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Abstract: On a European scale, the existing building stock has poor energy performance and particu-

larly vulnerable structures. Indeed, most of the existing buildings were built before the introduction

of energy standards and under structural safety criteria different from those currently required. It is

therefore necessary the intervention in existing buildings according to an integrated approach that

contemplates both the structural safety and the energy efficiency of buildings. This study, consis-

tently with the objectives of the European research project “Proactive synergy of integrated Efficient

Technologies on buildings’ Envelopes (Pro-GET-OnE)”, proposes a retrofit intervention for a student

dormitory of the National and Kapodistrian University of Athens. The scope of the evaluation is

to understand how an integrated intervention, that implies a structural and energy retrofit, as well

as a spatial redistribution, leads to an improvement of the Indoor Environmental Quality (IEQ). In

detail, the structural retrofit was performed through exoskeleton that leads to the addition of new

living spaces and to a remodeling of the building facades. The energy retrofit regarded all three

levers of energy efficiency, and thus the building envelope, the microclimatic control systems, and

the systems from renewable sources. The integrated intervention, in addition to a reduction of energy

demand, has led to advantages in terms of IEQ. Thermal comfort, both during summer and winter, is

improved and the hours of suitable CO2 concentration pass from 34% in the pre-retrofit stage up to

100% in the post retrofit stage.

Keywords: indoor air quality; thermal comfort; energy refurbishment; dynamic simulations;

structure exoskeleton

1. Introduction

The largest part of European buildings has poor energy performances and degraded
structures. This is due to the prevalence of aged buildings built before 1970, with lightly
reinforced concrete (RC) structures, designed for gravity loads [1] and without any attention
to energy efficiency. Indeed, existing RC buildings, are obsolescent and their structures
have undergone significant degradation, with a partial or total collapse of their parts.
The structural vulnerability is a serious problem for our safety especially if we consider
the high seismic risk of some European countries like Italy, Greece, and the Balkans. The
actuality of seismic phenomena and their devastating consequences are confirmed by recent
earthquakes in Italy (L’Aquila in 2009 and Norcia in 2016) and in Greece (Athens in 1999).

Existing RC buildings do not complain about engineering practices adopted to reduce
aging or hazard damages, and at the same time, the biggest part of it is dated to the years
before the introduction of energy standards. Therefore, today we have unsafe RC buildings

Sustainability 2022, 14, 7605. https://doi.org/10.3390/su14137605 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14137605
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-0895-2650
https://orcid.org/0000-0002-0378-1637
https://orcid.org/0000-0001-8983-5167
https://orcid.org/0000-0001-9225-5753
https://orcid.org/0000-0001-5619-0681
https://orcid.org/0000-0002-7393-1581
https://doi.org/10.3390/su14137605
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14137605?type=check_update&version=2


Sustainability 2022, 14, 7605 2 of 29

with high energy demands and high CO2 emissions. A large amount of building energy
consumption depends on the poor performance of envelopes, both transparent and opaque,
indeed, scarce, or absent insulated walls, single glass windows with aluminum frames,
and without solar screens are all the range. This means that the indoor comfort, visual and
thermal, were not considered in the design stage, and was compensated, as still today, by a
compulsory use of inefficient systems. By considering the energy demand of buildings in
some European countries, in Greece the energy consumption for non-residential buildings
is 300 kWh/m2 yearly, while for residential buildings is 121 kWh/m2 yearly; in Italy,
non-residential buildings require around 650 kWh/m2 yearly, and the residential around
175 kWh/m2 yearly [2]. To understand how energy-intensive they are, just consider that
a Net Zero Energy building in Denmark has an energy demand of 20 kWh/m2 yearly if
residential and 25 kWh/m2 yearly if non-residential [3].

To a building stock with poor, inefficient, and extremely energy-intensive construc-
tions, nowadays, is added the problem of land consumption: designing new high-efficiency
buildings without intervening in existing ones is unthinkable. In this regard, Directive
2018/844 [4] introduces a long-term strategy for the recovery of existing buildings. This
directive leads to new and stringent objectives if compared to previous Energy Perfor-
mance of Building Directives (EPBD) 2002/91/EU [5] and its recast version, Directive
2010/31/EU [6].

Giving new life to existing buildings is, therefore, an absolute priority, but this cannot
be separated from a holistic approach and the necessary collaboration between the different
professions. It is therefore mandatory to secure existing buildings and make them energy-
efficient, and more comfortable, without underestimating the economic aspect. In addition,
intervening in buildings in line with the objectives of the European directives avoids further
land consumption and can trigger urban and social regeneration processes.

As part of integrated interventions, Menna et al. [7] have investigated the structural,
energy, and economic benefits of deep retrofit interventions on existing RC buildings in
Italy. Different seismic interventions were considered, both at the local and global level,
and several energy-efficiency measures, both regarding the envelope and the systems for
the microclimatic control, were analyzed. The results showed the seismic and energetic
advantages of a set of integrated interventions and demonstrated the applicability of
an integrated approach both in RC residential and school buildings in Italy. Regarding
the combined seismic energy efficiency interventions, Menna et al. [8] reviewed current
methods, tools, and protocols in Europe for their implementation in buildings. It was
underlined the importance of a site-specific evaluation for the building assessment and the
necessity of a holistic approach in the measurement of the building system’s performances.

The improvement of building energy performances has a considerable impact on
the Indoor Environmental Quality (IEQ) which includes thermo-hygrometric, indoor air,
light, and acoustics aspects of the indoor environment and therefore the well-being of
the occupants.

