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ABSTRACT
Housing retrofits are undertaken to reduce energy use and to improve ‘occupants’ indoor
environmental conditions. Despite increased retrofitting of the Italian housing stock, there is a
lack of data on their energy use and indoor environmental quality (IEQ). This paper fills this
gap by a post-occupancy evaluation (POE) study of seven retrofitted apartments in northern
Italy; a non-retrofitted case study was included as a comparison. The study aimed to
understand aspects of IEQ and occupant satisfaction after energy-efficiency retrofits. A mixed-
method approach encompassed occupant satisfaction surveys, energy bill comparisons, in-situ
indoor air temperature, and relative humidity measurements. Results highlighted ‘occupants’
thermal comfort improvement and heating energy consumption reduction after retrofits.
Furthermore, reported preferred indoor temperatures w within a broader range than the
recommended Italian regulations and CIBSE guide A standard. However, some participants
reported unintended consequences, including mould growth and noise from the mechanical
ventilation system. This study shows the potential of POE to understand the actual
performance of retrofitted residential buildings. However, the difficulties of conducting a POE
in retrofitted existing residential buildings show the need of further research on how to
effectively conduct POE in retrofitted residential buildings, including improved digital quality
monitoring methods.

ARTICLE HISTORY
Received 27 June 2022
Accepted 29 August 2022

KEYWORDS
Post-occupancy evaluation
(POE); occupant satisfaction;
indoor environmental
quality (IEQ); energy-efficient
retrofit

Introduction

Around 75% of the European Union (EU) buildings are
energy inefficient, contributing to significant energy use
and carbon emissions (EC, 2020). The predominant
energy end-use in EU households is space heating and
hot water, which account for 78.4% of the total final
energy use (Eurostat, 2021). The importance of tackling
this is highlighted by the EU’s ambition to cut the CO2

emissions levels set in 1990 by 55% by 2030 (DW, 2021)
with a 32.5% improvement in energy efficiency in end-
use sectors directly consumed by the user (EC, 2021).
Between December 2020 and December 2021, EU
energy import prices nearly doubled (eurostat, 2022).
Furthermore, the Russian-Ukrainian crisis has already
led to oil prices reaching their highest level in seven
years since 2015 (Jones, 2022). A refurbished building
stock is considered to play a key role not only in the
transition to a carbon-neutral society (Basili et al.,
2020) but also in reducing natural gas imports for
space heating, which is vital for energy security targets

set in the EU energy regulations (European Parliament,
2018).

In Italy, almost 27.8% of the final energy consump-
tion in 2019 was associated with residential buildings,
which increased by 12.2% between 2000 and 2019
(Iorio & Federici, 2021). The main energy use in the Ita-
lian housing stock is space heating, which accounts for
69% of the total energy used within the residential sector
(Odyssee-Mure, 2021). Almost three out of four build-
ings in Italy do not meet the national energy efficiency
standard (Eurostat, 2020); around 70% of the Italian
housing stock was constructed before the first national
building energy efficiency regulations in 1976 (Episcope,
2014). From then on, the Italian government has pro-
moted building renovation through incentive schemes
and funding programmes to upgrade existing buildings
to official national standards (Costanzo et al., 2018).

A recognized energy efficient standard in Italy is the
CasaClima standard, which calculates the energy
efficiency of buildings according to the requirements
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of the European Directives 2010/31/EU and 2012/27/EU
(CasaClima, n.d.). According to Italian Law 90/2013,
when a building is retrofitted, the average transmission
heat transfer coefficient of refurbished elements and the
average efficiencies of renovated technical systems must
be better than the indicated reference values set by the
Italian building regulations (Costanzo et al., 2018).
CasaClima’s energy classification for space heating
energy demand varies from Gold to G, where a Gold
classified building is expected to consume ≤10 kWh/
m2a, A≤ 20 kWh/m2a, B≤ 35 kWh/m2a, C≤ 50 kWh/
m2a, D≤ 65 kWh/m2a, E≤ 90 kWh/m2a, F≤
120 kWh/m2a and G≤ 120 kWh/m2a (Casaclima,
2022). Unless there are obvious constraints that prevent
the building from meeting the requirements of the
‘CasaClima technical directive’, it may still be possible
to achieve the CasaClima R certification by enhancing
the efficiency of the envelope (Dolzani et al., 2021).

Improving the energy performance of dwellings also
aims to improve indoor environmental quality (IEQ)
(Šujanová et al., 2019), which includes four aspects:
indoor air quality, and thermal, acoustic and visual
comfort (Ribino et al., 2021). IEQ can be evaluated via
physical measurements, using occupant satisfaction
questionnaires or using both methods (Adekunle &
Nikolopoulou, 2016). A poor IEQ affects health and
well-being in a direct way, such as the number of sick
days, asthma rates, medication usage rates and the life
expectancy of older people (Kimpian, 2021). For
example, there is a well-established relationship between
high temperatures and mortality rates (Vidal et al., 2020;
Wang et al., 2022); this highlights the connection
between human health and well-being and the benefits
of a building’s retrofit on IEQ (Coggins et al., 2022;
Šujanová et al., 2019). Despite the link between health
and well-being and the indoor environment, there is a
lack of real-world data related to the impact of building
retrofit, creating a challenge for the actual creation of
highly efficient and healthy buildings (Jowkar et al.,
2022).

There is no standard method for defining a satisfac-
tory building based on the IEQ parameters mentioned
above (Dawe, 2019). In addition, attempts to develop
a method to evaluate building occupant’s satisfaction
from individual IEQ parameters have yielded different
results (Heinzerling et al., 2013). Thermal comfort is
defined as: ‘the condition of mind that expresses satis-
faction with the thermal environment and is assessed
by subjective evaluation’ (ASHRAE, 2010). It is one of
the essential aspects of user satisfaction and energy con-
sumption in buildings (Nicol et al., 2012). Thermal
comfort preferences vary from person to person
(Menezes et al., 2012), and an individual’s subjective

response to their thermal environment is often investi-
gated by using thermal sensation indexes describing
the degree of thermal sensation perception and satisfac-
tion (Schweiker et al., 2020).

