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Abstract

The impacts of renovation actions on pre- and post-retrofitting building performances are

complex to analyse, particularly small and potentially self-actuated actions, such as adding

insulation layers to a cold roof slab or changing doors. These interventions are widespread

in small residential houses and cases where the owners are the residents. However, a large

research gap currently remains regarding the impact of sustainable solutions on building

performance. This study aims to address this issue by proposing a methodology based

on commercial cloud monitoring solutions and middleware development that analyses

and reports on the impact of such solutions to end users, allowing for an analysis of real

variations in air temperature levels. The methodology is applied to two single/double-

family residential houses, acting as demo cases for verification, across a multi-year time

horizon. In both cases, measurements were conducted before and after typical limited reno-

vation actions. Alongside the proposed methodology, descriptions of the smart solutions’

requirements are provided. The results mainly focus on temperature variations. Finally,

the impact of the solutions on energy consumption was analysed for one of the buildings,

and feedback was briefly provided by the users.

Keywords: energy retrofitting; self-construction; IEQ; post-intervention; building perfor-

mance; energy monitoring; smart building

1. Introduction

During recent decades, several countries and the European Union (EU) have shown

much interest in defining and supporting actions and regulations aimed at reducing the

energy and climate impact of buildings, with the latter being responsible for more than 40%

of the total primary energy needs and more than one third of the Green House Gas emissions

in the EU [1,2]. The mentioned actions mainly help to define minimal energy requirements

for new and existing buildings under renovation—see, for example, ref. [3]—and define

incentivising policies.

At the European level, the renovation market is expected to grow from USD

956.88 billion in 2021 to about USD 1012.47 billion in 2026 [4]. Hence, the topic of building

stock renovation has become essential—at least in a context such as the European one,

where current policies incentivise this type of intervention to reduce energy consumption

and improve the indoor environmental quality (IEQ) of confined spaces. Among other

policies, the Green Deal initiatives [5], the Next Generation EU [6], and the Renovation

Wave EU [7,8] are worth mentioning. Additionally, national incentives and economic
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bonuses have been introduced to support end users in making significant renovations to

buildings in the hope of improving their buildings’ Energy Performance Certification (EPC)

classification. Moreover, in specific contexts—such as in Italy—some categories of small

retrofitting actions qualify, for example, for tax payback of part of the costs.

Nevertheless, building renovation is a vast and complex topic, requiring not only

the support and incentivisation of actions but also verification of the real impact of those

renovation actions to avoid performance gaps (PGs) between the expected individual and

political performances and the ones currently achieved during building operation [9,10].

Post-intervention evaluations are complex to perform, especially if they include IEQ

analyses, due to the lack of available data before and after the renovation [11–13]. The pos-

sibility of communicating the impact of a retrofitting action to the end users is also limited,

as these types of analyses are generally used for research purposes or were developed by

energy management companies of large buildings, such as ESCOs, to minimise the rebound

effect of PGs in the first years after the intervention to maximise their payback [14,15].

Moreover, these mentioned challenges become almost impossible to address when the

analysed action is not an extensive renovation but a specific intervention managed by

a small building owner to a focused area, such as window or door substitutions or the

addition of an insulation layer to the floor of a cold storage attic.

This study aims to address the above-mentioned research gaps, focusing on the latter,

which is very diffuse in contexts where the resident is also the owner; for example, in

European Member States such as Italy. The proposed methodology, developed during

an EU-co-founded H2020 project—called the Next Generation of Energy Performance

Assessment and Certification [16]—adopts smart monitoring systems and data elaboration

platforms to support multiple analyses, including real-time suggestions and performance

gap detections via digital twins; see [17–19]. Given this background, this study focuses on

developing and applying an additional functionality of intelligent monitoring solutions:

verifying the impact of renovation actions. Using measured data analyses, the approach

can overcome the pre- and rebound effects of PGs [20–22]. This work extends part of the

mentioned project H2020 studies and complements their outcomes [23].

1.1. Literature Review

Post-renovation studies are mainly based on simulation campaigns or a limited num-

ber of field measurements, generally used to validate models, due to the complexity and

costs of installing sensors and leaving them active in lived environments. This aspect in-

creases the risk of PGs—see, for example, refs. [9,20,22,24,25]—particularly to the rebound

effect of PGs, i.e., where the expected results are higher than those obtained.

Several studies have highlighted how theoretical models and their correlated useful

tools often fail to capture the full complexity of real-world building behaviours and oc-

cupant actions [26]. Specifically, the authors of [27,28] have emphasised the importance

of intensively monitoring internal conditions, physical building characteristics, and occu-

pant behaviours to obtain a more accurate and realistic evaluation of a building’s energy

performance. In such studies, data collected during monitoring are used to calibrate simu-

lation models, improving energy consumption predictions and thermal comfort following

retrofit interventions.

The importance of such monitoring becomes even more evident when considering

that thermal comfort and indoor air quality are strongly influenced by occupant behaviour.

Studies such as [29,30] have shown that user behaviour, such as temperature management

or ventilation systems, can significantly impact energy outcomes and occupant well-being.

In particular, Ref. [30] studied occupant behaviour in relation to heating and ventilation

systems, demonstrating that everyday habits can substantially reduce the effectiveness
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of retrofit interventions, especially when individual thermal sensitivity and preferences

are not considered. This study supports the idea that continuous monitoring can improve

the management of internal comfort and optimise the energy performance of buildings,

identifying a specific research gap that needs to be studied and analysed in future studies.

Similarly, Ref. [31] combined field measurements before and after renovation inter-

ventions on a Swedish residential complex with building energy modelling techniques.

The authors identified two lateral outcomes in their work: i. part of the expected energy

saving resulted in an increase in indoor temperatures, raising the winter IEQ, and ii. as-

sumptions of the simulation input may strongly impact the expected post-intervention

performances, as they are not aligned with real user behaviours, underlining an open

challenge. Other studies tried to address this latter challenge by including occupancy

behavioural surveys [29,32] or analysing manual operation of smart solutions correlated

with IEQ and energy conditions [33]. Nevertheless, a detachment between users and per-

formances is still evident, not providing end users with consistent results regarding the

impact of their retrofitting actions on their building performance (both energy and IEQ),

especially in the long run. The importance of considering residents’ IEQ perceptions in

post-renovation analyses is also underlined in specific studies, such as [29,34]. Ref. [34]

underlines the correlation between the possibility of receiving positive residents’ feedback

and their level of information and building perceived control. Hence, developing new

studies about post-renovation intervention analyses and restitution performance is essential

for residents to increase their information and involvement.

Ref. [21] demonstrated how integrating advanced technologies for monitoring air

quality and internal conditions can significantly increase the energy efficiency of buildings

and minimise energy performance gaps. This work uses real-time sensors to measure

environmental conditions and occupant response. The importance of developing new

integrated middleware platforms, which are capable of integrating real-time measured

data and simulating building behaviours, has also been underlined in other recent works,

such as [17], where a new dynamic platform was developed and tested in demo cases,

identifying almost real-time building PGs and communicating them to end users for

counteractions. The effectiveness of adopting smart solutions to cover the building energy

PG was also analysed in other studies, such as verifying the impact of standard variations

in input on energy and IEQ indicators [13,35]. Nevertheless, additional work on functional

integration needs to be developed to discuss how intelligent monitoring systems can be

adopted in additional building performance subtopics, such as post-intervention analyses.

