classified in Activity Type ‘11 - HVAC', Priority ‘P1 - High priority’,
and Programmability ‘Undeferrable’.

1.3 Discussion

MHT-HS results show that the overall impact of Cluster L6-047-006 is linked to its heterogeneous and
complex composition, which includes the Engineering district as the most demanding area, especially in
terms of electrical and plumbing systems. Although most requests are of low priority and largely
programmable, their sheer number translates into a high workload that requires careful planning. At the
building scale, considering the Engineering case study, the impact is spread across several structures rather
than being attributable to a single critical asset, reinforcing the importance of adopting a system-wide
perspective in maintenance planning. This also means that the Impact Index should be interpreted as a
synthetic indicator of relative criticality, useful for comparing clusters or buildings under a common
framework, rather than as an absolute measure of workload.

MHT-PR results were not only validated against historical data using standard performance metrics
such as accuracy (see Deliverable 2.1), but were also reviewed by the internal technical staff responsible
for facility management. Their feedback confirmed the reliability of the predictions, thus reinforcing the
practical applicability of this module as a decision-support tool in daily maintenance operations.
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2 Application of the Operation How-To Microservice

2.1 Demonstration data

21.1 Input data from other WPs

The Operation How-To (OHT) microservice was tested on two classrooms located at the Politecnico
di Milano, Lecco Campus, namely Classroom A1.3 in Building 10 and Classroom B1.5 in Building 9. Both
spaces were selected as representative examples of lecture halls with continuous monitoring of Indoor
Environmental Quality (IEQ) and HVAC operation.

Classroom A1.3 (Building 10)

The classroom has a floor area of 373.02 m?, a height of 3.80 m, and a volume of 1417.48 m®. It features
dual frontage: the north side consists of a fully glazed facade, while the west side has a continuous ribbon
window. The room is located on the first floor, above a restaurant/bar with a distinct HVAC and occupancy
schedule, and beneath the roof where ventilation systems and renewable energy devices are installed.
A1.3 is served by a dedicated HVAC system that autonomously adjusts its parameters on a daily basis to
maintain comfort. In addition to lectures, the room is occasionally used for individual study or conferences,
leading to variable occupancy levels across different time slots.

Classroom B1.5 (Building 9)

This room has a floor area of 170.71 m?, a height of 3.80 m, and a volume of 648.70 m®. It is also located
on the first floor, with classrooms above and below that follow similar climatization strategies. The only
external frontage is on the west side, with a continuous facade. As in A1.3, the room is served by a
dedicated HVAC system that autonomously regulates indoor conditions. Occupancy levels are based on
administrative records and vary by semester, with the space also available for individual study and
conferences outside scheduled lectures.

Sensor setup

Each classroom is equipped with four environmental monitoring sensors: two positioned at the front
and two at the back, providing spatial coverage of indoor conditions. Gas sensors (CO, and VOC) are
placed at 3.30 m, while temperature sensors are positioned at 1.20 m (front) and 2.50 m (back). The
sensors monitor air temperature, relative humidity, CO,, VOC, particulate matter (PM1, PM25, PM4, PM1o),
and illuminance (lux). A weather station near the buildings provides outdoor data (air temperature, relative
humidity, global radiation, wind speed).

Electrical consumption is measured through amperometric clamps, while HVAC thermal power is
monitored with ultrasonic flow meters and temperature sensors.

Data processing

Data were cleaned to remove duplicates and standardized across both classrooms. Indoor parameters
were matched with outdoor variables to calculate comfort indices such as Predicted Mean Vote (PMV)
and Predicted Percentage Dissatisfied (PPD). The dataset Operation_HT_Dataset.csv served as the
primary source for analysis, complemented by cluster profile files
(Operation_HT_Cluster_Temperature.csv, Operation_HT_Cluster_TP.csv).
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2.2 Demonstration results
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The OHT microservice was utilized to analyze the collected data, with its interactive dashboard serving
as the primary interface. The demonstration confirmed the tool's value as an operational monitoring and
decision-support instrument by providing actionable insights across several key areas.

2.2.1 Real-Time IEQ Monitoring and Comfort Analysis

The dashboard's color-coded gauges (Figure 9) provided an immediate visualization of IEQ conditions,
translating raw sensor data into an intuitive performance assessment. This qualitative alert was
complemented by the "Time in Comfort Zones" KPI, which quantified the percentage of operational hours
spent within "good," "acceptable," and "poor" ranges for any selected environmental parameter, illustrated
in Figure 10. This functionality allows a facility manager to quickly assess the overall performance of a
space without analyzing raw time-series data.