In Italy, thermal comfort parameters such as air
temperature are prescribed by Law when a heating or
cooling system is applied (Fabbri & Tronchin, 2011).
For example, the maximum ambient temperature values
during operation of the heating or cooling system
measured in the individual heated rooms of each build-
ing unit should not exceed 22°C during winter time and
not be less than 24°C in summer when occupied (Bor-
iani et al., 2020). CIBSE Guide A, which is used to assess
the indoor air temperature of individual spaces (e.g.
Jones et al., 2016; Vidal et al., 2020) recommends indoor
air temperatures in dwellings of 22–23°C for living
rooms, 17–19°C for bedrooms, 26–27°C for bathrooms
and 17–19°C for kitchens in winter (CIBSE, 2015). In
retrofitted buildings, it is crucial to know whether the
recommended values mentioned above are achievable
and whether they would meet occupants’ satisfaction
in reality (Guerra-Santin et al., 2016; Vergerio & Bec-
chio, 2022). In this regard, post-occupancy evaluation
(POE) can evaluate if the certified retrofitted buildings
perform as anticipated and meet occupant satisfaction
or if corrections and adaptations are required (Cuerda
et al., 2020).

POE has been defined as ‘the process of evaluating an
asset/facility after it has been completed and is in use, to
understand its actual performance against that required
and to capture lessons learned’ (British Standards Insti-
tution (BSI), 2015). It includes obtaining feedback about
a building’s performance in use, including quantitative
and qualitative data collection. Qualitative methods
include walkthroughs, user interviews and surveys
while quantitative methods include data collection on
IEQ, energy and water use (Stevenson, 2019). POE
studies have been conducted mainly in Spain, Germany,
Switzerland, France, Portugal, Sweden and the UK,
focusing on schools, office buildings and residential
buildings (Li et al., 2018; Mustaffa et al., 2021). In
Italy, there have been several POE studies focusing on
new residential buildings located in the Lombardy
region, such as Aste et al. (2020), and in the Emilia-
Romagna region, such as Mavrigiannaki et al. (2021).
Hence this study further contributes to a better under-
standing of retrofitted residential buildings’ perform-
ance in the South Tyrol region in Italy. This research
provides a better understanding of actual IEQ, focusing
on occupant thermal comfort and heating energy use by
presenting the POE results of seven CasaClima-certified
retrofitted dwellings and a non-retrofitted dwelling. The
paper is structured as follows: Section 2 outlines the
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research methods used, including the description of the
selected case studies and in-situ data collection. Section
3 presents the results and discussion of the monitored
cases, followed by the conclusion in Section 4.

Research methods

A mixed-method POE approach was used, encompass-
ing an occupant satisfaction survey, comparison of
energy bills pre–post retrofit, and in-situ measurements
of indoor air temperatures and relative humidity. Seven
case studies were purposively selected based on access to
monitor the indoor environment for limited periods of
one to two weeks, as conducted in previous research
such as Altan et al. (2013), and Sodagar and Starkey
(2016). Another criteria was the ability to undertake
an occupant survey with residents who had lived there
for at least six months post-retrofit; this time frame is
recommended when evaluating buildings post-occu-
pancy to avoid assessing the effects of putting the build-
ing into commission, but early enough to help identify
and fix any issues (ASHRAE, 2017). A non-retrofitted
case study was included as a comparison. POE practices
for retrofitted buildings should occur continuously to
determine whether retrofitted buildings perform as
expected in different seasons (Altomonte et al., 2019).
However, our ability to monitor the same cases for a
more extended time, including during the summer
period, was hindered by limited resources, time and
the pandemic situation in Italy. The case studies were
not intended to be representative of a larger sample
but to enable insights based on their characteristics.
No pre-retrofit data were available. The online survey
(see Appendix I – online supplemental material) con-
tained open-ended as well as multiple-choice questions
addressing the following topics: building information
overview (5 questions); thermal comfort winter season

(5 questions); thermal comfort summer season (5 ques-
tions); perceived indoor air quality, acoustic comfort
and indoor natural lighting (5 questions); domestic
hot water (2 questions); health and well-being (4 ques-
tions); and an open section for general feedback.

The occupant satisfaction survey was translated into
Italian and German, checked with native speakers, and
piloted with 34 students and other colleagues before the
field study. Research ethics was obtained for the study,
including data privacy statements and collection of
informed consents. The survey was sent to participants
by e-mail with an information sheet and informed con-
sent form, explaining the purpose of the survey and moni-
toring campaign, the amount of time it would take to
complete, and their rights as a research participant. Par-
ticipation in the survey was voluntary and anonymous
with no incentives; all eight participants responded to a
survey delivered via e-mail and agreed to take part.

Description of case studies

Of eight apartments, seven were retrofitted, and one
case study was not retrofitted at the time of monitoring;
case studies were pseudonymized from A to H, with
apartment H being the non-retrofitted apartment. The
retrofitted cases were retrofitted according to CasaCli-
ma’s standard ‘the official local authority for building
certification in South Tyrol and Italy’ (Europe, 2018).
The case studies were in the region of South Tyrol,
Northern Italy, i.e. in climate zone E1 (humid subtropi-
cal climate (Cfa) according to Koppen’s classification).
Cfa climate is characterized by hot and humid summers,
and cool to mild winters (Köppen, 1980). All the apart-
ments were located in the city of Bolzano in multi-
family buildings, except for case C which is in the city
of Merano, 34 km from Bolzano – see Figure 1 for
three case study pictures that received consent to be

Figure 1. Exterior view of case studies: (a) case C, (b) case F, (c) case H.
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published. The monitoring campaign took place from
the period of 24th January until 29th March, 2021.

The apartments had a different envelope and window
thermal characteristics and different heating systems.
However, all had a thermostat for occupant control of
indoor temperatures (five of which with a digital dis-
play) and all the materials used for the renovation
were recognized and certified by CasaClima (Casa-
Clima, n.d.). The average U-values for the building
envelope and the estimated heating energy consump-
tion were calculated for each case study using the Casa-
Clima software.2 Table 1 summarizes the basic
information for each case study, the main thermal
characteristics and heating systems used, alongside cal-
culated heating energy demand and the energy class for
each case study. Only two cases (E and G) had a mech-
anical ventilation system (MV); all dwellings had some
kind of radiant heating system.