The importance of low-energy automated energy system management is a recurring

theme in retrofit studies, such as those in [36] on residential retrofitting in Athens, and

in [37] in the UK. The results suggest that tailoring interventions based on specific building

characteristics and environmental conditions is crucial. Thus, combining predictive simula-

tions and empirical data is essential for effectively calibrating interventions and correctly

identifying pre-intervention challenges and post-intervention performances [38]. Neverthe-

less, the authors recognise that climate and occupant behaviours are critical determinants

in retrofitting solution success. Data acquisition and analysis are essential challenges to

correctly analysing post-intervention impacts [39].

These studies support the idea that an intelligent building management system can

significantly improve energy performance and indoor environmental quality. Nevertheless,

this type of solution opens up the possibility of additional applications that have not yet

been explored, such as the possibility of analysing post-renovation interventions affordably

and feasibly, with special regard to small retrofitting actions. This study aims to cover

these challenges.
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Additionally, all the above-mentioned studies have focused on significant building

renovation actions, considering mainly multi-storey residential buildings subjected to deep

retrofitting interventions and never small, limited and, in several cases, self-performed ren-

ovations, such as those that do not require construction permission or local administrative

authorisation, being generally referred to as independent retrofitting actions. The latter

are very diffused, especially in countries where the building property is very segmented

and the residents are generally also the owners, such as Italy. In such cases, including

single-family houses, but also flats, single window or door substitutions, the addition of

insulation in specific under-roof or semi-buried garage ceiling segments, as well as changes

to the heating system, constitute typical interventions are not considered during pre- and

post-intervention analyses. These changes can cause some positive variation in EPC. How-

ever, the latter generally results in performance gaps [9,17,24]. Although the impact of these

interventions can be analysed by end users, who also designed and performed them, based

on differences in costs or personal sensation, such as IEQ, the possibility of examining

this impact in higher detail and providing scientific performance feedback remain urgent

research gaps, which this study aims to cover.

1.2. Study Objectives

This study aims to achieve the following:

1. Introduce and demonstrate an affordable and reproducible method for assessing

post-intervention building performance by using intelligent building monitoring and

management platforms to return results to the end users;

2. Conduct post-renovation analyses to study the impact of small typical interventions

such as door substitutions or the addition of simple insulation layers, e.g., on the ex-

trados of the last slabs under the unoccupied roof or on the ceiling of a garage located

below the living spaces, that are very representative of what arrives in individual

houses or in flats of multi-family houses where the residents are also the owners.

To pursue these objectives, the cases of two residential demo buildings were assessed

to verify the potential usage of intelligent monitoring solutions and middleware platforms

in analysing the impact of small retrofitting interventions, exploiting data elaboration

potentialities. These two buildings are single-family residential houses, representing the

Italian building stock of medium-to-small cities but aligned with most southern and mid-

European contexts. This study analyses the retrofitting impact on the air temperature,

considering small interventions. The choice of temperature variations was made because

single-family houses generally do not use room-based thermostats or radiator thermostatic

valves and these types of small interventions mainly impact IEQ profiles.

1.3. Novelties

Section 1.1 underlines the need to conduct additional studies to develop and test new

methodologies and correlated monitoring solutions, paying special attention to techniques

that may find applications for a larger audience and can be adopted for small retrofitting

interventions. The impact of these small renovation interventions is not a deeply studied

topic, resulting in a research gap in current works on post-renovation analyses, which this

study aims to overcome. The first research question this study seeks to answer is as follows:

Q1: Is it possible to propose a simple and easily replicable methodology to study the impact of small

and punctual retrofitting interventions, including self-renovation ones, that mainly affect IEQ and

air temperature conditions?

Answering this research question is thus objective 2 of this study.
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Additionally, several previous works have underlined how personal behaviours and

building control logics may strongly differ from standard profiles, causing significant PGs

in post-renovation analyses, especially when the use of in situ measurements is minimal.

These gaps make providing feedback about the impact of the obtained interventions on the

end users difficult, reducing the feasibility of the interventions and end user confidence.

Nevertheless, the recent progressive diffusion of smart monitoring facilities suggests that

this challenge may be overcome by exploiting their untapped potential. Studies are needed

to propose and demonstrate methodologies and applications on this point. In addition, the

few existing studies have mainly focused on energy savings in significant interventions,

while small interventions generally affect more temperature profiles, increasing thermal

comfort and varying IEQ. This study also aims to cover these gaps, proposing a newly

developed methodology, a monitoring protocol, and a data-management middleware

approach to support post-renovation air temperature analyses. The proposed method is

compatible with additional features, such as the definition of optimal retrofitting scenarios

via massive simulations and digital twins [40], aiming to integrate a larger set of func-

tionalities into smart building middleware facilities [23]. These latter challenges result in

additional research questions:

Q2: Is it possible to integrate pre- and post-retrofitting impact analyses within newly developed

smart middleware monitoring solutions to exploit the untapped potential of those technologies in

covering multi-applicational outcomes under long-term continuous monitoring actions?

Q3: Can these tools inform and support non-expert and expert end users during building operational

management and small renovation interventions, reducing the lack of commitment and providing af-

fordable feedback to occupants about their recent self-retrofitting actions and/or behavioural choices?

These two last questions make up objective 1 of the study.

This study makes the following contributions:

i. Focuses on small retrofitting actions that are generally never analysed in ex-post

studies of building renovation due to the small correlation between invested budget

and complexity, but which are very typical and diffused in the majority of houses

and flats when the residents are the owners (or when the latter owns not the whole

building but only a single flat);

ii. Disseminates the results to users—ones directly defined and, in several cases, di-

rectly supported by the renovation actions—connecting retrofitting with direct

IEQ variations;

iii. Uses monitoring data before and after the intervention, and not during only one of

the two phases;

iv. Adopts commercial cloud-based intelligent monitoring solutions to analyse energy,

especially IEQ parameters, allowing for the potential integration of this approach with

newly diffusing middleware facilities;

v. Focuses on IEQ aspects—i.e., temperature—in parallel to energy savings in small

houses where thermal variations among rooms may be consistent.

2. Materials and Methods

To address the study objectives and research questions, a monitoring solution which is

compatible with many additional smart building features was established (see Section 3.1),

and a data analysis methodology was developed (see Section 3.2). The monitoring system

and the methodological pipeline were applied to two demo buildings, part of the Italian

demo cases of the EU H2020 co-funded project E-DYCE (see Section 2.3). The selected case

studies are two typical single- and double-family buildings which are representative of the

building compounds of mid- to small-sized municipalities in Italy. Both are located in Torre
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Pellice, a municipality in northwest Italy, in the Val Pellice territory. Additionally, the site—

which is part of the Turin metropolitan area—is highly representative of typical residential

areas in north and central Italy, in terms of building typology, municipality dimension, and

climate characteristics (Italian Climate Zone F, 3128 Heating Degree Days [41], and Cfb

Koppen–Geiger climate type—temperate oceanic climate [42,43]). These demo buildings

experienced small retrofitting interventions during the measurement periods, allowing

for an investigation into the effect of self-placed thermal insulation additions to roofs

and basements, door substitutions, and heating system improvements. The following

sections detail the developed methodology to analyse the pre- and post-retrofitting impacts,

focusing on IEQ performance rather than the energy requirements.