In Singapore, a cross-sectional study was carried out for investigating if refurbished
buildings show measurable improvements to IEQ, also considering the occupant’s level of
satisfaction and health symptoms [9]. By means of in-field measurement and post-occupancy
surveys, the authors found that the buildings refurbished according to Green Mark standards
had superior IEQ compared to conventional buildings without certification. Salleh et al. [10]
analyzed the IEQ level of 240 buildings in Malaysia converted to kindergarten by means
of occupants’ perceptions and levels of satisfaction. Kamaruzzaman et al. [11] developed a
refurbishment sustainability assessment scheme to: (i) rank assessment themes; (ii) identify
the priorities of the study’s participating stakeholders. Lee [12] examined 13 LEED-certified
homes in the Midwest by means of importance-performance analysis and gap analysis for priori-
tizing IEQs. He showed that the highest priority for improvement should be given to indoor
air temperature and humidity, air quality, as well as view, and cleanliness. No performance
gap was shown for daylight and artificial lighting, while the lowest priority was given to
the acoustic quality. Li et al. [13] have studied the correlation between energy conservation
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and thermal comfort, by developing an energy-comfort optimization model. The authors
evaluated different design alternatives for the building energy retrofit of a school in Wuhan
(China) and identified the following sensitive parameters between environmental comfort
and energy demand: the heat transmission coefficient of the roof, the insulation thickness,
the window to wall ratio, and the solar heat gain coefficient of windows. Vakalis et al. [14]
pointed out the possible disparities in the indoor thermal comfort conditions in social
housing buildings of the same vintage, location, and construction after a similar energy
retrofit intervention. The correlation between energy retrofit and its consequences on in-
door comfort is still a theme to be deepened. According to Fisk et al. [15], which reviewed
empirical data from residential retrofits, the effects of specific energy efficiency interven-
tions on occupants’ comfort and health, cannot be generalized. Indeed, it’s not possible to
predict with certainty, the changes in environmental comfort after a retrofit, this involves
a thorough assessment on a case-by-case basis. Even more reason, it is not possible to
generalize when intervening on the building, which implies both structural and energy
retrofit. A structural solution like an exoskeleton can involve a spatial redistribution of the
building, a variation in the thermo-physics of the opaque and transparent envelope, and a
difference in the window to wall ratio. Therefore, an energy analysis must be accompanied
by an analysis of the environmental comfort conditions.

For this reason, numerous recent studies are highlighting the benefits of retrofitting
interventions on IEQ and thermal conditions of buildings based on in situ environmental
measurements and/or simulations. In [16] the environmental conditions in a residential
building were evaluated through in-situ measurements. The authors focused on the risk of
overheating in southern-eastern Europe and on the possible differences in energy perfor-
mances between the as-designed and as-built. The same authors, in [17] have investigated
the indoor environmental conditions in a social housing estate in Cyprus, with both a
numerical and experimental approach. The effectiveness of retrofit strategies was eval-
uated through a dynamic thermal simulation and indoor thermal comfort was verified
through on-site monitoring and in-situ measurements. Questionnaires surveys were even
conducted to explore the occupant’s thermal comfort. Haverinen-Shaughnessy et al. [18]
remark on the high satisfaction rates of occupants after refurbishment works in 44 multifam-
ily buildings in Finland and Lithuania. The researchers found positive results of IEQ and
thermal comfort conditions after the improvement of thermal insulation, glazing frames,
and HVAC systems in the examined dwelling with the use of scientific questionnaires
and field measurements. Thermal retrofitting advantages in the residential sector are also
mentioned in the study of Carratt et al. [19] which demonstrates a systematic approach for
data evaluation. On the other hand, the review paper of Ortiz et al. [20] demonstrates the
risks of IEQ after a refurbishment, indicating humidity problems and occupants’ complaints
when the room is air-tighter and ventilation systems are not sufficient. For the case of social
houses, Patino & Siegel [21] report that those are often related to low levels of IEQ and
that “green” retrofits could provide critical solutions for the well-being of the inhabitants.
Similar studies highlight the various effects of retrofitting interventions on the indoor
environments of educational buildings. More indicatively, the study of Zuhaib et al. [22],
referring to a university dormitory in Ireland, annotates that the partial refurbishment of
the building did not significantly affect the levels of indoor thermal comfort and that a
holistic retrofitting approach is necessary. Nevertheless, the installation of a green roof
system on a Greek school building led to a reduction of average internal temperature up to
2.8 ◦C, during the summer months, for the beneath classroom according to the study by
Barmparesos et al. [23]. The positive thermal results of the green roof are also annotated
in the research of Huang et al. [24] for the case of a naturally ventilated school building
complex in Taiwan.

From the previous overview emerges the need to increase the knowledge about: (i) the
development of energy and structural refurbishment of existing buildings rather than using
more land with new ones, (ii) how this building refurbishment can affect some aspects
of IEQ. This is precisely the aim of this work: to demonstrate how a structural/energy
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intervention by means of the addition of new spaces can lead to energy-environmental
advantages and improve some IEQ aspects like thermo-hygrometric comfort, indoor air
quality, and visual comfort. There are some studies about energy or environmental or
thermal comfort aspects of a deep refurbishment, but few of them treat the issue with a
holistic approach, considering all physical domains (thermal, daylighting, concentration
of pollutants etc.). Thus, it is the novelty of the study. Moreover, since the paper regards
a real university dormitory, than can be considered representative of this intended use in
Greece, the study results could be also generalized. Finally, the method propose, as will
be seen in the next section, could be easily replicable for other types of buildings in other
climatic zones.

2. Methodological Approach

This study is part of the European research project “Proactive synergy of integrated
Efficient Technologies on buildings’ Envelopes (Pro-GET-OnE)”—H2020-EE-2016-2017/H2020-
EE-2016-PPP [25]. The project aims at the development of a novel type of refurbishment,
both structural and energetic, using an exoskeleton that realizes the addition of new living
spaces characterized by inteGrated Efficient Technologies (GET), by ensuring tailored and
customized solutions for users and increasing the desirability of retrofit options. The project
involves several real case studies (Figure 1a), for instance, the social houses in Romania
and Italy (Figure 1b,c) and the dormitory in Greece (Figure 1d). This latter is the pilot case
of the project and the case study for the present paper also.

 

Figure 1. Different zones of method application (a): Romania (b), Italy (c) and Greece (d) for which

the buildings considered are highlighted in the red box.

The methodological approach of the study described in Figure 2, could be summarized
in the following steps:

1. For the pre-retrofit stage:

a. Building energy audit and collection of whole information regarding archi-
tectural aspects; building envelope thermo-physics; HVAC-system and equip-
ment characterization; building uses and thermal zones; historical energy
consumption; users judgments, through in-field measurements, inspections,
and stakeholders’ interviews.
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b. Development of a numerical model for Building Energy Performance Simu-
lation (BEPS), a transient energy analysis with EnergyPlus [26] and Design-
Builder [27] tools and calibration considering the most accredited guidelines
on the subject [28].

2. For the post-retrofit stage:

a. Definition of HVAC-envelope system refurbishment according to the main
issues identified in step 1.a and implementation in the numerical model defined
in step 1.b.

b. Analysis of energy and environmental impact.
c. Improvement of IEQ in terms of thermo-hygrometric comfort, daylighting

evaluation, and indoor air quality.
d. Development of Post-Occupancy Evaluation (POE) with questionnaires to

identify the level of satisfaction of both administrators and occupants.