Data collection

Air temperature, and relative humidity (RH, %)
Air temperature (°C) and relative humidity (RH) levels
were collected during the wintertime of 2021 to evaluate
aspects of the IEQ of the retrofitted apartments along-
side occupant thermal comfort satisfaction. Due to the
limited number of available data loggers, and the time
it takes for setting up and collecting them, two types
of data loggers were used: Tiny-tag Ultra 2 temperature
data loggers (TGU-4500) (Tinytag, 2022), and DATAQ
temperature loggers (EL-USB-2-LCD) (DATAQ, 2021).
The time interval for data logging was set to two min-
utes for the Tiny-tag, due to the memory capacity and
one minute for the DATAQ, averaging readings for
every two minutes. For analysis, one hour at the begin-
ning and at the end of the monitoring time was removed
to ensure that the data were not affected by the place-
ment process. Table 2 summarizes the specifications of
each data logger.

Due to availability of data loggers, the cases were mon-
itored consecutively rather than in parallel during the
eight-week monitoring campaign. Two data loggers
were placed outside if a dwelling faced multiple direc-
tions to reduce orientation bias due to differing outdoor
climate conditions on different building facades; this was
the case for 5 cases (C-E-F-G-H). For analysis, the aver-
age of these two outdoor sensors was then used to deter-
mine the mean outdoor temperature. Table 3
summarizes the minimum, maximum and average
recorded outdoor temperature for each case. The indoor
data loggers, they were installed inside the most used liv-
ing spaces where access was possible. The data loggers
were placed by the researcher in cases A and B, and by

CasaClima for cases C to H to an agreed set of standards
(e.g. sited away from heat sources and direct sunlight).
The apartments did not have the same design, however,
data loggers were placed in the living room, kitchen,
bathroom and main bedroom within a height of 1.1 m
and 1.7 m and 100–500 mm away from the wall in all
the apartments to not be affected by the wall surface
temperatures, in accordance with ISO 7726 (2001), ASH-
RAE (2017) and others (e.g. Dartevelle et al. (2021) Little-
wood and Smallwood (2017), Dartevelle et al. (2021)).
The monitored indoor air temperatures can be used to
clarify the occupant satisfaction survey and compare to
those recommended by the Italian Law (Presidential
Decree 74/2013 (Art.3) and CIBSE Guide A).

Each monitoring campaign is subject to measurement
errors, e.g. placement of sensors and the accuracy of the
sensors itself (GUM, 2008). Placement errors have been
controlled for by careful placement of sensors with an
agreed protocol. The result of a measurement is complete
when accompanied by a statement of the uncertainty of
the estimated value of the measurand (Taylor, 1997).
The instrument errors, expressed with the accuracy of
the sensors themselves, are presented with each reading.

Winter thermal comfort, and IEQ satisfaction
survey
There are three methods that have been generally used
to evaluate thermal comfort with occupants: occupant
survey, human subject responses from laboratory exper-
iments and lastly, the predicted mean vote (PMV)
method proposed by Fanger (1970), and embedded in
many thermal comfort standards such as ISO 7730 (de
Dear et al., 2020; Fanger, 1970; ISO, 7726, 2001; Zhao
et al., 2021). The PMV model predicts the thermal sen-
sation as a function of non-environmental factors such
as metabolic activity, clothing and environmental par-
ameters such as air temperature, mean radiant tempera-
ture, air velocity and relative humidity. The equation
predicts the thermal sensation of occupants on the 7-
points thermal sensation scale ranging from −3 to +3
(Fabbri, 2015; Fanger, 1970). However, PMV was
designed to predict the mean sensation vote for a
group of occupants (without specifying the minimum
valid size of the group), meaning that the evaluation
method assumes that PMV is equally reliable for indi-
vidual predictions (as conducted in this study) as it is
for groups of occupants (Cheung et al., 2019).

The actual mean vote (AMV), on the other hand,
indicates the actual thermal sensation reported by occu-
pants on the perception scale (Amasuomo & Ama-
suomo, 2016). The perception scale has 0 as a middle
point and people voting from −1 to +1 are generally
assumed to be comfortable (Fanger et al., 1970). The
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Table 1. Overview of case studies, thermal and physical characteristics (Data obtained from CasaClima certification documents & occupant survey).
Case A Case B Case C Case D Case E Case F Case G Case H

No. of people 4 2 3 4 1 3 2 2
Floor level 1st Ground Last-3rd 1st 1st 3rd Ground 1st
Gross area m2 140 60 94 82 63 145 85 85
Time after renovation 6 Months >3 Years 4 Years >Year 5 years 3 Years >6 Months >6 Years
Monitoring period 2021 Mar. (3–10) Feb. 24–Mar. 3 Jan. 26–Feb. 4 Feb. (5–15) Mar. (4–11) Feb. 25–Mar. 4 Mar. (12–18) Mar. (19–24)
Average walls U-values (W/
m2K)

0.19 0.826 0.51 0.17 0.58 0.2 0.8 2.21

Average Floor/ceiling U-
values (W/m2K)

0.3 1.5 0.44 0.34 0.46 0.55 0.58 1.5

Window Ug max (W/m2K) 0.85 0.85 0.6 1.3 0.7 0.85 0.9 1.4
Window orientation South South/East South North/West North/East South/West North South
Window typology Argon triple insulated Argon triple insulated Argon triple

insulated
Argon triple insulated Argon triple

insulated
Argon triple
insulated

Argon triple
insulated

Argon triple
insulated

Calculated space heating
energy demand kWh/(m2a)

63 56 64 68 121 37 70 Not retrofitted

Heating system Electric heat pump +
condensing heat generator

Electric heat pump +
condensing heat generator

District
heating

Combined centralized
heating and DHW

Wood with oil
boiler for peaks

Gas condensing
heat generator

Gas condensing
heat generator

Central gas
boiler

Space heating distribution
system

A radiant ceiling Mounted wall radiator A radiant
ceiling

Mounted wall radiator Underfloor heating Underfloor heating Underfloor heating Mounted wall
radiator

CasaClima class (space heat
demand- kWh/m2a)

C (51-≤70) C (51-≤70) C (51-≤70) R F (121≤ 160) B (31-≤50) C (51-≤70) Not certified

Number of indoor data
loggers used

5 5 4 4 4 5 5 4
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7-points satisfaction scale (where 1 is very dissatisfied
and 7 is very satisfied) aims to evaluate the satisfaction
level of the four main parameters defining IEQ, i.e. ther-
mal comfort, indoor air quality, acoustic and visual
comfort, alongside domestic hot water (DHW), and
general health and well-being conditions (Lollini et al.,
2020). Both perception and satisfaction scales are com-
monly featured in standards such as ASHRAE Standard
55 (ASHRAE, 2017), and embedded in previous studies
(e.g. Adekunle & Nikolopoulou, 2020). Hence, in this
study, both perception and satisfaction scales were
used along with other multiple-choice questions with
diagnostic questions, as well as open answers through
an online survey as recommended by ASHRAE (2017)
– see online appendix 1.