2.1. Setting the Monitoring Infrastructure

An intelligent monitoring system was selected and installed at the demo sites. The mon-

itoring system was created based on the following technical and functional requirements:

• Allows for high replicability of the solution, adopting a commercial sensor system and

balancing the cost/benefit ratio;

• Has a scalable and modular architecture;

• Allows for remote access to data and sensors;

• Supports multi-year cloud and local data storage capacity;

• Reduces data loss by adopting preventive solutions, such as redundant storage and

avoidance of data loss during potential connection failures;

• Minimises the need for fixed energy plugs (i.e., based on batteries) to reduce installa-

tion costs and to allow for higher acceptability by occupants;

• Includes high-security data access protection protocols;

• Uses gateway connections independent from local Wi-Fi networks, e.g., using inde-

pendent SIM solutions (facultative).

The modular Capetti Electronics Winecap commercial system, Castiglione Torinese

ITA [44] was selected as it uses dataloggers with different internal or external probe config-

urations, supporting scalability and modularity. All loggers support a battery plug, while

the sole gateway modules require an electrical plug connection. Each component—i.e.,

the dataloggers and gateways—has the capacity for local storage, overcoming potential

connection challenges and preserving the monitoring functionalities from data losses. The

system can support failures to connect to the local gateway, allowing for data storage at

the logger level until the specific sensor is again accessible to the gateway. It also supports

internet connection issues, as the data are stored at the gateway level and automatically

transmitted and stored in the cloud facility when the connection is re-established. The data

are stored in a cloud and accessible via the Winecap web portal. Gateways are SIM-based,

not requiring local networks. The cloud service can be accessed via the SOAP protocol [45]

and via REST, which allows for strong security and high reliability. The system transmits

data to the server every hour or less. Data collection at the probe level can be programmed

to acquire data at smaller intervals, even remotely. For this study, the monitoring acquisi-

tion granularity was set to 10 min. Furthermore, outdoor conditions were measured via a

meteorological station with REST API access. This facility was installed on a nearby roof

and allowed for the generation of actual meteorological years supporting additional usages

not described here—see, for example, [17]. The weather station was composed of a US

climate sensor by Thiess [46] and a Delta Ohm pyranometer LP-PYRA-02 (1st class) [47].

For this study, the monitoring solution was set at the room level, measuring tem-

perature and relative humidity in all spaces (probe type WSD00TH2_LD), including non-

heated ones. In contrast, CO2 concentration levels were measured in the main rooms,

including kitchen, living room, bedrooms, and studios (probe types WSD00TH2CO_S and
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WSD00TH2CO). Table 1 describes the instrument accuracies and measuring ranges. The

sensors were positioned following the specifications given by the company, not directly

exposed to solar radiation, while positioned at about 1.5 m from the ground, primarily on

indoor walls in a central position. In both demo buildings, continuous measurements were

taken for more than 2 years, between 2021 and 2023.

Table 1. Technical specifications of the adopted Capetti Winecap probes [44].

WSD00TH2CO_S and WSD00TH2CO Indoor Temperature Relative Humidity CO2 Concentration

Transducer type NTC10KΩ CMOSens® tech. NDIR principle
Measurement range −10 ◦C ÷ +60 ◦C 0 ÷ 100% 0 ÷ 5000 ppm

Measurement precision ±0.2 ◦C whole range ±2.0% (typical) from 0% to 100%
<±50 ppm (+3% of measured

value) whole range
Measurement resolution 0.01 ◦C 0.05% RH 1 ppm

WSD00TH2_LD Indoor Temperature Relative Humidity

Transducer type NTC10KΩ CMOSens® tech.
Measurement range −10 ◦C ÷ +60 ◦C 0 ÷ 100%

Measurement precision ±0.2 ◦C whole range ±2.0% (typical) from 0% to 100%
Measurement resolution 0.01 ◦C 0.05% RH

2.2. Analysis Method

During the project period, targeted renovations were carried out in the two residential

buildings, part of an Italian project’s demo site. In both cases, the impact of these retrofit

measures was analysed by elaborating on the data retrieved from the above-described

monitoring infrastructure. For both buildings, indoor temperature profiles rather than

energy consumption were examined. However, in the following Discussion section, the

energy bills for the first demo site and the bioclimatic comfort charts of the second demo

site were also studied. Air temperatures were analysed because in the first building the

installation of the energy meters was coincident with the retrofit measure, for which no

historical data are available, with the exclusion of bills while, in the second building, the

thermostat facility is located far from the retrofitted rooms—in the lower floor—and the

renovation was not performed to address the energy needs but for local thermal comfort

during winter.

For the two buildings, the IEQ temperature-based study adopts the following analyses:

• Carpet plot diagrams created with the newly developed PREDYCE tool [48,49], show-

ing measured air temperatures throughout the whole multi-year period to evaluate

whether visible changes occur pre- or post-renovation;

• The statistical distribution of temperatures (average, standard deviation, and quartiles),

focusing on the previous result;

• Temperature variations in representative seasonal months—i.e., December for winter

and June for summer—comparing measured air temperatures during the air condition-

ing period (winter heating) and the non-air-conditioned period (summer free-running),

respectively, before and after the measurements.

• Twenty-four-hour average daily hourly profiles for representative seasonal months;

• Box and whisker plots reporting statistical distributions of the measured temperatures

for the extended heating season (October to April) before and after the renovation,

which allow for a comparison of the minimum, first quartile, median (horizontal lines

in the boxes), third quartile, and maximum values, plus the outliers as separated dots.

Boxes connect the 25th% to the 75th% percentiles. The whiskers represent the first and

fourth quarters.

• Scattered plots plotting indoor temperatures as a function of the outdoor ones to

detect the impacts of renovation on indoor/outdoor correlations and to support a

weather-independent discussion.
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The discussion section also briefly comments on i. the impact of renovation actions

on energy consumption for the first building (bill analysis), including heating degree

day (HDD) normalisation, and ii. an extended IEQ thermal comfort analysis, including

thermal comfort models for mechanically treated periods (winter), i.e., the Fanger PMV-PPD

method, and for free-running periods (summer), i.e., the adaptive thermal comfort model,

aligning with the current CEN standards. CO2 concentrations are not analysed as the

specific retrofitting interventions do not directly act on relevant variations in airtightness,

i.e., windows were not changed and ventilation systems were not present.

2.3. Case Study Description

2.3.1. Demo 1

This residential demo case is situated in a historic “Borgata,” a dwelling group typical

of the Italian mountains, with origins before the 20th century. The building structure is

based on stone and brick bearing walls with an irregular shape. The living room, kitchen,

bedrooms, and bathroom are located on the main level, while the utility rooms are located

in the semi-buried basement. The residents were a family with two young children who

go to school during the morning, while one of the parents is often working at home. The

structure had been renovated recently, changing from its original rural state to a state fit

for residential use, and reaching an EPC of class E (2015). Nevertheless, during the period

analysed here (2021–2023), this demo building experienced several minor typical renovation

actions. Firstly, an insulation layer was added to the outermost layer of the ground floor,

slab located between the non-climatised semi-buried basement and the conditioned main

floor, between the end of September and the beginning of October 2022. Simultaneously,

the heating facility was replaced with a new natural gas condenser heater coupled with

a smart thermo-fireplace. The additional insulation layer was composed of polystyrene

rigid panels: i. positioned 10 cm under the pavements of the bedroom, bathroom, and

kitchen, facing the semi-buried unconditioned basement, and ii. installed 5 cm below the

living room but facing the outside, as this space is supported by pilotis. Additionally, at the

beginning of 2021, the doors leading towards the outside of the main floor were substituted

with insulated ones with a U-value of 1 W/m2K. Figure 1 shows the analysed zones and

the slabs where the insulation was added (red dashed lines). Pre- and post-renovation

analyses were conducted on the average measured temperatures of the rooms on the main

floor affected by the addition of insulation and the average of the two first-floor spaces.