 

Figure 2. A flowchart of the methodological approach.

Steps 1.a and 1.b have been deeply developed and discussed in a previous study of
the authors [29], while the present paper focuses on steps going from 2.a to 2.d. More in
detail, as regards the energy analysis (step 2.b) the values of the primary energy conversion
factors refer to the local legislation in force (KENAK in Greece [30]) and they are 0.345 for
electricity and 0.953 for natural gas. The results will be presented in terms of primary
energy demand for different end-uses or the energy consumptions for different energy
carriers, normalized on the net conditioned building area. Moreover, a monthly trend of
the annual amount of electricity from Photovoltaic (PV) and thermal energy produced
by solar panels is also reported, only for the post-retrofit scenario. Their percentage of
coverage concerning the energy carriers is also provided. Regarding the environmental
impact of energy consumption (step 2.b), all data are expressed in terms of CO2 emissions,
and the emission factors are 0.196 tCO2-eq/MWh for natural gas and 0.989 tCO2-eq/MWh
for electricity [30].

Thermo-hygrometric comfort, daylight analysis, and indoor air quality (step 2.c) are
investigated on an hourly basis and with the use of a room-by-room approach since global
data referred to the whole building are not very significant and are also difficult to be
interpreted. Thus, an in-depth analysis of hourly data for various rooms is shown. In this
way, any effect on the occupant’s comfort conditions can be directly highlighted by the
application of different GET systems. To evaluate the thermal comfort conditions within
the indoor environment, the international standard ISO 7730 [31] has been taken into
consideration. This latter presents a method for predicting the general thermal sensation
and the percentage of thermal dissatisfaction of people exposed to moderate thermal
environments. More precisely, it enables a numeric determination and interpretation
of thermal comfort levels by using the calculation of PMV (Predicted Mean Vote) and
PPD (Predicted Percentage of Dissatisfaction) indices. According to the recommended
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comfort requirements, for people occupying spaces, the PPD must be less than 10% which
corresponds to −0.5 < PMV < +0.5. In this investigation, both the passive effect of the
new building envelope on the indoor thermal comfort and the effects of the addition of
a cooling system on the thermal sensation of the occupants are described. Concerning
visual comfort analysis, the daylight illuminance contour plots and average daylight factor
(DF) are generated for each selected room. For all calculations, the Radiance ray-tracing
simulation engine through the DesignBuilder software [27] was used. It is considered that
light can be transmitted through exterior and interior windows. Moreover, the shading
and reflective effect of local shading devices along with component/assembly blocks are
included. Window shading options such as slatted and diffusing blinds are not included
in Radiance calculations. It is important to annotate that Radiance operates by using
a statistical Monte Carlo approach, meaning that the results cannot be repeatable. In
this study, standard settings are used such as the number of ambient bounces equal to
2 (maximum number of diffuse bounces computed by the indirect calculation). The height
of the “working plane” (i.e., the considered reference surface) above the floor level for
each zone in the daylight simulation is set at 0.7 m. The sky model selected is an overcast
day with illuminance at the Zenith equal to 10,000 lux (overcast model). As regards
indoor air quality the amount of indoor CO2 expressed in parts per million (ppm) is
derived as an output of simulations, calculated using the Generic Contaminant Predictor-
Corrector module [32]. The maximum acceptable level of indoor CO2 concentration has
been considered equal to 800 ppm, as recommended by ASHRAE Standard 62 [33] for
office spaces. It has been chosen because, with respect the schools concentration limit
(1000 ppm) it is the most stringent one, thus the results obtained in the study could be even
more appreciated.

Finally, as shown by the literary review, the need to evaluate the stakeholders’ satis-
faction regarding the whole phase of construction, the analysis of acceptance from users
and administrators, and the identification of corrective measures in high investments bring
to develop a POE. The POE was introduced by Preiser et al. (1988) [34] for systematically
evaluating the performance of buildings after they have been built and occupied for some
time. Concerning the pure objective building assessments about energy, structure, and
sustainability, this evaluation focuses on the occupant requirements, such as health, safety,
security, functionality and efficiency, psychological comfort, aesthetic quality, and satisfac-
tion [35]. The benefits of the post-housing evaluation invest in parallel all the stakeholders
of a project, from owners to tenants, to builders, to designers. The survey causes the
building occupant to feel both consulted and involved in the process of designing new
spaces [36] while the designers and the constructor could have a confirmation of what
has been done. The occupant satisfaction or expectation is a key factor in a process of
refurbishment or construction, because, on one hand, several studies indicate that con-
flicting stakeholder requirements are the main barrier in implementing real sustainable
retrofit [37,38]. Indeed, within the investigation of a dormitory [37] it was shown that
tenants and owners are often in disagreement concerning how, when, and why a building
should be sustainably retrofitted. On the other hand, the occupants are a largely untapped
source of information for facility managers interested in improving the performance of their
buildings. So, an appropriate survey offers opportunities to include occupants in a building
performance feedback loop [39]. By combining objective variables (e.g., people density,
air change for hours, distance from windows, etc.) and subjective variables such as the
perception of indoor environmental quality from occupants, the aim of a POE analysis must
be to improve the use of the building and to help its maintenance and daily management,
as well as to identify and correct problematic behaviors or performance below expectations.

Following the methodological approach presented, the paper is structured to highlight
all the improvements and variations that occurred for the post-retrofit case compared to
the existing one. Thus, the outcomes of this investigation could be used as a starting point
for further comparison with the in-field measures which will be carried out in the next
steps of the Project. Moreover, it should be stressed that this methodological approach, so
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structured could be easily replicable for the refurbishment of other buildings type in any
climatic location.

3. Case Study: The Building Renovation of Athens Dormitory

This section investigates the theoretical assessment of the performance of applied
energy retrofit and seismic enhancement measures for a student dormitory located in
Athens and belonging to the National and Kapodistrian University of Athens. Athens
is on the Aegean coast, and on the southern tip of the Balkan Peninsula. According to
the Köppen–Geiger climate classification category Csa [40], Athens has a hot-summer
Mediterranean climate with alternation between prolonged hot and dry summers and mild
to cool winters with moderate rainfall. The average annual temperature is 18.1 ◦C and the
precipitation amounts to about 415 mm annually. At an average temperature of 27.9 ◦C,
July is the hottest month of the year. The lowest average temperatures in the year occur
in January, at 9.5 ◦C. In order to understand the significance of climate in this particular
region, in Figure 3 several information is reported. More in depth the annual trends of
Athens dry bulb temperature and relative humidity as well as the global solar radiation
and illuminance on the horizontal, used for the present study, are shown in Figure 3b,c
respectively. In addition, in Figure 3c the sunshine hours of the last 5 year for Athens are
depicted, due to the database [41]. On average there are 3921 h of sunshine during the year.
For this context the thermal comfort thresholds are identified on the psychometric chart
in Figure 3e, following the international standard ISO 7730 [31] and the Ashrae standard
55 [42]. They refer to light activity such as studying (1.2 met), an indoor air speed lower
than 0.15 m/s and a clothing resistance of 0.5 clo in summer and 0.9 clo in winter.