PMV calculation and sensitivity analysis
In some IEQ studies, the accuracy of PMV Fanger’s
model was evaluated by combining survey responses
with physical environmental conditions in addition to
comparing PMV to AMV (Humphreys et al., 2007).
Disparities between PMV and AMV in field studies
are often attributed to the adaptive opportunities
offered to residents (de Dear & Brager, 1998). These dis-
crepancies are further compounded by methodological
differences (e.g. sampling protocol, sensor accuracy,
clothing estimation, metabolic rate estimation, etc.)
and individual differences in thermal preferences
(Malama & Sharples, 1997). In this study, different scen-
arios were defined to investigate the possibilities for
improving the PMV prediction, rather than bridging
the gap between AMV and PMV.

This was achieved by comparing the results from the
thermal perception and comfort satisfaction questions
to the PMV as modelled. The online CBE Thermal

Comfort Tool was used for the calculations of the
PMV, using available measured data, with assumptions
made for the clothing value, metabolic rate and air
speed as follows: 1 clo, 1 met, 0.1 m/s, respectively, as
recommended by ASHRAE and ISO 7726 as values
for a seated person (Ashrae Standard, 2017; ISO, 7726,
2001). In addition, 40 different PMV scenarios were cre-
ated with different combinations of these theoretical
variables (air speed, metabolic rate and clo. levels) to
understand the potential PMV uncertainty as reported
in previous literature (Dawe, 2019; Ricciu et al., 2017)
(see Appendix II – online supplemental material).

Heating energy consumption
For evaluating the energy performance, the energy cal-
culation sheets for all the retrofitted case studies were
obtained from CasaClima. One of the challenges the
research faced was to obtain the energy data for all the
cases and energy bills were received from only three
cases (B, C and E). For these cases, it was also possible
to obtain the energy consumption for the year/s before
the monitoring time.

Results and discussion

This section presents the results and discussion of the
recorded indoor air temperature and relative humidity
(% RH), the survey results for the thermal comfort moni-
toring campaign, IEQ occupant satisfaction of the eight
case studies, and the energy consumption reported by
participants. Since each case study was a different typol-
ogy, and the study spanned a different period, the results
of each case study were not intended for comparison, but
rather for individual analysis and understanding.

Table 3. Recorded outdoor air temperatures during the monitoring periods.
Case study Study’s monitoring period 2021 Minimum outdoor air temp. °C Maximum outdoor air temp. °C Average outdoor temp. °C

Case C Jan. 26–Feb. 4 1.25 ± 0.5 20.25 ± 0.5 5.4 ± 0.5
Case D Feb. (5–15) −2.0 ± 0.5 14.0 ± 0.5 7.5 ± 0.5
Case B Feb. 24–Mar. 3 5.9 ± 0.5 17.1 ± 0.5 11.3 ± 0.5
Case F Feb. 25–Mar. 4 4.0 ± 0.5 20.2 ± 0.5 12.5 ± 0.5
Case A Mar. (3–10) 5.4 ± 0.5 16.5 ± 0.5 10.4 ± 0.5
Case E Mar. (4–11) 5.0 ± 0.5 19.5 ± 0.5 10 ± 0.5
Case G Mar. (12–18) 4.2 ± 0.5 25.0 ± 0.5 9.5 ± 0.5
Case H un-retrofitted Mar. (19–24) 6.5 ± 0.5 19.25 ± 0.5 13.0 ± 0.5

Table 2. Measuring instruments specifications.
Test parameters Measuring range Internal resolution Accuracy Used in cases

Tiny-tag (TGU-4500) Temperature −40 to +85°C 0.01°C ±0.5°C A, B
%RH 0-95% RH 0.3% RH ±3.0%RH

DATAQ (EL-USB2-LCD) Temperature −35 to +80°C 0.5° ±0.5°C C, D, E, F, G, H
%RH 0-100% RH 0.5%RH ±3.0%RH
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Air temperature, and relative humidity (RH, %)
results

The average recorded air temperature for all bedrooms
ranged between 17 ± 0.5°C and 23 ± 0.5°C, bathroom
temperature ranged between 19 ± 0.5°C and 26 ± 0.5°
C, kitchen spaces ranged between 17 ± 0.5°C and 21 ±
0.5°C, and finally living rooms ranged between 18 ±
0.5°C and 23 ± 0.5°C. Overall, the average air tempera-
tures recorded in the living rooms were the warmest
in all the case studies with the exception of case D in
which the bathroom space was the warmest space 26
± 0.5°C, while the living room was 23 ± 0.5°C (Table
4). The un-retrofitted apartment H had an average of
20 ± 0.5°C for bedroom 1 and living room, and an aver-
age of 21 ± 0.5°C for bedroom 2 and bathroom.

While the indoor temperatures in all the case studies
were within a small range of difference, in cases with
mechanical ventilation (MV) systems such as cases G
and E (Figure 2), the indoor temperature, and RH
were more stable on a daily basis than the other cases

such as case H which is not retrofitted, or for example
case C that is naturally ventilated (Figure 3). These
findings might support that in winter-time, controlled
background ventilation achieved through mechanical
means has the potential to balance indoor air tempera-
tures and hence supports good levels of thermal com-
fort (Belussi et al., 2019; Berge & Mathisen, 2016).
Furthermore, in naturally ventilated cases such as H
and C, the outdoor temperature fluctuation rapidly
affects the indoor air temperature regardless of the
energy class. Winter-time naturally ventilated dwellings
may lead to increased heat loss (Gupta & Kapsali,
2016). However, seven occupants reported winter-
time window opening behaviour, which will have
affected indoor temperatures and heat loss. Neverthe-
less, the effect of this cannot be characterized in this
study given that no detailed window opening behaviour
was monitored – monitoring this variable (through e.g.
window sensors or occupant diaries) has been noted for
future research.

Table 4. Average indoor temperatures, and %RH.