 

(a) (b) 

Figure 1. Demo building one—the selected zones for renovation analysis: (a) main floor; (b) first

floor. The red dotted lines show the areas where the insulation layer was added. Temperature sensors

were installed in all spaces, including the semi-buried underground basement (buffer space).
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2.3.2. Demo 2

This second residential building is in one of the urban expansion areas defined by the

municipality’s 1914 zoning regulation. From a construction point of view, the building

is composed of a reinforced concrete structural skeleton and brick curtain walls. It is a

Liberty-style house built at the beginning of the 20th century as a detached double-family

home surrounded by a private garden. It has two main floors, each with one apartment,

an attic, and a cellar. It could be described as a typical Italian detached house built in the

twentieth century with an EPC of class E (2018). The monitored areas were the ground floor

and half of the first floor. Reference sensors were also positioned in the non-heated cellar

and attic spaces (cold roof, not heated). The residents were a family with one child who

goes to school in the morning, while the family spends their lunch break together at home.

The analysed renovation intervention was the self-installation of 14 cm (two over-

lapped layers of 7 cm each) of glass wool an insulation layer on the slab, positioned on

the last slab’s outermost layer. This slab is the one between the first floor’s climatised

and non-climatised spaces of the cold attic. The renovation was performed at the end of

January 2022. At the same time, the small windows of the cellar were closed, affecting the

temperature variations in the non-climatised buried floor. Before this renovation, these

windows were left open. Figure 2 briefly identifies the monitored zones investigated in

this study.

(a) (b) 

Figure 2. Demo building two—the figures show the zones selected for the renovation analysis:

(a) ground floor and (b) first floor. The red dotted lines identify where the insulation was added.

3. Results

3.1. Demo 1 Results

The carpet plots in Figure 3 show the variations in the measured air temperatures, in

the main (a) and first (b) floors. The main renovations occurred at the end of September

2022—see the vertical lines in the charts. The data highlight that the temperatures in

the ground floor are visibly higher for the post-renovation period during the 2022–2023

extended winter season (from October to April). A rise in temperatures also occurred on the

upper floor in October 2022, while, for the following winter months, the temperatures were

slightly lower post-renovation than before the retrofitting, even if they did not fall below

18 ◦C. After a discussion with the residents, it was confirmed that, after the renovation,

the upper floor rarely required the radiators to run, as the thermostat consistently stayed

above 18 ◦C. This explains why the temperatures on that floor did not show the same peaks.

Additionally, the renovation also minimised the need to heat the upper floor, addressing

the variations in the ground floor temperatures.

The seasonal statistical data from Table 2 synthesises the results. In winter, on the

ground floor, the average temperature rises by 2% post-renovation (about +0.4 ◦C), while on
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the first floor, it decreases by −4% (−0.8 ◦C). From a general point of view, the renovation

also impacted the relative humidity, which in both cases grows by +12% and +17%, respec-

tively, on average (absolute increases of +4.1% and +7.1%). The results underline a general

increase in the internal mixing ratios in alignment with that in the literature—e.g., [50]. In

summer, temperatures increase by 4% on both floors (about +1 ◦C on average), while the

relative humidity is more stable (a relative average growth of +4 and +5% for the ground

and first floors). The average relative humidity in all seasons rises, but the measured

values are within comfortable boundaries (see EN 16798-1 [51]), with a general average

improvement in winter. Comparing the indoor values with the corresponding outdoor

ones, the summer temperature increased even when the average outdoor temperature

decreased (−8%). In contrast, the indoor winter humidity (mixed ratio) rose considerably

more than the outdoor one, confirming the presence of these critical issues.

(a) 

(b) 

Figure 3. Carpet plots of hourly measured temperatures in demo building one (the main renovation

occurred at the end of September 2022, while the reported measurements ranged from April 2021 to

June 2023). Averages of (a) the main floor and (b) the first floor. The vertical violet line identifies the

renovation moment.

Figure 4 presents the representative monthly temperature variations. Looking at

the winter period (December), the average ground floor temperatures align between the

pre- and post-renovation periods, even if colder peaks, visible in the pre-renovation pe-

riod, reduced after the retrofitting. Additionally, in the last period of the month, higher

temperatures were recorded in the post-renovation period. These results highlight the

intervention’s ability to activate thermal masses and reduce heat transmission via the newly

insulated floor. Additionally, the semi-buried unconditioned spaces had higher temper-

atures than that during the pre-renovation year, even when the outdoor temperatures

were lower, reducing the difference in temperature between the buffers and heated spaces.

This reduction in difference is also due to the fact that the new heater was located in the
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basement. Differently, in the free-running season (May 2022 vs. May 2023), a decrease in

temperatures is underlined in both the ground and semi-buried floors. However, 2022 was

characterised by a long heat wave, proving to be an unconventionally hotter year. This

was also confirmed in a comparison of the outdoor temperature lines in Figure 4b. For this

reason, in Figure 5—which shows the 24 h average hourly profiles—the data related to

May 2021 are also reported to allow for the unexpected summer behaviour to be verified.

Figure 5, together with the previous Figure 3 and Table 2 data, shows that May 2023 was

characterised by higher air temperatures in the confined spaces compared to those in 2021.

These results underline that, as expected, the installation of consistent thermal insulation

layers resulted in a post-renovation overheating risk in summer. Figure 6 confirms the

above-mentioned winter outcomes. The box and whisker plots show an increase in the

median and interquartile range (IQR) for the main floor, while the lower whisker minimum

also rose after the renovation. Similarly, the described decrease in the first-floor data is

also shown. However, the thermostat limit of 18 ◦C was maintained. The data extension of

outliers was also drastically reduced for the first floor, showing a more stable temperature

behaviour. Finally, the scattered graphs in Figure 7 report the indoor temperatures as a

function of the outdoor temperatures. These analyses confirm the above discussions about

seasonal variations, showing the described increase in the winter 2022–2023 temperatures

on the main floor and their decrease in the first floor without statistically underpassing—see

the polynomial regression line—the setpoint. The reported extended summer season trend

(May–September) verifies the overheating risk due to the addition of the insulation layer,

hidden by the heat wave 2022 in the results of Figure 4. Hence, the scattered plots compare

the 2021 and 2022 data (pre-renovation) with those for 2023 (post-renovation). The results

underline an overheating phenomenon post-renovation, visible for the rooms on the main

floor for the entire external temperature interval. The main floor is, in fact, directly influ-

enced by the addition of the thermal insulation layer. The first floor also experienced visible

overheating after the retrofitting, especially when the outdoor temperatures exceeded 13 ◦C

(the intercept of the 2021–2023 regressions was set at 12.73 ◦C). In particular, looking at

the regressions, the difference in temperatures before and after the renovation was 0.8 ◦C

on both the ground and first floors for an outdoor temperature of 20 ◦C and was almost

maintained on the ground floor (0.7 ◦C at 25 ◦C and 30 ◦C) but rose on the first floor (1.1 ◦C

at 25 ◦C and 1.4 ◦C at 30 ◦C) at higher outdoor temperatures.

Table 2. Seasonal measured temperature and relative humidity statistics in building one (the main

renovation occurred at the end of September 2022). The reported data refer to the May 2021–Sept

2023 period, covering two winter seasons (“win”) and three extended summer seasons (“sum”). “Av.”

is the average, “std” the standard deviation, and 25th and 75th the relative percentiles. Outdoor

conditions are also reported.