EQ KP! Gauges (B15 - Front, Summer)

Air Temperature (°C) Relative Humidity (%) CO2 (ppm)

24.3 40.7 498

Illumination WOC (ppb) PM 1 (ug/m®)

398 3 O

PM 2.5 (ug/m")} PM 4 (ug/m°)} PM 10 (ug/m®)

O O O

Figure 9. KPIs scorecard

Time in Comfort Zones (Opening Hours)

27.3% 17.9%

Figure 10. Graph of the Time in Comfort Zones throughout the day

2.2.2 Occupancy Pattern Analysis

The microservice estimated real-time occupancy from CO, data and enabled its visual comparison with
scheduled room usage (Figure 11), a functionality that proved valuable for identifying discrepancies
between planned and actual utilization. The analysis highlighted periods when a classroom was occupied
outside of scheduled lectures, likely for individual or group study, a usage pattern not captured by
administrative data. This demonstrates the tool's capacity to provide a more accurate representation of
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space utilization, thereby enabling better-informed decisions regarding ventilation and energy
management.

Grant number: 2022JMRX2A
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Figure 11. Graph of the Occupancy KPIs showing the scheduled and estimated occupancy associated with the standard deviation

2.2.3 Daily Performance Profiling via Clustering

Using decision-tree-based clustering, the microservice automatically classified daily operational data
for parameters such as temperature and thermal power into distinct performance profiles, as shown in
Figure 12. This feature enabled the establishment of typical operational benchmarks for specific
conditions. The tool then demonstrated its diagnostic utility by identifying a day that, despite fitting a
specific context, exhibited unusually low energy consumption—an anomaly that could prompt
investigation into a potential HVAC system fault. This capability showcases the microservice's potential
to facilitate a shift from reactive to proactive facility management.

Air Temperature (°C) in B15 (Front) - Today (16/09/2025)

— Ajr Temperature (°C) m— Cluster Daily Profile
34

32

Alr Temperature {°C)
]
E
o

Min: 22.8

Time

Figure 12. Graph of the Air Temperature associated with the Cluster Daily Profile
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2.2.4 Composite Comfort & Performance Index (CCPI)

The primary value of the CCPI (Figure 13) was demonstrated not merely as an aggregated score, but
as a decision-support engine that translates performance data into actionable recommendations. The
microservice integrates a rule-based logic that analyzes the constituent sub-indices to generate specific,
context-aware advice for facility managers. The sub-index values can be adjusted by the stakeholder in
order to get a tailored assessment of the indoor conditions.

The demonstration highlighted how the system evaluates the Thermal Comfort (TC) and Indoor Air
Quality (IAQ) scores to prioritize interventions. For instance:

Grant number: 2022JMRX2A

e  When both TC and IAQ scores were high, the system generated recommendations focused on
energy optimization, such as increasing air recirculation.

e Conversely, in scenarios where one parameter was satisfactory but the other was not, the
recommendations prioritized correcting the deficient parameter. For example, if TC was
adequate but IAQ was poor, the suggested action was to increase the fresh air supply.

e Incritical instances where both TC and IAQ were poor, the microservice advised a dual action:
prioritizing fresh air intake while simultaneously increasing heating or cooling output.

This logic was complemented by independent recommendations for visual comfort, which were
triggered based on measured illuminance levels. The tool advised direct actions, such as adjusting blinds
or artificial lighting, whenever illumination fell outside the acceptable range. This functionality
demonstrates the CCPI's value in translating complex, multi-variable data into clear, prioritized, and
actionable guidance for facility managers, moving beyond simple monitoring to active operational support.

Composite Comfort & Performance Index (CCPI)

Owverall CCPI Score RESET WEIGHTS

C Weight
44.1
Thermal Comfort AQI Weight
Lux Weight

Air Quality Index

0.93

Illumination

Recommendations

* Excellent temperature and air quality: consider increasing air recirculation for energy
saving.

* Low illimination quality: consider adjusting blinds ar Lights.

Figure 13. Scores and recommendations derived from the CCPI
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The application of the OHT microservice demonstrated its effectiveness as a tool for operational
monitoring and decision support in higher education buildings. The analysis revealed distinct operational
behaviors between the two classrooms, driven by their respective physical characteristics and usage
patterns.