 

Figure 3. Location map of the building context (a); annual dry bulb temperature and relative

humidity (b); annual global solar radiation and illuminance (c); sunshine hours (d) thermal comfort

thresholds (e).

The building selected, named B Building FEPA, is a student dormitory hosting
138 single-bed for students. It is located within the University Campus (38◦01′ N 23◦44′ E)
with an altitude of 153 m on sea level, in area of around 4500 m2. The University Campus
of Zografou area is in the eastern part of Athens and is one of the biggest suburbs of the
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Attica region. Near the building there is a football field and a park. The particular of the
building context is shown in the location map in Figure 3a.

The case study chosen has been selected as pilot case of the Pro-GET-OnE”—H2020
project. This because it is a student house typical from the 80’s. In fact, the main structure,
made by reinforced concrete with hollow brick external walls, is a typical building construc-
tion in all Attica suburbs and city center [25]. In general, according to Landolfo et al. [43],
that analyzed the statistical data from the Greek National Statistical Institute, the Hellenic
building stock is mainly divided between masonry buildings, which account of 39%, and
reinforced concrete ones, with the greatest incidence, 58%. It is also the most widespread
structure all over Europe. Moreover, also the glazing envelope (aluminium or wooden
frame with single glass) as well as the HVAC plant typology (centralized heating system)
are the common characteristic of 80′s buildings in Greece. Thus, the energy performance of
the building in its existing case are very low and comparable with the statistical results pro-
vided by IEE Project TABULA “Typology Approach for Building Stock Energy Assessment”
for Greece in Athens climate zone (B) [44]. This tool has been used also in other studies [45]
for creating representative case study of some national building typology (e.g., Spain,
France, Denmark, Italy, Poland Germany and so on). Finally, also the number of floors,
dimension and rooms layout is similar to other accommodation structure in Greece [46].
It follows that the case study selected is nationally representative, with the possibility of
extending the proposed method and the results obtained to a wide range of buildings.

A deep energy audit was developed for the building, with pre-retrofit in-filed mea-
surements and interviews that have shown the necessity of interventions to improve energy
efficiency and student’s comfort conditions.

The structure, in reinforced concrete, built in 1986, is characterized by a rectangular
shape (56.6 m × 15.4 m), with four floors above ground and a basement, with an overall
gross building area of approximately 3642 m2 (Figure 1a). Each floor, with an area of 725 m2,
hosts 36 single-bed rooms for students, with the exception of the ground-floor, which hosts
30 rooms. As shown in the energy audit carried out for this building.

In this section, a detailed description of the GET-system implementation and HVAC
system replacement is presented for the case study. The refurbishment of the dormitory
consists of four main interventions:

• the addition of new volumes;
• the replacement of the heating, cooling, and Domestic Hot Water (DHW) systems;
• the addition of thermal insulation for the building envelope;
• the addition of two renewable energy systems;
• the replacement of the electrical equipment and lighting system.

In the following subsections, a detailed description of the interventions is provided in
comparison with the current state of the building. A detailed description of each selected
solution is presented in terms of:

• Geometry and spaces reorganization.
• Compositions (i.e., materials, thicknesses, and layers) of the opaque and transparent

building envelope elements.
• HVAC types and their operation.

3.1. Modification of Space and Geometry

With reference to the present case study, a re-distribution of the internal spaces and
therefore, of the thermal zones, was carried out to provide additional individual space to
the inhabitants. Figures 4 and 5 depict the layout of the living spaces before and after the
renovation actions. The common areas are marked in green color, the individual spaces in
orange and the private spaces added due to the application of different GET systems in
yellow. These systems are: Extra-Room (ER), Sun-Space (SS), and Balcony (BAL). In total,
the gross floor area was increased by around 35%.
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Figure 4. Plans of the ground floor of the student dormitory in Athens.

 

Figure 5. Plans of the first floor of the student dormitory in Athens.
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Initiating from the available vectorial plans and prospects, the geometrical features of
all elements of the building were drawn for the refurbished case. In Figure 6, the rendered
view of the building model is presented, for both the pre- and post-retrofit stage. The
surrounding buildings have been also modelled to consider any possible shadow on the
examined building. The main geometrical information and data about the opaque and
transparent surfaces of the building envelope are shown in Table 1. The window-wall ratio
increases from 36% to 44%, approximately.

Figure 6. Render view of the numerical model in DesignBuilder of the student dormitory in Athens.

Table 1. Heat transfer area of building envelope.

Pre-Retrofit Stage Total North East South West

Wall Area [m2] 1808.96 180.52 724.06 180.72 723.67

Window Opening Area [m2] 649.38 53.86 271.18 51.93 272.42
Window-Wall Ratio [%] 35.90 29.83 37.45 28.73 37.64

Post-Retrofit Stage

Wall Area [m2] 2019.49 219.98 789.80 219.87 789.83

Window Opening Area [m2] 884.40 30.21 407.49 31.56 415.13
Window-Wall Ratio [%] 43.79 13.73 51.59 14.35 52.56

3.2. Thermo-Physical Properties of the New Building Envelope

In Table 2 the main thermo-physical properties of the building envelope in the pre-
retrofit stage are summarised. It is evident the need of thermal insulation and glazing
replacement for improving the thermal comfort and reducing the energy demand. For
instance, the external walls and slabs, as well as the glasses, show thermal transmittance
values very far from minimum requirements imposed by law, for Athens climatic zone [30].
In fact, the U-value of external wall should be lower than 0.50 W/m2K, for the roof slab
0.45 W/m2K and for the basement 0.90 W/m2K. There are also related problems to the air
infiltration due to non-perfectly sealed old windows.
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Table 2. Thermo-physical properties of the building envelope in the pre-retrofit stage.