Ground Floor First Floor

Temperature [◦C] Relative Humidity [%] Temperature [◦C] Relative Humidity [%]

Season Av. std 25th 75th Av. std 25th 75th Av. std 25th 75th Av. std 25th 75th

sum 2021 23.06 2.17 21.03 24.84 56.44 7.44 52.71 61.90 24.15 2.75 21.86 26.35 54.25 5.47 51.36 57.96
sum 2022 24.85 2.16 23.46 26.62 54.37 6.23 50.68 58.34 26.08 3.01 24.38 28.32 51.85 4.89 48.47 55.68
sum 2023 24.05 2.33 21.73 25.63 58.60 6.46 55.54 62.85 25.11 3.24 22.53 27.69 57.18 5.31 54.28 60.75

win 2021–2022 22.05 1.71 21.07 23.19 35.05 9.60 27.44 42.41 19.74 0.93 19.10 20.25 42.23 9.24 35.36 47.92
win 2022–2023 22.45 1.35 21.53 23.34 39.18 11.17 31.52 43.92 18.96 1.13 18.10 19.73 49.34 10.36 41.74 54.82

Outdoor conditions

sum 2021 21.36 5.28 17.96 25.23 64.38 15.95 53.00 76.00
sum 2022 20.29 5.17 16.54 24.02 70.65 15.88 60.00 82.00
sum 2023 19.72 5.38 15.64 23.24 72.91 14.22 63.00 83.00

win 2021–2022 7.65 4.84 4.09 10.68 63.14 21.56 46.00 81.00
win 2022–2023 8.44 5.54 4.13 12.86 69.21 19.68 56.00 85.00
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(a) (b) 

Figure 4. Seasonal representative monthly temperature variations in building one before and after the

renovation. The continuous lines show the outdoor temperatures; dotted lines the inhabited spaces

(ground = main floor); dashed lines the unconditioned buffer spaces (underground). (a) December

(winter) and (b) May (neutral and summer season).

  
(a) Before Renovation (Dec 2021) (b) After Renovation (Dec 2022) 

  

(c) Before Renovation (May 2021) (d) Before Renovation (May 2022) 

Figure 5. Cont.
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(e) After Renovation (May 2023) 

Figure 5. Average 24 h daily temperature profiles (hourly min, max, and average of the month)

for December, i.e., (a) before renovation in 2021 and (b) after renovation in 2022, and for May, i.e.,

(c) before renovation in 2021 and 2022 and (d) after renovation; (e) in 2023—main (ground) floor

of building one (red lines) compared to outdoor temperatures (T_amb) (black lines) and the non-

heated semi-buried underground floor (grey lines). Note: the main renovation occurred at the end of

September 2022.

(a) (b) 

Figure 6. Box and whisker plots of the internal temperature data representing statistical variations

pre- and post-renovation (the blue boxes represent the interquartile ranges—first and third quartiles

–, the green lines the medians, the whisker the greatest and smallest values respectively within the

1.5 IQR above the third quartile and the 1.5 IQR below the first quartile, the black circles are outliners).

Average data for (a) the ground floor and (b) the first floor. Building one.

3.2. Second Demo Results

Figure 8 shows the sub-hourly data carpet plots and the monthly statistical distribution

of the measured temperatures for the second demo building. The plot shows the average

measured data for the main rooms in the building, the average temperatures of the ground

floor, and the average temperatures of the three zones on the first floor that are directly

influenced by the additional insulation layer. The results firstly highlight an increase in

the measured internal temperatures for summer 2022 compared to the same period during

2021. Secondly, concerning winter, a reduction in indoor temperature cold peaks is shown

in October and November, especially on the first floor—see the reduction in small light blue

hours during the mentioned period. Nevertheless, in late September and December, the

indoor temperatures in 2022 were lower than those in 2021 for the whole building and the
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ground floor, but not for the first floor. After a discussion with the residents, it can be noticed

that the thermostat was set lower in 2023 (19.3 ◦C) than in 2022 (19.8 ◦C). This discrepancy

justifies the impact on the ground floor, where the thermostat is located. In contrast, the

increase in air temperature on the first floor directly correlates with the renovation action by

limiting the heat loss towards the roof. Table 3 focuses on seasonal averaged variations: in

winter, temperatures decreased when comparing 2021–2022 with 2022–2023 on the ground

floor (−3%, corresponding to −0.5 ◦C on average), although the first floor experienced

an increase (+7%, corresponding to +1.1 ◦C); in summer, temperatures increased by 2%

(+0.4 ◦C) and +3% (+0.6 ◦C) on average for the ground and first floors, respectively. From the

relative humidity point of view, we also underline in this demo a growing trend with regard

to the ground floor in winter (+17% relatively and +9.8% absolutely). Additionally, on the

first floor, the relative humidity rose by +9% (absolute variation +6%), reaching an average

value above 70%, suggesting that countermeasures must be adopted—see the categories for

comfort in the EN 16798-1 standard [51]. In summer, relative humidity increased by 10–11%

on both floors, rising to nearly 70%, suggesting that summer dehumidification occurred.

The renovated conditions are hence more humid than expected, even when compared

to outdoor values (a computed mixed ratio was used for comparing outdoor and indoor

values in winter, with indoor temperatures rising from before to after retrofitting at +1 g/kg

and +1.3 g/kg, respectively, for the ground and first floors, vs. +0.6 g/kg outdoors).

  

  

(a) (b) 

Figure 7. Scattered plots reporting the measured air temperatures (hourly means) as a function of the

outdoor temperatures in the extended winter season (Oct–Apr) and in the extended summer season

(May–Sep). Average temperatures of (a) the main floor and (b) the first floor. Renovations occurred

at the end of September 2022. Building one.
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(a) 

(b) 

 

(c) 

Figure 8. Carpet plots of hourly measured temperatures in building two (interventions occurred at

the end of January 2022). Averages of (a) the main spaces (combining the ground and first floors),

(b) the ground floor (all sensors in climatised spaces), and (c) the first floor (all sensors in climatised

spaces). The vertical violet line identifies the renovation moment.

Table 3. Seasonal measured temperature and relative humidity statistics in building two (the main

renovation occurred at the end of January 2022). Averages of the ground floor (all sensors in climatised

spaces) and the first floor (all sensors in climatised spaces). The reported data refer to May 2021–Sept

2023, covering two winter seasons (* Oct–Jan) and three extended summer seasons (May–Sep). Av. is

the average, std the standard deviation, and 25th and 75th the relative percentiles.

Ground Floor First Floor

Temperature [◦C] Relative Humidity [%] Temperature [◦C] Relative Humidity [%]

Season Av. std 25th 75th Av. std 25th 75th Av. std 25th 75th Av. std 25th 75th

sum 2021 22.05 2.00 20.31 23.58 62.67 5.38 59.75 66.34 22.30 2.55 20.11 24.38 62.06 4.63 59.76 64.69
sum 2022 23.52 2.45 22.17 25.44 62.79 5.67 58.96 67.19 23.76 2.78 22.50 25.90 61.65 6.42 57.52 66.52
sum 2023 22.44 2.59 20.25 24.31 68.83 6.18 65.99 72.92 22.90 3.00 20.74 24.81 68.94 7.30 65.19 74.58

win 2021–2022 * 17.64 1.16 16.88 18.44 57.02 8.57 49.42 64.70 15.82 1.64 14.64 16.92 67.90 6.90 62.57 73.86
win 2022–2023 * 17.13 1.46 15.94 18.40 66.83 6.96 61.42 72.46 16.91 1.43 15.83 18.17 73.94 5.90 69.26 79.27

Figure 9 reports the representative monthly temperature behaviours for each season

and shows an increase in temperatures in the post-retrofitting period, both in the uncondi-

tioned buffer spaces and the inhabited ones, especially in summer and on the first floor.