From a facility management perspective, the microservice provides several advantages. The integration
of diverse Indoor Environmental Quality (IEQ) parameters into the Composite Comfort & Performance
Index (CCPI) offers a holistic and intuitive assessment of indoor environments, which can guide strategic
adjustments to HVAC and lighting systems. The adjustable weighting of the CCPI enhances its practical
relevance by allowing operators to prioritize actions based on specific needs. Furthermore, the clustering-
based classification of daily profiles provides a crucial diagnostic layer, enabling a shift from reactive
problem-solving to proactive performance management.

This study also identified two primary limitations. First, its confinement to two classrooms necessitates
broader deployment to validate the scalability and generalizability of the findings. Second, while the CO,-
based occupancy estimation proved effective for operational monitoring, its accuracy could be enhanced
by integrating data from other presence-detection technologies.

In its current implementation, the OHT microservice is oriented toward a monitoring and diagnostic
instrument. Future development should focus on enabling closed-loop control through tighter integration
with Building Management Systems (BMS). This would facilitate the implementation of automated,
demand-driven strategies to improve |[EQ, optimize energy efficiency, and reduce operational costs.

Grant number: 2022JMRX2A

2.3 Discussion
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3 Application of the Energy What-If Microservice

3.1 Demonstration data

3.1.1 Input data and models from other WPs

The Energy What-If (EWI) microservice supports occupancy planning in buildings by assessing the impact
of functional changes on energy demand for space conditioning. It estimates the resulting costs and
emissions, and compares alternative scenarios to optimize energy management.

EWI was demonstrated in the project through its application to two representative case studies at the
building scale: Building 09 and Building 10, both part of the POLIMI building stock located in Lecco, as
described in Deliverable D1.1. These are university buildings primarily composed of lecture spaces, with
associated service areas and laboratories.

The input data used by EWI are directly extracted from the buildings’' energy models (BEM), which are
generated from BIM models (the process is documented in D1.1, "Topological BIM") via the BIM-to-BEM
workflow described in D3.1, "KPIs and Predictive Methods for Operation Tasks". These models were then
further processed as explained in D5.1, "Multicriteria Analysis Method Description”, whereby, for each
analyzed scenario, a corresponding BEM was created to represent the specific conditions of that scenario.

Together with climatic data, these BEMs constitute the primary input for launching simulations in
EnergyPlus and evaluating EWI's KPIs according to the multicriteria logic outlined in D5.1.

Figure 14: IDF models of the selected pilot site and context shadings. Building 10 on the top, Building 09 on the bottom.
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3.1.2 Case study scenarios

The following what-if scenarios were defined and simulated for the selected case studies:

Scenario 0 - Current State (2024), Classrooms CAV-Volume: baseline scenario with lecture
halls in 2024 with Constant Air Volume (CAV) systems controlled by volume flow.

Scenario 1 - Classrooms CAV-Person: same as Scenario O, but CAV systems are controlled
based on airflow per person.

Scenario 2 - Classrooms VAV-Person: same as Scenario 0, but with Variable Air Volume (VAV)
systems that modulate flow based on occupancy (maintaining minimum flow when unoccupied
as per regulations).

Scenario 3 - Classrooms +20% Capacity: classroom seating capacity is increased by 20%.
Scenario 4 - Classrooms -20% Capacity: classroom seating capacity is reduced by 20%.
Scenario 5 - Classrooms Fully Occupied: classrooms are assumed to be 100% occupied during
all operating hours.

Scenario 6 - Classrooms Half Occupied: classrooms are assumed to be 50% occupied during
all operating hours.

Scenario 7 - Classrooms 75% Occupied: classrooms are assumed to be 75% occupied during
all operating hours.

Scenario 8 - Classrooms 25% Occupied: classrooms are assumed to be 25% occupied during
all operating hours.

Scenario 9 - Closed Offices CAV-Volume: closed office spaces with CAV systems controlled
by volume flow.

Scenario 10 - Closed Offices CAV-Person: closed office spaces with CAV systems controlled
per-person.

Scenario 11 - Closed Offices VAV-Person: closed office spaces with VAV systems modulating
airflow based on occupancy (maintaining minimum flow when unoccupied).