` Bedroom1 Bedroom2 Bathroom Kitchen Living room
Avg. per
apartment

(°C) (%RH) (°C) (%RH) (°C) (%RH) (°C) (%RH) (°C) (%RH) (°C) (%RH)
±0.5°C ±3.0% ±0.5°C ±3.0% ±0.5°C ±3.0% ±0.5°C ±3.0% ±0.5°C ±3.0% ±0.5°C ±3.0%

Case A 18 52 19 54 19 53 20 56 20 49 19 53
Case B 18 72 17 69 18 81 17 81 18 73 18 75
Case C 19 49 n.a n.a 21 49 22 41 22 41 21 46
Case D 23 41 23 46 26 37 n.a n.a 23 45 24 42
Case E 20 49 n.a n.a 20 51 20 48 21 46 20 48
Case F 21 39 20 41 20 42 21 39 21 39 21 40
Case G 20 46 20 46 21 47 21 44 21 44 20 46
Case H 20 44 21 41 21 41 n.a n.a 20 43 20 42
CIBSE Guide A recommendations 17–19 40–70 17–19 40–70 26–27 40–70 17–19 40–70 22–23 40–70

Figure 2. Avg. indoor and outdoor temperatures, and (%RH) per apartment. (a) Case G with mechanical background ventilation, (b)
case E with mechanical background ventilation. The solid red and black lines are more stable than in naturally ventilated apartments
(see Figure 2).
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The recorded indoor air temperatures were compared
to values recommended by the national Italian Law (DPR
nr. 74, 2013), the recommended indoor temperatures by
CIBSE Guide A, and occupants’ reported preferred temp-
eratures through the survey. From the monitored data,
the average indoor air temperature per apartment of
five cases (C, E, F, G and H) met the recommended win-
ter temperatures set out in the Italian regulations (i.e. 20–
22°C). Two cases (A and B) were below the rec-
ommended temperature. Case D was above the rec-
ommended value. From the survey, five cases (B, C, E,
F and G) reported preferred indoor temperatures which
are aligned with the recommended Italian regulations.
Cases D and H reported higher preferred temperatures
(23–24°C, respectively), whereas case A reported a
lower preferred temperature (19°C).

Evaluating the recorded temperatures against CIBSE
GUIDE A highlights that the minimum recommended
temperature for bedrooms, and kitchens (17°C) were
achieved. However, the recommended temperature for
the bathroom (26–27°C) was met only for case D (26°
C), while for all the other cases, the bathroom tempera-
tures ranged between 18 and 21°C. For the living room
spaces, only cases C and D met the minimum rec-
ommended CIBSE air temperature (22°C), and the
other values range between 18°C in case B and 21°C
in cases E, F and G (Figure 4).

Regarding RH levels, the average RH in both natu-
rally, and mechanically ventilated monitored case
study dwellings ranged between 40 and 53% ±3%. The
highest average relative humidity level, 75% ±3%, was
found in case B with 81% ±3% in kitchen and bathroom.

Figure 3. Avg. indoor and outdoor temperature, and (%RH) per apartment. (a) Case H un-retrofitted, (b) case C Naturally ventilated.
The solid red and black lines fluctuate more compared to mechanically ventilated apartments (see Figure 1).

Figure 4. Average recorded indoor air temperature compared to the recommended values by CIBSE guide A and Italian Law.
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Case B is located on the ground floor, connected directly
to the ground, and ground floor insulation was not
added during the renovation. Both the kitchen and
bathroom in case B were fitted with extract fans.
While the extract fan in the bathroom turns on auto-
matically when the light is turned on, the one in the
kitchen must be turned on manually. On the other
hand, case G was also located on the ground floor
with an average indoor relative humidity of 46% ±3%,
however, it had an underfloor heating system, and an
insulation layer was added during retrofitting; the
absence of which might explain the reason for the
high RH in case B (Taptiklis et al., 2022).

Dwelling RH is also affected by occupant behaviour
and moisture-creating activities or window opening
behaviour (Berge & Mathisen, 2016). In conditions
where air temperature is within comfort range, the
effect of humidity on thermal sensation is modest (Dja-
mila et al., 2015). Too low or too high RH can lead to
discomfort; e.g. low RH levels (<15–20%) may cause
irritation of the eyes, bacteria and viral infection (Ster-
ling et al., 1985). High humidity levels on the other
hand may increase the occurrence of allergic rhinitis,
and respiratory infections (Berge & Mathisen, 2016).

In this study, except for case B, all RH levels (Figure
5) were within the recommended RH levels for health
and comfort (40–60%) (Baughman & Arens, 1996; Ster-
ling et al., 1985). While generally good RH values were
met in this study, there was no significant difference
between the mechanically and the naturally ventilated
units in average RH levels. It is unclear why average
RH values were higher in Case B located on the ground
floor (75%) with mould being reported on the lower wall
surfaces that were connected directly to the ground.
Insufficient data were available to understand the
exact cause for this; however, this may have been caused

by the lack of ground floor insulation after the retrofit,
where the ground surface may have become the coldest
surface post-retrofit of other elements, potentially lead-
ing to surface condensation and mould growth. Another
factor, or in combination, might be the user-unfriendli-
ness of the extraction fans where the occupant reported
noise issues with the installed extraction fans that need
to be manually turned on by the occupant, and may
therefore not be used as often; further research is
needed. The recorded average RH for case G (46%),
located on the ground floor, highlights the potential
benefits of preventing high humidity from entering
the building through the ground as reported by Leivo
and Rantala (2008). It also highlights that energy-
efficient retrofits need to be carefully considered to
ensure mould growth is prevented and – if it occurs –
needs to be rectified. Finally, the un-retrofitted apart-
ment H reported mould growth on the wall behind
the radiators in the living room, however, its recorded
mean RH values were within the recommended values.
Further investigations are needed to understand the
cause of this; e.g. whether caused by insulation gaps or
workmanship or other reasons.

Winter thermal comfort according to the AMV,
PMV
As previously described, occupants were asked to report
their perception and satisfaction with the indoor temp-
erature and their preferred indoor temperature. The
occupant perception (AMV, −3 to +3 scale) was com-
pared to the PMV results derived from the online
CBE Thermal Comfort Tool.3 The average recorded
air temperature and humidity levels were used to obtain
the PMV values for each case. Table 5 summarizes the
satisfaction level, temperature description and the pre-
ferred indoor air temperature reported by occupants.