The reported buffer spaces are for the ground floor, the cellar, the first floor, and the cold
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roof space. Regarding the first-floor behaviour, Figure 10 compares the average 24 h hourly

profiles for December and June (2021 vs. 2022), underlining a more stable behaviour after

the retrofitting in the lived spaces—in particular, in summer, the increase in attic tempera-

tures was not correlated with a consistent rise in the temperature of the inhabited areas

even when the weather was hotter. Inversely, the heated rooms behaved more stably even

under colder weather in winter.

  

(a) (b) 

  

(c) (d) 

Figure 9. Temperature variations in building two for representative seasonal months (renovation

occurred at the end of January 2022). The continuous lines denote the outdoor temperatures; the

dotted lines the inhabited spaces; and the dashed lines the unconditioned buffer spaces. Ground

floor: (a) December, (b) June; first floor: (c) December, (d) June.

The above results were confirmed via the box and whisker plots of Figure 11. The

first and third data series in the graphs were compared to analyse the impact of renovation

actions on the measured building performances. In addition, the second and fourth series

in the graphs, which both refer to post-renovation periods, are reported to study the impact

of the above-mentioned reduction in set points. The latter analysis underlines how the

ground floor temperatures have a colder median and IQR in 2023 compared to 2022. This

confirms the discussed reduction in the set-point temperature. Focusing on the pre- and

post-renovation comparison (Oct–Jan 2021–2022), the median on the ground floor also
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decreased. Still, this change is less evident than the previous one. However, the IQR

increased after the renovation, resulting in higher temperature variations (potentially due

to a change in the system activation schedule). Oppositely, considering the first floor, the

graph highlights a different behaviour: the variations between the two post-renovation

periods (Feb–April 2022–2023) were consistently regulated by the building (the thermostat is

on a lower floor), while the temperatures of the first floor significantly rose post-renovation

thanks to the positive effect of the addition of the thermal insulation layer on the under-roof

slabs, reducing heat losses.

  

(a) Before Renovation (Dec 2021) (b) After Renovation (Dec 2022) 

  

(c) Before Renovation (Jun 2021) (d) After Renovation (Jun 2022) 

Figure 10. Average 24 h temperature profiles (hourly min, max, and average monthly 24 h profiles)

for 2021 (before the renovation) in (a) winter (December) and (c) summer (June), and 2022 (after the

renovation) in (b) winter (December) and (d) summer (June)—first floor of building two. Outdoor

temperatures: T_amb; bedroom: act103ba; attic: act100xx.

   

(a) (b) (c) 

Figure 11. Box and whisker plots of statistical variations in air temperature to compare pre- and

post-renovation periods (Oct–Jan 2021 vs. 2022)—see each graph’s first and third data series. A

control analysis was added (Feb–Apr 2022 vs. 2023)—see the second and fourth series of data—to

compare variations in user behaviours between the two years (renovation: end of January 2022).

Averages of (a) the main spaces, (b) the ground floor, and (c) the first floor. Building two.
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Figure 12 shows these variations as a function of the outdoor air temperatures to verify

the above outcomes independently based on specific weather variations. In winter (from

October to January), the regression lines confirm the previous results (see Figure 11): the

ground floor is colder in 2022–2023; in contrast, the first floor is hotter, especially at lower

outdoor temperatures. Similarly, a risk of overheating is confirmed for summer, recording

higher temperatures for both floors in post-intervention periods (summer 2022 and 2023).

The post-renovation increase in overheating phenomena mainly occurred at the hottest

outdoor temperatures: The deltas between the 2021 and 2023 data are 0.2 ◦C and 0.4 ◦C at

an outdoor temperature of 20 ◦C for the ground and first floors, respectively, but rise to

0.6 ◦C and 0.7 ◦C at 25 ◦C and to 0.9 ◦C and 1 ◦C at 30 ◦C.
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(a) (b) (c)  

Figure 12. Indoor air temperatures (demo 2) are plotted as a function of the outdoor ones. Averages

of (a) the main spaces, (b) the ground floor, and (c) the first floor. The top row of graphs focuses on

the winter season, limited to the Oct–Jan range, as renovation occurred at the end of January 2022.

The bottom row of plots shows the extended summer season from May to September.

4. Discussion

4.1. Impacts of Renovation on Energy Bills

In the Results section, the impacts of small typical renovation interventions were

analysed based on the variations in air temperature. However, for the first demo site, due

to the multiple renovation actions, the space also experienced a direct impact on energy

consumption where the thermostats were located, including due to the substitution of the

entire heating system with a new heater (natural gas condensation heating) coupled with a

smart thermo-fireplace, which directly heated the living room and nearby areas, as well as

supported the heating system since it also directly heated the radiator water distribution

system. Nevertheless, since smart heat meters were installed after the renovation interven-

tion, the pre- and post-renovation comparisons are performed based on the natural gas bills

for this Discussion section. In line with the Italian EPC primary energy factors (PEfs) given

by the UNI/TS 11300 standards [52,53], wood-based energy vectors correspond to a PEf

of 0, so the thermo-fireplace is not considered here. The renovation did not directly impact
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the heating facility for the second demo. Still, it mainly affected the local temperature

profiles of the first floor, while the thermostat was located on the ground floor. In this

latter case, the heating system only relied on a pellet automatic heater; therefore, no bills

are available. For these reasons, this section focuses on energy consumption variations

in the natural gas bills before and after the self-renovation in demo 1. Figure 13 shows

the natural gas smc units (standard cubic metre, equivalent of 10.60 kWh) consumed each

month in the reference period, October 2020–September 2021, and in the post-renovation

period, October 2022–September 2023. The graphs underline a large difference between

before and after the renovations, decreasing from 2015 smc in 2020–2021 to about 1299 smc

in 2022–2023. Although the values for 2021–2022 were influenced by the mentioned heat

wave, with natural gas consumption reaching 1761 smc, in all cases, the post-retrofit energy

consumption was considerably lower than the pre-retrofit energy consumption.

(a) Before Renovation (Oct 2020�Sep 2021) (b) After Renovation (Oct 2022�Sep 2023)

Figure 13. Monthly values for the natural gas bills in smc units (1 smc = 10.60 kWh) for the pre-

renovation reference year (a) and the post-renovation year (b)—demo 1.

Figure 14 shows the data for the natural gas bill normalised according to the local

measured heating degree days (HDDs) during the local standard heating season, ranging

from October to April. Considering that the gas consumption data were collected pro-

gressively, the HDDs are based on the cumulative difference in temperature, weighting

each measurement period for its time length. Outdoor temperature is measured based on

the World Meteorological Organisation standards, i.e., data are collected every 5 min, and

the time-weighted HDD is retrieved considering monthly cumulative values with a base

temperature of 20 ◦C, aligning with the indoor set-point and the national standard base

temperature [54,55].

The results underline that before renovation, both winter seasons were almost aligned

with the natural gas consumption of the 2021–2022 winter period, which was characterised

by higher average temperatures compared with the typical conditions; namely, only about

7% less than the reference year 2020–2021. Differently, the post-renovation 2022–2023 period

highlighted a decrease in energy consumption of −32%. The retrofitting interventions

hence considerably reduced the natural gas requirements.

4.2. Additional IEQ Thermal Analysis

An additional IEQ analysis focused on thermal comfort issues was also conducted.