Table 2 shows the modifications applied to the BEM models for the simulation of the corresponding

scenarios.
Table 2. Scenario smodelled for the EWI microservice demonstration.
Occupancy  Occupancy  Occupancy Mechanical
Scenario ID Name Occupancy Type of Primary Densn'fy Density D.en.5|ty Sch'edfjle Ventilation
Spaces Operation Safety Variation (vs Variation Type
(pp/m?) (pp/m?) scenario 0)
Current state
. .. . CAV (volume-
scenario0 (2024) - EducatlonAndTrz.;nnlngSpaces. 0,60 1,20 0% None based air
Classrooms LectureHall(FixedSeats) changes)
CAV-volume g
. Classrooms  EducationAndTrainingSpaces: o CAV (person-
scenaliCel CAV-person LectureHall(FixedSeats) 0,60 120 0% None based flow)
VAV (person-
based
. Classrooms  EducationAndTrainingSpaces: o demand, min
scenario2 VAV-person LectureHall(FixedSeats) 0,60 120 0% None norm flow
when
unoccupied)
Classrooms . - . CAV (volume-
scenario3 +20% EducatlonAndTrz.;nnlngSpaces. 0,72 1,44 20% None based air
. LectureHall(FixedSeats)
Capacity changes)
Classrooms . - . CAV (volume-
scenariod o0y EducationAndlrainingSpaces: g 4q 0,96 -20% None based air
. LectureHall(FixedSeats)
Capacity changes)
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Offices VAV

()8

EducationAndTrainingSpaces:
LectureHall(FixedSeats)

EducationAndTrainingSpaces:
LectureHall(FixedSeats)

EducationAndTrainingSpaces:
LectureHall(FixedSeats)

EducationAndTrainingSpaces:
LectureHall(FixedSeats)
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0%

0%

0%

0%

N/A
(different
function)

N/A
(different
function)

N/A
(different
function)

100 %
occupancy
rate, 9:00-

18:00 (Mon-
Fri)

50 %
occupancy
rate, 9:00-

18:00 (Mon-
Fri)

75 %
occupancy
rate, 9:00-

18:00 (Mon-
Fri)

25 %
occupancy
rate, 9:00-

18:00 (Mon-
Fri)
Standard
office hours,
9:00-18:00
(Mon-Fri)
Standard
office hours,
9:00-18:00
(Mon-Fri)

Standard
office hours,
9:00-18:00

(Mon-Fri)

CAV (volume-
based air
changes)

CAV (volume-
based air
changes)

CAV (volume-
based air
changes)

CAV (volume-
based air
changes)

CAV (volume-
based air
changes)

CAV (person-
based flow)

VAV (person-
based
demand, min
norm flow
when
unoccupied)

The results of the EWI multicriteria analysis are presented in Table 3 and Table 4, separately for the two
buildings. Moreover, the same results are depicted in Figure 15 and Figure 16 for visual comparison.
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Table 3. EWI’s KPlIs for the demonstration building “Building 10”.

Grant number: 2022JMRX2A

Building  Building Building Building B‘::"g'zng Building CO2

El:l‘:;iy Er::zy Costs Costs Emissions Emissions
[kgCO2eq/mq]*

[TEP]  [TEP/mql* (EUR] [EUR/mal* \\ oCO2eq]

Building Building
Utilization Occupancy
Rate [-] Rate [-]

Scenario Scenario
ID Name

Current
state
(2024) -
Classrooms
CAV-
volume

scenarioO 21.9% 8.9% 460.27 0.077 118428.64 19.70 375280.02 62.43

Classrooms
scenariol CAV- 21.9% 8.9% 508.17 0.085 141886.94 23.60 459866.07 76.50
person

Classrooms
scenario2 VAV- 21.9% 8.9% 439.50 0.073 106358.36 17.69 330839.59 55.03
person

Classrooms
scenario3 +20% 22.7% 9.3% 471.78 0.078 120257.63 20.00 380033.31 63.22
Capacity

Classrooms
scenario4 -20% 20.8% 8.5% 463.40 0.077 119216.16 19.83 377759.13 62.84
Capacity

Classrooms
scenario5 Fully 21.9% 32.3% 554.06 0.092 133401.12 22.19 414292.57 68.91
Occupied

Classrooms
scenariob Half 21.9% 16.1% 508.06 0.085 126215.83 21.00 395805.63 65.84
Occupied

Classrooms
scenario7 75 % 21.9% 24.2% 534.60 0.089 130339.52 21.68 406381.75 67.60
Occupied

Classrooms
scenario8 25% 21.9% 8.1% 471.88 0.078 120704.42 20.08 381836.37 63.52
Occupied

Closed
X Offices
scenario9 CAV- 28.1% 17.3% 493.37 0.082 124410.98 20.70 391903.26 65.19

volume

Closed
. Offices
scenario10 CAV- 28.1% 17.3% 467.18 0.078 111144.25 18.49 343854.54 57.20

person

Closed
scenarioll Offices 28.1% 17.3% 452.18 0.075 105759.53 17.59 325387.42 54.13
VAV

* Building net area considered for normalizing the KPI: 6011 mZ2.
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Table 4. EWI’s KPlIs for the demonstration building “Building 09”.