Type Thickness
[m]

Thermal
Conductivity

[W/mK]

Density

[kg/m3]
Specific Heat

[J/kg K]

Thermal
Transmittance

[W/m2K]

Opaque
envelope

External wall
Plaster 0.025 0.35 950 840

1.69Brick 0.200 0.72 1920 840
Plaster 0.025 0.35 950 840

Roof

Asphalt 0.006 0.70 2100 1000

1.06
Perlite-bitumen

bonded
0.030 0.06 240 840

Concrete 0.200 0.75 2300 657
Plaster 0.025 0.52 1200 840

Ground floor
Marble 0.020 2.90 2750 840

2.07Concrete 0.200 0.75 2300 657

Type Thickness
[m]

Thermal
Transmittance

[W/m2K]

Solar Factor
[-]

Light
Transmission

[-]
Gross Dimensions

Transparent envelope
Single

clear glass 0.004 5.9 0.85 0.89

1.30 m × 1.10 m or 1.00 m × 2.30 m
in the rooms

5.70 m × 2.30 m balcony door in
common zones

2.16 m × 0.6 m in the basement

Thermal insulation of the building envelope was applied to the external walls, slabs
and the stair block. In particular, the opaque envelope of the refurbished building demon-
strates the following thermo-physical properties:

• the external walls have a thermal transmittance (Uvalue) of 0.29 W/m2K (pre-retrofit

Uvalue = 1.69 W/m2K) and consist, starting from the outside, of 1 cm of inner plaster,
10 cm of thermal insulation (thermal conductivity 0.034 W/mK), 18 cm of brick and
1 cm of exterior plaster.

• The underground walls are made of 6 cm of polystyrene thermal insulation, 23 cm of
reinforced concrete and 2.5 cm of plaster, with a total thermal transmittance equal to
0.48 W/m2K (pre-retrofit Uvalue = 1.69 W/m2K).

• The ground floor (Uvalue = 0.29 W/m2K), starting from the inside, has the following
layers: 2 cm of ceramic tiles, 6 cm of concrete, 10 cm of polystyrene thermal insulation,
20 cm of reinforced concrete (pre-retrofit Uvalue = 2.07 W/m2K).

• The flat roof has a thermal transmittance of 0.28 W/m2K (pre-retrofit

Uvalue = 1.06 W/m2K).and is composed of 1 cm of ceramic tiles, and 15 cm of concrete,
10 cm of polystyrene thermal insulation, 15 cm of reinforced concrete and 2 cm of
internal plaster.

Referring to the transparent envelope, windows have an aluminum frame with thermal
break (Uf = 2.2 W/m2K) and double glasses (Ug = 1.7 W/m2K) with a Solar Factor (g) of
0.57 and a Light Transmission of 0.75.

Table 3 summarizes all thermal transmittances, before and after the retrofitting works,
along with the respective percentages of variation. It is important to note that for all
building elements, a percentage reduction of more than 50% is achieved and the new values
fall within the limits imposed by the local legislation in force [30].

Table 3. Thermo-physical properties of the building envelope.

U-Value of Pre-Retrofit Stage Post-Retrofit Stage Percentage Variation

External walls [W/m2K] 1.69 0.29 −83%

Ground floor [W/m2K] 2.07 0.30 −86%

Flat roof [W/m2K] 1.06 0.28 −74%

Underground walls [W/m2K] 1.69 0.49 −71%

Window frames [W/m2K] 5.87 2.2 −63%

Window glass [W/m2K] 5.87 1.7 −71%

3.3. HVAC System and Operation

The plant’s configuration consists of two main parts:
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• autonomous systems serve the two double rooms with ER placed on the ground floor
and the two double rooms with SS on the first floor;

• a centralized system that serves the other rooms and the common areas.

Regarding the centralized plant, a mixed air-water system will be installed. For heating
and cooling purposes four air-to-water heat pumps (HP), one for each floor, are available,
characterized by a COP of 3.20 and by an EER of 2.95. The electric HP treats the heat
transfer fluid (water) which is sent to each room through 2 pipe Fan Coil Units (FCU), with
a constant water flow and variable speed fan. These air to water HP is also connected,
per couple, to two water storages with a capacity of 500 L each. Within the bathrooms
and common areas, for heating services, hot water radiators fueled by a gas heating boiler
will be installed. The DHW will be provided by a gas boiler connected to a solar collector
system (38 panels), south exposed, with 45◦ tilt, and positioned on the rooftop. Finally, in
each zone, a decentralized mechanical ventilation system, equipped with heat recovery and
air filtration, can provide five different fresh air flows based on five different fan speeds.
The heat exchanger with double-crossed flow offers sensible and latent heat recovery, with
a relative efficiency of up to 82%. A triple filter eliminates particulate matter (up to 98%
of PM2.5 and all PM10), together with pollen, dust mites, spores, and bacteria larger than
0.4 µm. A summary of the main technical data of the plant components is demonstrated
in Table 4. Four autonomous systems will be installed in the two double rooms on the
ground floor and in the two double rooms on the first floor, respectively. Those air-to-air
HP provide warm air during winter and cold air during summer. The same systems also
provide dehumidification and are equipped with an electronic filter (ePM1 90%, according
to ISO 16890) to purify the air before supplying it into the rooms. Moreover, these compact
systems are equipped with active thermo-dynamic heat recovery. This means that there is
an interaction between the airflow taken from the external environment and the exhaust air
taken from the indoor environment. The main technical features are summarized in Table 4.
The systems here described replace the systems installed in the pre-retrofit building, widely
specified in [29].

Table 4. Technical data of HVAC centralized and autonomous system.

Characteristics Zone

C
e

n
tr

a
li

z
e

d
sy

st
e

m

Heating and cooling services

4 air to water HP connected
to in-room FCU

Heating capacity: 53.0 kW;
COP: 3.20;

Cooling capacity: 53.3 kW;
EER: 2.95.

Rooms;
common areas

2 water storage Capacity: 500 L

Gas heating boiler connected
to hot water radiators

low-temperature boiler (92/42/EEC)
Nominal capacity: 285 kW

Common areas;
bathrooms

DHW service

Gas boiler connected
to solar collectors

Efficiency of the gas boiler: 0.95
Number of solar collectors: 38

Area of a single solar collector: 1.8 m2

Azimut: south
Tilt angle: 45◦

Common areas;
bathrooms

Ventilation service

Controlled mechanical ventilation
with heat recovery and air filtration

5 fan speeds
Air flow: 15 ÷ 41 m3/h

Thermal efficiency: 82 ÷ 69%
Absorbed power 4.6 ÷ 20.6 W

Rooms

Controlled mechanical ventilation
with heat recovery and air filtration

Air flow: 590 m3/h Common areas



Sustainability 2022, 14, 7605 13 of 29

Table 4. Cont.