Different building systems characterise the two analysed seasons, i.e., mechanical heat-

ing was employed during winter and a free-running mode was adopted during summer,

with two thermal comfort models adopted according to reference standards: i. for me-

chanically driven periods, the Predicted Mean Vote (PMV) and Predicted Percentage of

Dissatisfied (PPD) model, based on the Fanger approach—see also ISO 7730 and EN

16798-1 [51,56]—were adopted, while ii. the adaptive thermal comfort model (ACM), com-
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puted in line with EN 16798-1 and EN 16798-2 [57], was referenced for the free-running

extended summer seasons. Comfort was analysed based on the EU-defined comfort cate-

gories (see the above standards): Cat. I (high level of expectation), Cat. II (normal level

of expectation—the one adopted in renovated buildings), Cat. III (acceptable level of

expectation—the one for existing buildings), and Cat. IV (outside the criteria, eventually

acceptable in limited periods). For the PMV-PPD model, an additional category was set

for cases outside the Cat. IV limits (PPD > 25; |PMV| > 1, see table B.1 of the standard)

for the hours in higher discomfort. The parameters for clothing were set to 1 and 0.5 clo,

respectively, for the winter and the summer seasons, while the metabolic rate was assumed

to be 1.2 met. The analysis was conducted on hourly averaged measured data for both

buildings, and the pre- and post-renovation results are reported at the seasonal level.

(a) (b) 

(c) (d) 

Figure 14. Monthly values for the natural gas bills in smc units (1 smc = 10.60 kWh) normalised by

the monthly HDD20 for the winter months (from October to April). Considering pre-renovation years,

i.e., (a) 2020–2021 and (b) 2021–2022, and the post-renovation year (c), i.e., 2022–2023. Figure (d) also

reports the measured cumulative HDD20 values per month (winter months Oct–Apr)—demo 1.

Table 4 shows the results of the PMV-PPD thermal comfort model. Looking at the

heating season for building one, the PMV slightly rises while the average PPD slightly

improves (−5.2% of the original value) on the ground floor, while on the first floor, we

observed colder conditions. These results align with the temperature profile analyses

reported in Section 3; nevertheless, from a thermal comfort point of view, a reduction in

higher discomfort categories is underlined, especially on the first floor. Looking at the

second building, the ground floor shows trends that are almost aligned for before and after

the retrofitting. However, the temperatures are slightly colder—see also Section 3 about

the reduction in the set-point temperature—with an increase in the average PPD value of

+10% of the original value. Differently, the first floor—i.e., the one mainly affected by the

renovation action—shows a thermal comfort improvement, with a decrease in the original

PPD value of −17%. This is seen in the improvement in the average PMV value and the

shift in f hours from comfort Cat. IV and outside the limits to Cat. II and III.
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Table 4. PMV-PPD thermal comfort analysis for the summer and winter seasons (* Oct–Jan; all other

periods are extended: summer from May to Sep; winter from Oct to Apr). Data refer to the hourly

distribution within each period among the different thermal comfort categories (EN 16798-1). The

average (av.) PMD and PPD values and the correlated standard deviations (std) are also given.

Demo Period Cat. I Cat. II Cat. III Cat. IV Outside PMV av. PMV std PPD av. PPD std

Ground floor

1 Summer 2021 27% 30% 11% 8% 25% −0.36 0.71 17.85 17.35
Summer 2022 32% 30% 8% 18% 13% 0.11 0.63 13.40 11.86
Summer 2023 28% 20% 11% 25% 16% −0.02 0.70 15.22 11.14

Winter 2021–2022 43% 38% 10% 5% 4% 0.03 0.43 8.88 7.06
Winter 2022–2023 39% 40% 13% 6% 2% 0.14 0.38 8.42 5.06

2 Summer 2021 18% 25% 17% 10% 29% −0.68 0.61 21.77 20.72
Summer 2022 18% 28% 18% 20% 17% −0.33 0.70 17.18 15.98
Summer 2023 12% 21% 12% 19% 36% −0.59 0.77 24.02 19.69

Winter 2021–2022 * 4% 15% 23% 36% 22% −0.75 0.40 19.98 12.31
Winter 2022–2023 * 4% 15% 22% 27% 32% −0.79 0.44 21.98 13.65

First floor

1 Summer 2021 15% 26% 15% 18% 26% −0.11 0.83 19.39 15.43
Summer 2022 13% 20% 14% 20% 34% 0.28 0.93 24.01 19.84
Summer 2023 9% 21% 20% 19% 31% 0.05 0.97 23.69 20.33

Winter 2021–2022 14% 46% 25% 7% 7% −0.31 0.49 11.98 10.15
Winter 2022–2023 14% 23% 28% 29% 6% −0.41 0.50 13.73 8.20

2 Summer 2021 21% 21% 14% 10% 34% −0.66 0.77 24.89 23.67
Summer 2022 17% 25% 12% 20% 25% −0.31 0.82 20.38 19.01
Summer 2023 16% 18% 9% 20% 38% −0.48 0.89 24.93 21.03

Winter 2021–2022 * 4% 9% 13% 32% 42% −0.91 0.51 27.20 17.24
Winter 2022–2023 * 4% 12% 25% 28% 31% −0.79 0.48 22.66 15.34

Table 5 focuses on the free-running extended summer period, analysing the ACM

distribution of hours in the different categories. Comparing the results pre- and post-

renovation, we can see that indoor temperatures rise in building one; however, with the

local climate being a semi-alpine one, from the ACM point of view, this results in a slight

improvement for the ground floor—which is colder—especially at lower outdoor running

mean temperatures (see Figure 1)—i.e., the percentage of hours within Cat. II (including

Cat. I) rises by 6%. In contrast, the thermal comfort quality reduces slightly on the first

floor, which is more exposed to overheating phenomena, as the hours outside the Cat. II

boundaries grew by 8%. The temperature also rose in the second building. Still, compared

with the outdoor running mean, we can see that on the ground floor, at lower temperatures,

those values decrease slightly, experiencing colder categories, i.e., −8% of hours within

Cat. II—see Figure 15b—while on the first floor, ACM increases by +4% within the Cat. II

boundaries. Interestingly, in demo 1, the renovation has a strong impact on the ground

floor. In contrast, in demo 2, this impact is not underlined, as the renovation was made to

the roof slab. In both buildings, we saw a rise in overheating phenomena. However, due

to the local climate, this can be slightly positive in terms of ACM, as the average outdoor

values of the summer running mean are moderate, i.e., 19.2 ◦C, 21.1 ◦C, and 20.1 ◦C for

2021, 2022, and 2023, respectively (standard deviations of 3.3, 3.7, and 3.8 ◦C).

Similarly, let us analyse the summer season by adopting the PMV-PPD model (Table 4).

The results underline that in the first building, the PPD average value improved (about

−15% of the original) on the ground floor and the thermal comfort deteriorated (+22% of

the original PPD average) on the first floor. In the second building, the increase in average

temperatures caused an increase in the lower comfort categories (Cat. IV and outside), with
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a growth in PPD values. These outcomes suggest that if a means of mechanical cooling was

installed, the expected energy consumption would increase to cover the shift in hours from

higher comfort categories to lower ones.

Table 5. Percentage distribution of extended summer (May–Sep) hours in each comfort category of

the ACM model (EN 16798-1) for both buildings and floors. For all years, the number of datapoints is

3672 h per data series.