Scenario
ID

Scenario
Name

Building

Utilization Occupancy

Rate [-]

Building

Rate [-]

Building
Energy
Need
[TEP]

Building
Energy
Need
[TEP/mq]*

Building
Costs
[EUR]

Building
Costs
[EUR/mq]*

Building
CcO2
Emissions
[kgCO2eq]

Building CO2
Emissions
[kgCO2eq/mq]*

scenarioQ

scenariol

scenario2

scenario3

scenario4

scenario5

scenario6

scenario7

scenario8

scenario9

scenariol0

scenarioll

Current
state
(2024) -
Classrooms
CAV-
volume

Classrooms
CAV-
person

Classrooms
VAV-
person

Classrooms
+20%
Capacity

Classrooms
-20%
Capacity

Classrooms
Fully
Occupied

Classrooms
Half
Occupied

Classrooms
75 %
Occupied

Classrooms
25 %
Occupied

Closed
Offices
CAV-
volume

Closed
Offices
CAV-
person

Closed
Offices
VAV

11.0%

11.0%

11.0%

11.7%

10.1%

11.0%

11.0%

11.0%

11.0%

15.4%

15.4%

15.4%

5.6%

5.6%

5.6%

5.8%

5.4%

20.3%

10.7%

15.5%

5.9%

15.1%

15.1%

15.1%

1296.34

1248.61

1089.34

1237.80

1226.89

1349.62

1286.74

1321.04

1246.20

1321.45

1183.81

1153.93

0.15

0.14

0.12

0.14

0.14

0.15

0.14

0.15

0.14

0.15

0.13

0.13

298319.46

293200.53

235389.91

287842.56

286413.67

305121.56

295755.62

300839.94

289752.30

302040.39

252572.16

244710.04

* Building net area considered for normalizing the KPI: 8941 mZ2.

33.37

32.79

26.33

32.19

32.03

34.13

33.08

33.65

3241

33.78

28.25

27.37

912887.65

903258.38

704573.29

883907.96

880650.45

928082.36

904676.36

917342.65

889728.83

922155.39

752460.39

727387.55

102.10

101.02

78.80

98.86

98.50

103.80

101.18

102.60

99.51

103.14

84.16

81.35
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Figure 15. Parallel coordinate plot for EWI’s KPIs for the demonstration building “Building 10”.
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Figure 16. Parallel coordinate plot for EWI’s KPIs for the demonstration building “Building 09”.
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3.3 Discussion

3.3.1 Building 10

The baseline for Building 10 (Scenario 0) is the 2024 lecture hall configuration with fixed seating and
constant air volume (CAV) control set by the design supply volume.

Shift to demand-driven ventilation strategies

Switching the control variable while retaining CAV hardware has opposite consequences. When airflow
is regulated per person (Scenario 1) the building demands 46 % more heating energy and 15 % more
cooling energy than the baseline (Scenario 0); those shifts propagate to a hypothetical 9 % increase in
primary-energy demand (TEP), a 19 % rise in operating cost and a 22 % rise in operational CO,. Conversely,
replacing CAV with demand-controlled variable-air-volume (VAV-person, Scenario 2) lowers heating
energy by 24 % and cooling energy by 7 %, which translates into 4 % lower TEP, 9 % lower costs and 11
% lower emissions. Demand-controlled VAV, therefore, emerges as the most effective option for this
occupancy profile. However, it should be noted that, to complete the cost analysis, the costs of converting
the HVAC system to VAV-person control should be included in a life-cycle cost (LCC) assessment
approach.

Changes to the capacity of main spaces

Nominal seating capacity. Adjusting design density by £20 % has only second-order effects because
the ventilation strategy remains CAV-volume in the modelled scenarios. With 20 % more seats (Scenario
3) total TEP, cost and emissions each increase by roughly 3 %. The additional occupants raise internal
gains, amplifying summer cooling demand. Reducing capacity by 20 % (Scenario 4) has the opposite
thermal balance: winter heating demand climbs, giving rises of 1-2 % in each aggregated indicator. Energy-
peak management could exploit a hybrid of these two capacity levels. However, the limited variation
suggests that capacity changes would matter far more in person-based airflow scenarios, where
ventilation supply directly tracks head count.