Characteristics Zone

A
u

to
n

o
m

o
u

s
sy

st
e

m

Heating and cooling services

4 air to air HP

Heating capacity: 3.18 kW;
SCOP: 3.83;

Cooling capacity: 2.14 kW;
SEER: 2.95. 2 double rooms at ground

floor and 2 double rooms
at the first floor.

Ventilation service

Controlled mechanical ventilation
with heat recovery and air filtration

Total flow air provides to each room: 400 m3/h
Recirculated flow air from each room: 100 m3/h

Absorbed power 1.16 kW

The schematic visualization of the HVAC system, developed in the building’s numeri-
cal model through DesignBuilder, is depicted in Figure 7, with reference to both the pre-
and post-retrofit stages. The high-temperature boiler with low efficiency, present in the
current state, has been replaced by new and more efficient systems. The old radiators have
been replaced by FCU in the bedrooms and common spaces, which allow the occupants
to achieve adequate thermal comfort conditions more quickly. Moreover, the addition of
two new energy services, i.e., ventilation and cooling, contributes to the occupant’s well-
being. The net conditioned building area increases from 2584 m2 (in the existing state) to
2681 m2 (after the renovation). Regarding the integration of Renewable Energy Sources
(RES), three PV strings with a total power of 14.4 kWpeak will be installed on the rooftop.
In detail, two strings with 5.7 kWpeak each will be placed in the southeast and northwest
orientation, while one 3.0 kWpeak string is in the northeast. With reference to all of them, a
tilt angle of 35◦ is selected.

Figure 7. Schematic visualization of the HVAC system in DesignBuilder.

In Table 5, the main boundary conditions along with the operating mode used for the
simulations are presented.
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Table 5. HVAC-system operation.

Heating Period (Set-Point Temperature 20 ◦C)

Bedrooms and common areas—air to water HP
From 7:00 a.m. to 9:00 a.m., from 5 p.m. to 10 p.m.,

from 1 November to 31 March

Bathrooms and common areas—gas heating boiler
From 7:00 a.m. to 11 a.m., and form 6:00 p.m. to 10:00 p.m.,

from 1 November to 31 March

Ground floor and first floor double rooms—air to air HP
From 7:00 a.m. to 9:00 a.m., from 5 p.m. to 10 p.m.,

from 1 November to 31 March

Cooling Period (Set-Point Temperature 26 ◦C)

Bedrooms and common areas—air to water HP From 12:00 p.m. to 8:00 p.m., from 1 June to 30 September
Ground floor and first floor double rooms—air to air HP From 12:00 p.m. to 8:00 p.m., from 1 June to 30 September

Mechanical Ventilation Activation

Bedrooms
From 7:00 a.m. to 9:00 a.m., from 5:00 p.m. to 10:00 p.m.,

from 1 November to 31 March
From 12:00 p.m. to 8:00 p.m., from 1 April to 31 October

4. Results

In this subsection, all the results will be presented in comparison with the ones referred
to the current state of the building, to achieve a clear overview of the benefits of the deep
renovation process.

4.1. Energy and Environmental Analysis

An overview of the building’s energy status, in terms of energy demand and green-
house gas emission, is provided. More specifically, in Figure 8, the normalized primary
energy demand for different end-uses over the whole year is shown. The normalized
values refer to the net conditioned building area, which is 2584 m2 (in the existing state)
and 2681 m2 (after renovation). It should be noted that the energy demand of auxiliaries
has increased (+86%) if compared to the existing state, due to the addition of a mechan-
ical ventilation system. The cooling demand has been also added. If on one hand, this
leads to an increase of energy in such end-use, on the other hand, it contributes to the
occupant well-being.

Figure 8. Normalized primary energy demands.
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The values in Figure 8 represent the demand to satisfy each energy service, without
considering the electricity converted by the PV system. If this latter is considered, the total
primary energy savings reach 337,627 kWh/y, with a reduction of 51%.

Figure 9a and b depicts the amount of the required energy, considering the two dif-
ferent energy sources (electricity & natural gas) by considering merely the building as the
control volume. Thus, Figure 9a illustrates the electricity demand, deducting the amount
produced by PV for the case of the post-retrofit stage; on the other hand, Figure 9b, shows
the amount of natural gas. The percentages of reduction concerning the pre-retrofit stage
are also illustrated. With reference to the CO2 emissions, Figure 9c shows the comparison
between the pre-retrofit and post-retrofit stages. It should be noticed that the electricity con-
verted by PV has been considered. Throughout the whole year, the building refurbishment
involves a reduction of 48% of CO2 emissions in the existing building.

Figure 9. Energy uses, electricity (a) natural gas (b) and CO2 emissions (c).

Focusing on the energy conversion systems enhanced by RES (present only in the
post-retrofit scenario), Figure 10 shows the comparison between the electricity demand and
the PV coverage. The total annual amount of electricity from PV is 20,328 kWh/y while
the thermal energy from solar panels is 57,581 kWh/y. These latter are the energy vectors
directly available and usable by the building. From the BEPS results, over one year, the PV
system can cover 20% of the electricity demand, while the solar panels 50%, approximately.

Figure 10. Monthly amounts of electricity in the post-retrofit stage.
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According to Greece the reference law Y.A. RIS/DEPEA/85,251/27.11.2018 “Approval
of the National Plan for increasing the number of nearly zero energy buildings” (Govern-
ment Gazette B ‘5447/2018) [47], the Athens dormitory meets the nZEB requirements. The
Greek law establishes that a building can be considered nZEB if it is:

• at least A class, for new buildings and,
• at least B+, for an existing building after partial/deep renovation.

In this case, the asset rating evaluation was developed using the calculation with semi-
stationary boundary conditions conducted by the constructor partners of Pro-GET-onE [25].
It was shown that the refurbished building under investigation will be classified in energy
category B +, and so, as an existing building, it meets the nZEB requirements.