Figure 5. Average recorded indoor RH aligned with the recommended values by Sterling (40-60% RH).
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According to the AMV reported by residents, five of
the participants reported feeling warm in their houses
during wintertime, and three reported feeling neutral.
However, the PMV as reported by the online CBE Ther-
mal Comfort Tool suggested that people would feel
slightly cool in five cases, and neutral in three cases
(Figure 6). The un-retrofitted apartment H report
being somehow satisfied with feeling warm on the
AMV scale, however, the PMV suggested that people
in case H would feel slightly cool. Similar discrepancies
between reported AMV and PMV have been observed
in other studies (e.g. Guerra-Santin et al., 2016; and
Cheung et al., 2019). The PMV by Fanger generally
assumes people voting from −1 to +1 to be comfortable.
If the PMV was used alone, all cases would be con-
sidered comfortable. While based on AMV, only three
cases would be considered comfortable, however, the
majority of average recorded temperatures met the rec-
ommended temperature by the Italian Law, and CIBSE.
The reported satisfaction level by occupants (Table 5)
showed that the majority of residents were to some
extent satisfied. Reported thermal satisfaction and

AMV are only achieved by conducting POE, however,
the PMV can theoretically be calculated. Since previous
studies reported result discrepancies (e.g. Dartevelle
et al., 2021; Vidal et al., 2020), this comparison also
emphasizes the need to use more than one evaluation
method to evaluate the actual occupants’ sensations
and levels of comfort. Based on this study, the PMV
results seemed to assume that occupants would be feel-
ing cooler with the monitored conditions, compared to
AMV and survey responses. In existing buildings, it can
be argued that AMV has more potential to be used than
PMV because occupants are able to report their actual
thermal sensation.

Since every single individual person has a different
metabolism rate and physiological behaviour, thermal
comfort levels are an acceptable approximation (Fabbri
& Tronchin, 2011). In this regard, a sensitivity analysis
with 40 scenarios with different values was modelled
(see Appendix II – online supplemental material), to
uncover the gap between PMV and AMV. This was
achieved by applying the average recorded temperature
and relative humidity for each case, and a range of

Table 5. Occupant satisfaction level, and temperature description on a 7 points scale for the indoor temperature during winter and
summertime.

Case
study

Reported thermal satisfaction in
occupant survey Winter
(monitored period)

AMV
(occupant
vote)

PMV
(predictive
model)

Preferred winter
temperature-self

reported
Avg recorded indoor air
temperature (°C) ±0.5

humidity and
temperature digital

thermostat

Case A Very Satisfied Neutral (OK) Slightly Cool 19 19 Yes
Case B Somewhat dissatisfied Neutral (OK) Slightly Cool 20 18 Yes
Case C Very Satisfied Warm Neutral (OK) 21 21 Yes
Case D Very Satisfied Warm Neutral (OK) 23 24 No
Case E Very Satisfied Warm Slightly Cool 20 20 No
Case F Satisfied Warm Neutral (OK) 21 21 Yes
Case G Neither satisfied nor dissatisfied Neutral (OK) Slightly Cool 22 20 Yes
Case H Somewhat satisfied Warm Slightly Cool 24 20 No

Figure 6. Comparison between AMV and PMV compared.
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assumed theoretical different values for air speed, meta-
bolic rate and clo. levels in different scenarios. The
metabolic rate was set to 1 met in the first 20 scenarios.
The air speed was set to 0.2 m/s for another 20 scen-
arios. Such an approach was also embedded in ISO
7726, (2001) for the determination of PMV. As syn-
thesized in (Figure 7), most modelled scenarios (includ-
ing the non-retrofitted case H) would be considered
comfortable according to the ASHRAE standard by feel-
ing slightly cool, neutral, or slightly warm. Case D has
the largest number of theoretical scenarios with a neu-
tral feeling (though 8 scenarios were slightly warm),
on the contrary case B, has the least scenarios with a
neutral feeling.

The sensitivity analysis of the PMV proposed 40
different scenarios in which the results assume that
people would feel neutral instead of slightly cool by add-
ing more clothes, reducing air flow, or increasing the
metabolic rate. As a result, such behaviours are described
as adaptive behaviours, in which occupants engage in
actions to adjust the surrounding environment to their
preferences (Ascione et al., 2020). However, people typi-
cally might not adjust their clothing when they have
other options such as increasing temperature set points
indoors (Zhao & Carter, 2015). In fact, an occupant’s
choice could significantly affect a building’s energy
demand and indoor thermal comfort (Hong et al.,
2017). Of the 40 different scenarios for each case, only
cases A, B and G resulted in a similar neutral thermal
sensation as that reported by occupants. This highlights
the limitations of using PMV to understand an individ-
ual’s actual occupant thermal comfort in their home.

Thermal comfort according to recorded and
recommended indoor air temperatures
As reported by the survey, five cases (A, B, C, F and G)
out of eight had a thermometer and hygrometer that
showed temperature and RH on a digital screen; three
(A, C and F) reported their preferred indoor air temp-
erature similar to the mean of the monitored tempera-
ture. Participants (A, C, D, E and F) who reported
preferred temperatures close to, or similar to, the actu-
ally measured ones, also reported being thermally sat-
isfied. However, participants in cases B and G, who
reported a higher preferred temperature (+2°C than
the recorded temperature), reported the lowest satisfac-
tion level for winter thermal satisfaction. This highlights
the potential of people feeling comfortable when their
preferred indoor temperature is met, which is why the
possibility of controlling and reporting the indoor air
temperature of living spaces should be considered in
all its forms (European Parliament, 2018; Partington,
2017). In some cases this may lead to lower heating
energy use, and in other cases to higher heating energy
consumption, if residents have the ability (and can
afford) to regulate their indoor temperatures.

Typically, thermal comfort standards and guidelines
propose a single static temperature or a small range to
meet thermal satisfaction for most people, disregarding
the variations in perception and subjective evaluation
that drive users’ preferences and needs (Altomonte
et al., 2020). In this study, the average recorded temp-
eratures varied between 18°C and 24°C, and the
reported preferred ones varied between 19°C to 24°C.
Moreover, five occupants reported preferred indoor

Figure 7. PMV modelled sensitivity analysis of different scenarios for each case study.
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air temperatures >20°C, confirming the findings of
Guerra Santin (2013) that occupants tend to prefer
higher indoor temperatures which might lead to
increased energy consumption and, consequently,
cause unintended rebound effects (Attia, 2020). The
rebound effect is the result of occupants using more
energy than predicted to be more thermally satisfied
after retrofit (Sorrell & Dimitropoulos, 2008). As
observed by previous studies, people might seek higher
comfort levels if the heating systems are improved due
to overall reduced costs (Attia, 2020), though it can
also be an unintended consequence of the retrofit and
system upgrades (Love, 2014).