Modifications to space occupancy schedules

Real-time occupancy rate. Scenarios 5-8 impose fixed utilization levels of spaces from 25 % to 100 %.
Energy behaviour follows the seasonal interaction between internal gains and weather. The least-occupied
case (Scenario 8, 7 % instantaneous occupancy) is energetically preferable and, in fact, mirrors the present
operating condition (= 9 % occupancy), yielding almost identical TEP, cost and CO,. In sharp contrast,
continuous full occupancy (Scenario 5, 16% instantaneous occupancy) is the most demanding variant,
adding 21% to TEP, 14% to cost, and 12% to emissions, primarily due to elevated summer cooling loads.
Unless airflow is modulated by demand, minimizing occupancy remains the only effective lever for energy
savings.

Repurposing of spaces

Re-using the spaces as closed offices under CAV-volume control (Scenario 9) reduces internal gains yet
maintains the same air-supply rate, so winter heat losses dominate: TEP rises by 8 %, cost by 6 % and
emissions by 6 %. Introducing VAV demand control (Scenario 11) reverses this trend, cutting TEP by 9 %,
cost by 15 % and CO, by 17 % relative to Scenario 9 through simultaneous reductions in heating and
cooling demand. Once again, demand-driven VAV provides the optimal performance.
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3.3.2 Building 09

The reference configuration for Building 09 mirrors that of Building 10: lecture halls served by CAV-
volume control (Scenario 0). Due to its longitudinal east-west axis and fully south-facing facade, solar gains
play a larger role than internal gains, and this distinction significantly shapes the scenario outcomes.

One critical feature of Building 09 is its east-west longitudinal layout, which places an entire long
facade facing south; the associated solar gains dominate the building’s energy balance, resulting in a 35 %
higher cooling-energy demand per square metre of net floor area than Building 10, which, by contrast, has
only a small south-facing facade and is oriented along a north-south axis.

Shift to demand-driven ventilation strategies

Switching to CAV-person control (Scenario 1) has only a mild penalty—8 % more heating energy, no
change in cooling energy, and consequent increases of 1 % in TEP, 2 % in cost and 2 % in emissions. In
stark contrast, the VAV-person option (Scenario 2) produces substantial benefits: heating energy falls by
46 %, cooling energy by 25 %, and the aggregated indicators drop by 13 % (TEP), 19 % (cost) and 21 %
(CO,). As with Building 10, demand-controlled VAV is the best choice.

Changes to the capacity of main spaces

Increasing or decreasing design density by 20 % changes performance by at most 2 % because the
ventilation supply remains fixed. The solar-driven heat balance of this building reduces the influence of
internal gains further than in Building 10, reinforcing the insight that, under volume-based CAV, capacity
adjustments have little operational significance.

Modifications to space occupancy schedules

The same qualitative logic holds for Scenarios 5-8. The lowest-utilization variant (Scenario 8, 6%
instantaneous occupancy) aligns with the present measured rate and therefore matches the baseline TEP,
cost, and emissions. Continuous full occupancy (Scenario 5, 20 % instantaneous occupancy) is again the
worst case, though the penalties are smaller than in Building 10: TEP rises by 8 %, cost by 6 % and CO,
by 5 %. Overall, Building 09 proves less sensitive to occupancy than Building 10, a result attributable to
its dominant solar exposures.

Repurposing of spaces

With CAV-volume control, the office scenario (Scenario 9) shows moderate increases - 6 % in TEP, 4
% in cost and 4 % in emissions - driven by higher winter heating demand. VAV demand control (Scenario
11) again provides the most significant gains for office scenarios: TEP drops by 8 %, cost by 16 % and
emissions by 18 % relative to Scenario 9.
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4 Application of the Safety What-If Microservice
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4.1 Demonstration data

41.1 Input data and models from other WPs

The Safety What-If (SWI) microservice supports occupancy planning in buildings by assessing the impact
of functional changes on the safety condition of main spaces and the overall building.

As for EWI, SWI was demonstrated in the project through its application to two representative case
studies at the building scale: Building 09 and Building 10, both part of the POLIMI building stock located
in Lecco, both university buildings primarily composed of lecture spaces, with associated service areas and
laboratories.

The input data used by SWI are directly extracted from the buildings’ safety models (BSM), which are
generated from BIM models (the process is documented in D1.1, "Topological BIM") via the BIM-to-BSM
workflow described in D4.1, "KPIs and Predictive Methods for Safety Tasks". These models were then
further processed as explained in D5.1, "Multicriteria Analysis Method Description", whereby, for each
analyzed scenario, a corresponding BSM was created to represent the specific conditions of that scenario.