4.2. IEQ Evaluation

The rooms chosen for this analysis are located on the ground, first and second floor,
and in two different orientations, East and West. They are double rooms for which either
ER, SS, or BAL solutions are applied (Figure 11). In this way, it is possible to have a general
overview of the application of the three different scenarios proposed in the post-retrofit
solution. In particular, the double rooms with ER are located on the ground floor (GF) and
the ones with SS and BAL, on the first (1F) and second floor (2F), respectively. The double
rooms of the third floor were not considered in this analysis because they have balconies
similar to those of the second floor and thus, thermal and visual comfort analysis would
demonstrate similar results.

 
 

 

Figure 11. Selected rooms for the investigation of IEQ conditions.

4.2.1. Thermo-Hygrometric Comfort

Regarding the application of ISO 7730 [31] thermal comfort model for warm months,
the thermal resistance of clothing is set equal to 0.5 Clo while for cold months equal to
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1.0 Clo. The metabolic rate for the students in the bedrooms is 140 W/person (mainly
resting). For a suitable analysis, the PMV values must be shown on an hourly basis and
thus, two days of interest were chosen for this study:

• 31 October: on which the heating systems are turned off, to examine the passive effect
of the new building envelope on the indoor thermal comfort.

• 1 July: during which the cooling systems are operating (refurbished phase), to investi-
gate how the addition of the cooling system can affect indoor comfort levels.

Concerning the selected days, the hourly trend of the PMV is depicted in Figure 12
for the ground floor, in Figures 13 and 14 for the first and second floor, respectively. The
application of the ER (Figure 12), during the warm day ensures a reduction of the PMV,
from about 2 (warm sensation) to less than 1, so relatively close to the desired thermal
comfort zone (−0.5 < PMV < +0.5). During the cold day, the difference between the pre
and post-retrofit stage is significant in the Western room, with an average difference equal
to 0.5.

Furthermore, the application of SS (Figure 13) and BAL (Figure 14) during the warm
day demonstrated values of PMV within or close to the desired comfort zone, due to the
horizontal projections. It should be underlined that the sunspaces are considered “open
spaces”, therefore demonstrating a thermal behavior like the BAL solution. For those cases,
PMV index is decreasing from 3 (hot) to ±0.5 (around the thermal neutrality). In addition,
for the cold day, SS or BAL solutions can provide a neutral thermal sensation among the
slightly cool and cool sensations (−1 & −2) of the pre-retrofit stage.

 

−

− −

 

Figure 12. PMV trends in the rooms of the ground floor (GF).
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Figure 13. PMV trends in the rooms of the first floor (1F).

 

Figure 14. PMV trends in the rooms of the second floor (2F).
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The above results show that the developed GET solutions could be considered passive
building envelope systems during cold months since they can guarantee thermal comfort
of the occupants even when the HVAC systems are not switched on, thus determining
energy savings related to the HVAC operation.

For warm days, it was found that the installation of a cooling system strongly affects
the achievement of thermal comfort which otherwise would not be achieved. These results
are also enhanced from Figure 15, which presents the PMV trends in the examined rooms
during the whole warm period (June–September). Moreover, the presence of four compact
HP in the rooms of the ground and first floor can achieve less fluctuant values of PMV if
compared to the rooms of the second floor.

Figure 15. PMV trends during the warm season (June–September).

4.2.2. Daylighting Evaluation

Concerning daylight conditions simulated for the refurbished building, Figures 16–18
illustrate the daylight contour maps of the six representative rooms. Those figures depict the
daylight distribution on the working plane (0.7 m). Grey color represents the areas with a DF
lower than 2%. Comparing the daylight results of the rooms of the second floor in Figure 18,



Sustainability 2022, 14, 7605 20 of 29

with those of the ground and first floor (Figures 16 and 17, respectively) a remarked
difference can be noticed. Indeed, for the second floor, the daylight illuminance levels are
lower than those of the ground and first floor, because of the presence of the balconies.

Figure 16. Daylight distribution contour map of double rooms of the ground floor.

Figure 17. Daylight distribution contour map of double rooms of the first floor.

Figure 18. Daylight distribution contour map of double rooms of the second floor.

To compare pre and post-retrofit results, Table 6 demonstrates the average DF related
to the six different rooms. The SS area was considered for the calculation since it could be
occupied by the students. With the implementation of ER and SS, the average DF remains
almost the same or increases, while the application of the BAL decreases the levels of DF.
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However, it should be emphasized that this calculation refers only to the illuminance due to
natural light. Nevertheless, all GET system solutions will be equipped with state-of-the-art
lighting and control systems which will allow a suitable level of illuminance to all users.

Table 6. Average daylight factor (DF) in the pre and post-retrofit stage.

Pre-Retrofit Post-Retrofit

West room—GF 3.1 3.3
ER

East room—GF 3.0 4.0

West room—1F 3.2 3.2
SS

East room—1F 3.0 3.5

West room—2F 3.3 1.3
BAL

East room—2F 3.0 1.5

4.2.3. Indoor Air Quality

For indoor air quality, the percentage of hours with a CO2 concentration lower than
800 ppm, over the whole year, was evaluated and reported in Table 7. In the pre-retrofit
stage, only 34% of total hours show a suitable level of CO2. This percentage is the same
for each analyzed rooms since in the pre-retrofit stage the HVAC solution is the same for
the rooms. Moreover, this percentage is low because no mechanical ventilation system is
present in the pre-retrofit state, so only natural ventilation ensures fresh air. Considering
the post retrofit stage, it is evident how a dedicated air to air HP with controlled mechanical
ventilation with heat recovery and air filtration (room at GF and 1F) can achieve greater
indoor air quality than a centralized solution (rooms at 2F).

Table 7. Percentage of hours with CO2 lower than 800 ppm.

Pre-Retrofit Post-Retrofit

West room—GF 34% 100%
ER

East room—GF 34% 100%

West room—1F 34% 57%
SS

East room—1F 34% 58%

West room—2F 34% 51%
BAL

East room—2F 34% 52%

4.3. Post-Occupancy Evaluation and Future Steps

In this study, the occupant satisfaction survey is developed based on commonly used
POE and will be submitted to occupants and administrators after the conclusion of the
construction works and thus after the building is inhabited. In Figure 19, the phases of a
POE are reported: in the green box, the phases currently completed, while in the two grey
boxes the future steps.

Figure 19. Phases of POE.
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Regarding the developed survey, it contains 31 questions for Administrators and site
managers and 31 for Users and occupants. Examples of a part of both questionnaires are
shown in Figures 20 and 21. It is asked to rate the current performance of the refurbished
building, regarding four main fields of interest:

• user comfort (thermal, visual, living space, managing of bioclimatic environment,
ventilation, acoustic, etc.).