Ground Floor First Floor

Building Period Cat. I Cat. II. Cat. III Outside Cat. I Cat. II Cat. III Outside

1 Summer 2021 74% 19% 6% 0% 79% 16% 4% 0%
Summer 2022 97% 3% 0% 0% 73% 18% 7% 2%
Summer 2023 86% 14% 0% 0% 72% 19% 7% 2%

2 Summer 2021 54% 24% 18% 4% 58% 15% 16% 11%
Summer 2022 70% 18% 10% 1% 76% 10% 9% 5%
Summer 2023 52% 18% 21% 8% 60% 17% 11% 11%
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Figure 15. ACM hourly charts, aligned with EN 16798-1 for the summer seasons of 2021 (pre-

renovation) and 2023 (post-renovation) for (a) demo 1 and (b) demo 2. The top set of graphs refer to

the ground floor, while the bottom set refers to the first floor.

4.3. Residents’ Feedback

Finally, the residents—the building owners, in this case—were involved in a result resti-

tution phase, with unstructured interviews issued to collect feedback on post-renovation

IEQ, energy needs, and smart sensing facilities. In both demo sites, we collected very

positive feedback about the use of sensors and the general impact of the small renovation
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interventions. The rise in winter temperatures in the rooms on the first floor of the second

demo case was positively perceived by the users, meeting their expectations. Nevertheless,

the increase in summer temperatures was unexpected, and counteractions would eventu-

ally be needed in future years. The sensors were met with positive feedback, allowing for a

better understanding of the general IEQ trends in the house, supporting airflow exchanges

for indoor air quality and a better balance in winter temperatures. Looking at the first demo

site, where more interventions were applied, the users had a very positive post-renovation

perception, experiencing a better distribution of the indoor temperatures, avoiding some

local discomfort (e.g., in the living room with the exposed pavement) and leading to a

visible reduction in energy needs, with a parallel reduction in costs due to the possibility to

also exploit the smart fireplace to manage the new natural gas heater and the firewood one.

The latter was used often during occupation, further reducing costs. In this latter case, the

sensors were very positively received, as they helped to understand IEQ and indoor air

quality levels, in managing window openings, and in better supporting summer ventilative

cooling by improving the manually operated wind and stack-driven flows.

In both cases, the possibility of having an easy and fast means of assessing the impact

of their small renovation interventions was highly appreciated, allowing users to have

direct and quantitative feedback on these actions and helping them to plan subsequent

potential renovations.

5. Conclusions

This study demonstrated how the introduced methodology and correlated monitoring

system-based approach may assess and validate the effects of simple retrofitting measures,

including self-renovation interventions; support expert users in locating criticalities; and

change user or system profiles to design and initiate counteractions as necessary. Looking

in particular at research question 3, the impacts of renovation actions can be verified and

are beneficial at different user levels:

• Residents and owners may understand the direct impact of an investment;

• Experts may identify challenges in building management to fully utilise the interven-

tion (for example, an increase in indoor winter temperatures allows for a reduction in

the set point to reduce energy consumption);

• Politicians may analyse the impacts of renovation when data are available.

Looking at research question 2, this study demonstrated the value of leveraging ad-

vanced monitoring platforms, such as those deployed in the E-DYCE project, to assess

and validate the effects of retrofitting measures in residential buildings. By integrating

real-time data collection with analysis tools, we have shown the simplicity of analysing how

retrofitting impacts air temperature behaviours (Section 3) and additional IEQ and energy

aspects (Section 4). The results underlined that the studied self-renovation actions can lead

to tangible improvements in indoor temperatures during winter (+0.4 ◦C and +1.1 ◦C for

the floors directly touching the renovated flats—demo 1’s ground floor and demo 2’s first

floor, respectively), allowing the residents to reduce their set points (demo 2) or the hours

of heating activation (the first floor of demo 1), with corresponding reductions in heating

demand (−32% in the climate normalised demand of demo 1). The results also revealed

the potential risks of the mentioned interventions, such as summer overheating in spaces

directly affected by insulation measures (+1 ◦C in demo 1 and +0.5 ◦C in demo 2, averages

for both floors), highlighting the necessity of balancing energy efficiency with occupant

comfort. However, looking at standard comfort models, these increases remain within

acceptable comfort levels, with evident worsening mainly in the PPD values (summer).

For example, the upper floor of demo 1 showed a +4.3% in PPD (absolute values), and the

reached values were experienced by occupants as tangible overheating, with the buildings
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located in a Piedmont local climate. Additionally, the post-renovation spaces were charac-

terised by higher humidity values, particularly during the winter season, where the mixing

ratio experienced a +15% increase on average (all demo sites), increasing from 7.33 g/kg for

2021–2022 to 8.46 g/kg for 2022–2023. This increase is especially critical in one of the build-

ings (demo 2), with the original relative humidity already being higher and surpassing 70%

on average in the post-renovation period, which is the dehumidification limit for comfort

Cat. III in the current EU standard. This nuanced understanding is critical for designing

interventions that achieve both energy savings and improved IEQ, considering not only

winter energy needs but also the potential impacts on the summer season; especially in

cases in which cooling systems are not present, with the building managed in the free-

running mode during summer. These findings underscore the importance of a systematic

and data-driven approach to post-renovation performance evaluation, enabling stakehold-

ers to make more informed decisions about building energy management, and residents

and small owners to better understand the impacts of small self-renovation interventions.

This study further demonstrated how real-time monitoring can provide actionable

insights into system performance, identify operational inefficiencies, and support dynamic

adjustments to mitigate emerging issues.

Looking at research question 1, all the above-mentioned points support the feasibility

of the approach, while a significant strength of this methodology is its scalability and adapt-

ability. The approach can be replicated across diverse building types and geographical

contexts by employing commercially available and modular systems. This opens up oppor-

tunities for its widespread adoption, particularly in urban retrofitting initiatives aimed at

achieving energy efficiency targets. Moreover, this approach may support the additional

integration of monitoring and simulation tools—see, for example, [21,49,58,59]—enabling

a deeper exploration of user behaviours and their impacts on energy performance, which

is often overlooked in traditional assessments.

Small renovation actions directly conceived by residents are demonstrated here to be

very effective (demo 1), even when compared to deep energy renovation retrofitting [30].

Furthermore, they may support users in improving their personal energy and temperature

building management, including the possibility to raise specific zone temperatures while

reducing the local set-point (see demo 2), reduce the temperature differences between

floors (demo 2—passing from 1.82 ◦C to 0.22 ◦C on average), or increase it to better divide

night and day zones (demo 1—passing from 2.31 ◦C to 3.49 ◦C) accordingly to the specific

user request. Future work will extend the methodology to additional building types, such

as commercial, institutional, or mixed-use spaces, in order to evaluate its versatility and

effectiveness in different contexts and will expand the analysis to a wider set of buildings.

Incorporating advanced technologies, such as predictive analytics and artificial intelligence,

is expected to enhance the system’s capability to identify patterns, forecast potential issues,

and recommend tailored interventions. Innovative monitoring approaches and probes

may be integrated in the future, such as fibre optics [60] or photodetectors for radiative ex-

changes [61]. These innovations may improve the accuracy of performance predictions and

support the development of more responsive and adaptive energy management strategies.

Finally, this research underscored the importance of fostering collaboration among

building occupants, managers, and policymakers. By providing clear and actionable

feedback, the methodology can help to align user behaviours with energy efficiency goals,

promote best practices, and build trust in retrofitting interventions. In the broader context,

this approach contributes to the global effort to reduce energy consumption and carbon

emissions, reinforcing the critical role of data-driven strategies in achieving sustainable

building operations and enhancing quality of life for occupants.
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