These BSMs constitute the primary input for launching simulations in Python and evaluating SWI's KPls
according to the multicriteria logic outlined in D5.1.

Figure 17: BSM model of the selected pilot site. Building 10 and Building 09.

4.1.2 Case study scenarios
The following what-if scenarios were defined and simulated for the selected case studies:

e Scenario 0 - Current State (2024): baseline scenario with lecture halls in 2024.

e Scenario 3 - Classrooms +20% Capacity: classroom seating capacity is increased by 20%.
e Scenario 4 - Classrooms -20% Capacity: classroom seating capacity is reduced by 20%.
e Scenario 9 - Closed Offices: offices closed to the public.

Table 5 shows the modifications applied to the BSM models for the simulation of the corresponding
scenarios. These scenarios match the scenarios modelled for the EWI microservice (Table 2).
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Table 5. Scenario modelled for the SWI microservice demonstration.
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. . . Occupancy Density
Scenario ID Name Occupancy Type of Primary Occupar\cy Densfy Occupancy Denzslty Variation (vs scenario
Spaces Operation (pp/m?) Safety (pp/m?) 0)
Current state
. (2024) - EducationAndTrainingSpaces: 5
scenario0 Classrooms LectureHall(FixedSeats) 0,60 1,20 0%
CAV-volume
. Classrooms EducationAndTrainingSpaces: o
scenario3 +20% Capacity LectureHall(FixedSeats) g Lis =
. Classrooms EducationAndTrainingSpaces: e
scenario4 -20% Capacity LectureHall(FixedSeats) i e 207
. Closed Offices CommerceActivitySpaces: N/A (different
scenario? CAV-volume OfficeSpaces 62 DA function)

4.2 Demonstration results

The results of the SWI multicriteria analysis are presented in the following tables, separately for the two
buildings. Moreover, the same results are depicted in the following figures for visual comparison.
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4.2.1 Building-Level checks

Table 6. SWI’s KPIs for the demonstration building “Building 10” - Building Level Checks.

Scenario ID Scenario Name Width Ratio Length Ratio
scenario0 Current state (2024) VERIFIED VERIFIED
scenario3  Classrooms +20% Capacity VERIFIED VERIFIED
scenario4  Classrooms -20% Capacity VERIFIED VERIFIED
scenario9 Closed Offices VERIFIED VERIFIED

Table 7. SWI's KPIs for the demonstration building “Building 09” - Building Level Checks.

Scenario ID Scenario Name Width Ratio Length Ratio
scenarioO Current state (2024) VERIFIED VERIFIED
scenario3  Classrooms +20% Capacity UNVERIFIED VERIFIED
scenario4  Classrooms -20% Capacity VERIFIED VERIFIED
scenario9 Closed Offices VERIFIED VERIFIED

Figure 18. SWI's KPIs for the demonstration building “Building 09” and “Building 10”- Building Level Checks - Width Ratio.

Scenario 0 Scenario 3
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4.2.2 Storey-Level checks

Table 8. SWI's KPlIs for the demonstration building “Building 10” - Storey Level Checks.

Scenario ID Scenario Name Width Ratio
scenario0 Current state (2024) VERIFIED
scenario3  Classrooms +20% Capacity UNVERIFIED
scenario4  Classrooms -20% Capacity VERIFIED
scenario9 Closed Offices VERIFIED

Table 9. SWI’s KPIs for the demonstration building “Building 09" - Storey Level Checks.

Scenario ID Scenario Name Width Ratio
scenarioO Current state (2024) VERIFIED
scenario3 Classrooms +20% Capacity VERIFIED
scenario4  Classrooms -20% Capacity VERIFIED
scenario9 Closed Offices VERIFIED

Figure 19. SWI's KPIs for the demonstration building “Building 09” and “Building 10”- Storey Level Checks - Width Ratio.

Scenario O Scenario 3
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4.2.3 Room-Level checks
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Table 10. SWI's KPlIs for the demonstration building “Building 10” - Room Level Checks.

Scenario ID Scenario Name Width Ratio Length Ratio Final Lt'ength Indlpe'n dent Openings
Ratio Exits
scenarioO Current state (2024) VERIFIED VERIFIED VERIFIED VERIFIED VERIFIED

scenario3  Classrooms +20% Capacity VERIFIED VERIFIED VERIFIED

scenario4  Classrooms —20% Capacity VERIFIED VERIFIED VERIFIED

scenario9 Closed Offices VERIFIED VERIFIED VERIFIED

VERIFIED VERIFIED

VERIFIED VERIFIED

VERIFIED VERIFIED

Table 11. SWI’s KPlIs for the demonstration building “Building 09” - Room Level Checks.