IEQ satisfaction

Indoor air quality, natural lighting and DHW con-
ditions were evaluated by a 7-point satisfaction scale.
Overall, high satisfaction levels were reported for air
quality, natural lighting and DHW (Figure 8). The un-
retrofitted apartment H reported the lowest ranking

among all cases (4 out of 7) for air quality satisfaction
compared to the retrofitted apartments. On the other
hand, case H reported being satisfied with natural light-
ing and DHW (6 out of 7). Located on the first floor,
case E had the lowest ranking for natural lighting (4
out of 7). Cases A, D and H are also located on the
first floor, but they are generally very satisfied and sat-
isfied with natural lighting conditions.

Despite the generally high level of satisfaction with
IEQ, there were some reported IEQ issues similar to
previous literature (e.g. Harvie-Clark et al., 2019).
When participants indicated they were unsatisfied
with any IEQ parameter, a follow-up question addressed
the possible reasons. For example, if dissatisfaction with
air quality was reported, reasons such as mould
(Figure 9), bad smell, high level of humidity, draughts,
low or high air flow, dry air, or ‘other’ were options.
Bad smells were reported in case A, and mould growth
in cases B and H.

Noise from the mechanical ventilation system was
reported by three occupants in cases B, F and

Figure 8. Air quality, natural lighting and DHW satisfaction level.

Figure 9. Some of the mould issues reported in (a) case B included mould on the bathroom ceiling, (b) case H on the wall facing the
outside, and behind the radiator.
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G. Noise from neighbours by two cases (E, H), and noise
from outside by case A. However, occupants in case C
reported it to be quieter compared to before the retrofit.
Case D reported noise from outdoor only when win-
dows were open (Yan et al., 2015). The following
Table 6 summarizes the main IEQ issues reported by
the eight occupants.

Indoor environmental conditions and air quality are
determined by the performance of the building fabric
and building systems as well as the interaction of occu-
pants with them (Gupta & Kapsali, 2016). Window
opening in particular is seen as of the most occurring
adaptive actions occupants make, which has an impact
on indoor environmental conditions and consequently,
building energy consumption (Jones et al., 2015; Stazi
et al., 2017). Occupants were asked about their habits
of opening windows during wintertime; all occupants
tended to open the window during the day, including
in the apartments with mechanical ventilation systems.
Window opening habits were investigated in the survey
(see Figure 10). The most regularly occurring habit was
opening windows after showering, followed by early
morning window opening. Case H (un-retrofitted)

reported leaving the window tilted most of the time,
while case D with a mounted radiant wall heating sys-
tem reported only rarely opening the window during
wintertime. Throughout the cases, only cases B and E
reported opening a window while cooking, although
such behaviour was reported most frequently in pre-
vious studies (e.g. Silva et al., 2017).

The reported habits of opening the windows, regard-
less of the ventilation method available, might indicate
that people still perceive window opening as one of
the most favourable options to obtain fresh air and
expel stale air; a pre-retrofit habituation that continues
post-retrofit. Moreover, windows may be opened if
mechanical systems are too noisy to operate - as dis-
cussed further below.

Health and well-being

Regarding health and well-being, with the exception of
the non-retrofitted case, all other occupants did not
report any medical issues after renovation. The most
negative feedback regarding health and well-being ques-
tions was reported in the non-retrofitted case H, where

Figure 10. Window opening habits as reported by occupants.

Table 6. Survey IEQ questions feedback.
Case study Air reported issues Noise source Health and well-being condition (7 points scale) self-reported

Case A Bad smell From outside Very good (6)
Case B Mould From mechanical extract fan Good (5)
Case C none Too much quiet Excellent (7)
Case D none From outside when windows are open Very good (6)
Case E none From neighbours Very good (6)
Case F none From mechanical extract fan Excellent (7)
Case G none From mechanical ventilation system Excellent (7)
Case H (unretrofittted) Mould From neighbours Below good (4)
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the occupant reported experiencing ‘below good’ health
and well-being conditions. Reasons for this are unclear,
and more investigation is needed, but this might have
been caused by the poorly insulated fabric. This in
turn may have caused mould growth in places, such as
kitchen, bedroom and bathroom (Nilakshini Wimala-
sena et al., 2022), as reported by the case H occupant
(see Figure 9). The occupant of case B reported similar
mould growth issues, but they reported experiencing
good health and well-being conditions. However, health
risks are associated with specific mould species and sev-
eral indoor mould species can pose a risk of reactions to
allergic individuals who are already hypersensitive to
moulds (Mansour et al., 2022).

Heating energy consumption results

A building’s energy consumption is influenced by sev-
eral factors, including energy costs; tracking energy
costs could lead to energy conservation (Moeller &
Bauer, 2022). However, in this study, occupants receive
their energy bill after the end of the heating season and
hence occupants are not able to track their consumption
in a shorter timeframe which may otherwise encourage
energy savings. Nevertheless, all participants living in
retrofitted apartments reported a reduction in the heat-
ing energy pre- and post-retrofit in the survey. The
actual energy consumption (kWh) of only two case
studies (C and E) was reported, and the third case (B)
was in a different unit (uc).

Of these three cases, the highest energy reduction was
in case B, where extra external insulation was added in
addition to upgrading all the windows to new ones with
a higher insulation level. Case B, ‘energy class C’ was
naturally ventilated with wall-mounted radiators and
was located on the ground floor. The heating energy
consumption of case B decreased dramatically after
renovation with a reduction of 55% in 2019 and 70%
in 2020 compared to 2017. This reduction buffered
some of the energy cost increases from 0.18 € in 2017
to 0.61€ per heating energy unit in 2020.

For case C, the actual heating energy consumption in
2019 reported in kWh was lower than the calculated one
by 11%. Case C was located on the 3rd floor (top floor),
achieved ‘energy class C’; wall-mounted radiators were
used pre-retrofit and an electric boiler for DHW. The
space heating energy consumption was 8300 kWh in
2015. The renovation took place in 2017 and involved
a new boiler connected to the district heating distri-
bution system, new windows, additional thermal insula-
tion and changing the heating system to a radiant ceiling
system. The space heating energy consumption from the
district heating system in the year 2019 was reduced by

36% compared to the heating energy consumption in
2015.