Scenario ID Scenario Name Width Ratio Length Ratio Final Lt?ngth Indlpe.n dent Openings
Ratio Exits
scenarioO Current state (2024) VERIFIED VERIFIED VERIFIED VERIFIED VERIFIED

scenario3  Classrooms +20% Capacity VERIFIED VERIFIED VERIFIED

scenario4  Classrooms —20% Capacity VERIFIED VERIFIED VERIFIED

scenario9 Closed Offices VERIFIED VERIFIED VERIFIED

UNVERIFIED  VERIFIED

VERIFIED VERIFIED

VERIFIED VERIFIED

Figure 20. SWI’s KPlIs for the demonstration building “Building 09” and “Building 10”- Room Level Checks - With Ratio.

Scenario O

Scenario 3
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4.2.4 Element-Level checks

Table 12. SWI'’s KPlIs for the demonstration building “Building 10” - Element Level Checks.

Horizontal . .
Horizontal Vertical Elements .
. . Elements . . Vertical Elements
Scenario ID Scenario Name . . . Elements Minimum Width . .
Minimum Width ) . . Width Ratio
. Width Ratio Ratio
Ratio
scenario0 Current state (2024) VERIFIED VERIFIED VERIFIED VERIFIED
scenario3  Classrooms +20% Capacity VERIFIED UNVERIFIED VERIFIED VERIFIED
scenario4  Classrooms —20% Capacity VERIFIED VERIFIED VERIFIED VERIFIED
scenario9 Closed Offices VERIFIED VERIFIED VERIFIED VERIFIED

Table 13. SWI’s KPlIs for the demonstration building “Building 09” - Element Level Checks.

Horizontal . .
Horizontal Vertical Elements .
. . Elements .. . Vertical Elements
Scenario ID Scenario Name - . Elements Minimum Width . .
Minimum Width ) . . Width Ratio
. Width Ratio Ratio
Ratio
scenarioO Current state (2024) VERIFIED VERIFIED VERIFIED VERIFIED
scenario3  Classrooms +20% Capacity VERIFIED UNVERIFIED VERIFIED VERIFIED
scenario4  Classrooms —20% Capacity VERIFIED VERIFIED VERIFIED VERIFIED
scenario9 Closed Offices VERIFIED VERIFIED VERIFIED VERIFIED

Figure 21. SWI's KPlIs for the demonstration building “Building 09” and “Building 10”- Element Level Checks - Horizontal
Elements With Ratio.

Scenario O Scenario 3
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4.3 Discussion

The assessment shows that every configuration except Scenario 3 (Classrooms +20 % capacity) satisfies
all code requirements. The baseline condition for 2024 lecture halls with fixed seating (Scenario 0) is fully
compliant, as expected considering that the current scenario has been designed according to National Fire
Regulations. As expected, the lower-density variants given by Scenario 4 (Classrooms -20 % capacity) and
Scenario 9 (Closed offices, no public access) are compliant too. In Scenarios 4 and 9, the occupant load is
lower than the baseline; therefore, the existing widths of egress routes and the compartmentation strategy
remain adequate.

Scenario 3, by contrast, triggers a safety alert. Increasing the nominal headcount in all relevant spaces
by 20 % would overload some elements of the evacuation network, whose exit widths cannot
accommodate the higher density. A few rooms could technically accommodate the extra occupants, but
the condition cannot be generalized to the entire building without physical architectural interventions to
the current evacuation system. Consequently, stakeholders are rapidly aware that Scenario 3 can be: (1)
discarded at the EWI decision stage in case of generalized occupancy load increase in both the buildings
and in all their areas, because it is not implementable under the current regulatory framework; (2) adapted
by limiting occupancy load increase to non-critical rooms and storeys highlighted by KPlIs, especially for
Building 10; (3) associated with physical interventions focused on some doors and paths, by including
additional openings or making the existing ones wider; (4) associated with management planning actions
devoted at evacuation control, especially for evacuation paths with critical KPI levels (i.e. width), and
guidance of occupants towards specific direction, since this can reduce the number of evacuees and thus
the required path width. Options (2), (3) and (4) should be furtherly evaluated by involving fire safety
experts, to match regulation specificities for their application and general criteria, but the general model
could be applied indeed, including related modifications, to have a quick overview of the results based on
KPIs. In these cases, the BIM model (and thus the topologic one) will be modified at the scale of the
component elements, updated depending on the dimensional and occupancy requirements,
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