For case E, the actual heating energy consumption in
2019 reported in kWh was lower than the calculated one
by 75%. Case E achieved ‘energy class F’, and had a cal-
culated heating energy consumption of 121 kWh/m2a,
an underfloor heating system, and a mechanical venti-
lation system. The space heating energy consumption
in 2017 was 2974 kWh, and in 2019 was 1857 kWh
with a reduction factor of 37.6%. These results are sum-
marized in Table 7.

Despite the significant energy savings, the occupant
of case B reported not being very satisfied with the
indoor environment due to the high level of humidity,
mould problems and noise from the new mechanical
extract fan. The non-retrofitted case H was also reported
to have mould growth, and case A reported to have a
bad smell. In cases F and G, mechanical ventilation sys-
tems were reported to have caused noise. Noise from
mechanical ventilation systems post retrofit was found
in previous research (e.g. Berge &Mathisen, 2016; Mlec-
nik, 2013). As reported by van Kamp et al. (2011) people
sometimes turn off ventilation systems/extraction fans
to eliminate noise. As such, it might encourage people
to open windows to get fresh air, as seen even in cold
countries such as Sweden during wintertime (Nordquist
& Fransson, 2015). Opening window habits were
reported through the survey however, they were not
separately monitored or recorded.

Conclusion

Through POE, this paper provides a better understand-
ing of some relevant aspects of the actual performance
of energy efficiently retrofitted apartments to the Casa-
Clima standard in South Italy. Results indicated that the
satisfaction levels with indoor air quality, natural light-
ing and DHW were high in all cases. For the thermal
comfort, all occupants were to a high extent thermally

Table 7. Reported energy consumption of three cases.
Before
retrofit After retrofit Energy

reduction %2015 2017 2018 2019 2020

Case B - Space
heating energy
(uc)

7230 3256 2186 70%

Case C- Space
heating energy
kWh

8300 5300 36%

Case E- Space
heating energy
kWh

2974 1745 1857 37.6%

Note: (UC) are dimensionless terms proportional to the energy supplied (and
therefore consumed) by the radiators and recorded with the heat cost
allocators.
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satisfied. From the monitored temperature data, in five
cases, the average indoor air temperature per apartment
met the recommended winter temperatures set out in
the Italian regulations (i.e. 20–22°C). Two cases were
below the recommended temperature, and one case
was above the recommended value. When applying
CIBSE GUIDE A to evaluate the recorded temperatures,
the minimum recommended temperature for bed-
rooms, and kitchens were achieved. However, the rec-
ommended temperature for the bathroom was met
only for one case, while for all the other cases, the bath-
room temperatures ranged from 18 to 21°C. For the liv-
ing room spaces, only two cases met the minimum
recommended CIBSE air temperature. Occupants
tended to prefer higher indoor temperatures (i.e. ideally
20–24°C), except for one case. In this study, all RH levels
were within the recommended RH levels for health and
comfort (40–60%) except for one case. While generally
good RH values were met in this study, there was no sig-
nificant difference between the mechanically and the
naturally ventilated units in average RH levels. How-
ever, as explained above, a mechanical ventilation sys-
tem may have the potential to provide more
consistent indoor environment conditions during win-
ter-time. Some residents reported noise issues from
the mechanical ventilation system, which can lead to
inefficient use of the ventilation system as occupants
may open the window instead to avoid noise
discomfort.

When comparing AMV and PMV, the majority of
occupants reported feeling warm, however, the PMV
suggested that the majority of people would feel slightly
cool. Even with 40 different predicted scenarios, an ideal
match could not be achieved with an exception for three
cases (A, B and G), highlighting the importance of more
accurately understanding occupants’ thermal satisfac-
tion. Arguably, AMV has more potential to be used in
an existing building as occupants can report their actual
thermal sensation. Results showed that – based on
indoor thermometer and hygrometer readings – there
was a high potential for occupants to achieve thermal
satisfaction in five cases, either by opening the windows
or adapting the mechanical ventilation system. It is
worth highlighting that opening the windows was still
perceived as a favourable means to obtain fresh air
and expel stale air, a habit that continued after
retrofitting.

Finally, it was shown that retrofitting existing build-
ings to energy-efficient standards can result in energy
savings and improved occupant satisfaction. However,
several IEQ issues were observed in this study, including
bad odours, mould growth, noise from the mechanical
ventilation system/extract fan, noise from neighbours

and noise from outside. The study findings indicate
that POE practices are an important and integral part
of refurbishment strategies for residential buildings in
the future. POE makes it possible to guarantee that
the retrofit practice not only aims for energy-efficiency
improvements but also meets people’s indoor environ-
mental satisfaction.

As with all research studies, there were some limit-
ations in this study: the limited number of data loggers
hindered the monitoring period and the parallel moni-
toring of all the case studies. Our inability to obtain
detailed information about IEQ and energy consump-
tion before the renovation precluded us from under-
standing the IEQ improvements and prevented us
from calculating the financial benefits of the renovation.
A lack of face-to-face interviews with occupants, associ-
ated with the Covid pandemic, as well as language bar-
riers, limited our understanding of how occupants felt
about their homes, and the reported IEQ issues and
their solutions. These limitations highlight the difficul-
ties of conducting a POE in retrofitted residential build-
ings, and the barriers to obtaining pre-retrofit data and
access to a larger study sample. However, the online sur-
vey used in this study showed that digital data collection
methods could be beneficial in gathering data in existing
residential buildings and overcoming some barriers
such as pandemic lockdowns. This study shows the
need for further research on how to effectively retrofit
buildings and how to conduct POE in (retrofitted) resi-
dential buildings, where small samples and participants
potentially require different POE methods than those
developed for larger public buildings (e.g. schools,
libraries, offices). Nevertheless, even with a limited
sample and limited season-specific data, this study high-
lighted the value of POE to understand the actual per-
formance of retrofitted apartments and occupant
satisfaction; the difficulty and limitations in conducting
such studies, as well as highlighting the need for better
pre–post retrofit quality processes and fixing of issues
when they occur.

Notes

1. From over 2100 to 3000 Degree days and heating period
between 15 October and 15 April.

2. The CasaClima software is a free software developed by
CasaClima to calculate the energy efficiency of build-
ings according to the requirements of the European
Directives 2010/31/EU of the Council of 19 May 2010
on the energy performance of buildings and 2012/27/
EU of the European Parliament and of the Council of
25 October 2012 on energy efficiency.

3. https://comfort.cbe.berkeley.edu/
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