• sustainable aspects (thermal insulation, plants powered by renewable energy sources,
materials, etc.);

• technical aspects (seismic safety, evacuation plan, fire safety, etc.)
• social aspect (benefits to the whole urban district, aesthetic aspect, etc.).

 

 

 
 

 

Figure 20. Part of survey for administrators and site managers.
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Figure 21. Part of survey for users and occupants.

The evaluation of user comfort is evaluated by considering the most relevant envi-
ronmental factors—air quality, acoustics, lighting, and the thermal environment—as even
underlined by [48]. Indeed, as the authors evidenced, depending on the building uses
a different weight is assigned to each factor in the whole perception of comfort. A deep
comfort analysis in the post-occupancy phase, therefore, is necessary to understand the
real perception of indoor comfort from the inhabitants.

The questionnaires were organized by considering a satisfaction rated on a scale of 1–5,
as indicated by literature papers [35,49] where 1 corresponds to “very dissatisfactory” and
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5 corresponds to “very satisfactory”. Moreover, a sixth option, namely “I can’t evaluate”
it’s available. The questioners end with 4 open answers referring to the 4 main themes, as
suggested by the literary overview [50].

The planning of POE analysis is only the starting point of the whole analysis because
the refurbishment works are currently in progress; therefore, these questionnaires will have
to be administered once the building is again occupied by users. The analysis of the results
of the POE analysis, once it will be completed, could be organized into three main parts:

1. evaluation of the post-occupancy surveys,
2. comparisons with the degree of satisfaction/expectations before the deep renovation,

following the structure reported as an example in Table 8, regarding four main fields
of interests,

3. development of guidelines on optimized building management based on user responses.

Table 8. Example of possible results analysis.

Satisfaction Rate (%)

Pre Retrofit Post Retrofit

User comfort

Thermal

Acoustic

Visual

Indoor air quality

Sustainable aspects

Thermal insulation

HVAC plants

Renewable energy sources

Technical aspects

Seismic safety

Evacuation plan

Fire safety

Social aspect

Space addition

Urban district advantages

Aesthetic aspect

Architectural barriers

First of all, the number of people participating in the questionnaire should be reported,
as well as the period during which it was conducted. It is important to know how long the
people have been living in the building. Regarding the evaluation of the post-occupancy
surveys, different histograms (one for tenants and one for administrator) could be used for
showing the results of the investigation, as made by several studies [36,37,39,49]. For them,
the subdivision by areas of interest should be made.

Finally, using the open questions provided at the end of the questionnaires and by
analyzing the histograms developed, some notes or guidelines could be written to optimize
the management of the building, focusing on the needs of users. In this way, the use of the
building will be improved, and its maintenance and daily management helped, as well as
behavior or performance below expectations will be identified and corrected. Moreover,
a diagnosis of the causes of occupant dissatisfaction and the monitoring of occupant and
building service contractors’ perception of performance could be carried out.

The results could be also crossed with both in-field measurements and design per-
formance parameters to have information about comfort standardized approaches and
performance calculation with subjective evaluations.
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5. Discussions

This study regards deep energy refurbishment with add-ons. Without considering
the addition of new volumes, the building envelope efficiency measurements developed
are in line with the best solutions find for Athens by Ascione et al. [51] by means of a
multi-objective optimization algorithm. For instance, they found that the optimal value for
thermal transmittance in a flat roof in Athens is 0.24 W/m2K, about the same 0.28 W/m2K
used in this paper. Moreover, the glazing type preferred are triple (Ug ≈ 1.62 W/m2K,
g = 0.68) or double glasses (Ug ≈ 1.33 W/m2K; g = 0.42) Argon filled, with similar charac-
teristic of the present transparent envelope (Ug = 1.7 W/m2K and g = 0.57).

Considering the energy-environmental results carried out, in general they are in line
with other whole envelope-HVAC system refurbishment. For instance, in a colder city of
Mediterranean region, Bellia et al. [52] analyzed the refurbishment of a university building
(insulation of walls and roof, replacement of windows, installation of heat recovery systems
and more efficiency lighting and equipment). It shows a primary energy saving of −43%
and a reduction of polluting emissions of −42%. Eliopoulou and Mantziou [53] studied
the incidence of reorganization architectural space on the building’s energy balance. In
an old and energy-consuming school in Athens, by applying architectural interventions,
they found a reduction of energy demand of about 44%. Moreover, they also found that
the PMV during the miday of June passes from 2.7 ÷ 3.53 (hot) to 1 (slightly warm) after
the refurbishment. Similar results about thermal comfort have been shown in Figure 15 for
seasons going from June to September. There are also real case studies just realized and
monitored, such as the Paris’ Tower Bois-le-Prêtre [54]. In this case the refurbishment also
provided the livable space addiction (about 3560 m 2 of balconies or sun spaces) with an
energy saving of about 50%, fully comparable with our simulation results.

As said in the initial sections, no other studies refer to holistic approach shown in this
paper. Thus quantitative information on visual comfort or indoor air quality in only one
refurbished paper for the climatic zone analysed are hard to found. It is one of the novelties
of the paper.

The three main key targets for 2030 set by European climate and energy framework
in 2016, are: cutting in greenhouse gas emissions of 40% (from 1990 levels); sharing for
renewable energy of 32% and improving the energy efficiency at least 32.5%. In addition,
more ambitious goals were setting in 2019. In this case the greenhouse gas emissions should
be cut at least 55% (compared to 1990) by 2030, with new target of 40% for renewable energy
share and 36–39% of efficiency targets for final and primary energy consumption [55].
Within this frame the main outcomes of our study well fit the more stringent objectives set
by Green new Deal, as can be seen in the visual diagram in Figure 22.

≈
≈

− − tz

Figure 22. Visual diagram of study outcomes in community roadmap.
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6. Conclusions

Within the frame of the European research project “Proactive synergy of integrated
Efficient Technologies on buildings’ Envelopes (Pro-GET-OnE)” this paper quantifies, with a
real case study, how building deep refurbishment under energy and structural point of
view can affect some aspects of IEQ like thermo-hygrometric comfort, indoor air quality,
and visual comfort.

The refurbishment carried out, with an increase of liveable spaces of around 35%,
with envelope performance improvement and addition of new energy services and RES
integration, shows very promising results from an energy and environmental point of
view. Indeed, the total primary energy saving is reaching 341,146 kWh/y, with a reduction
of 51% while the CO2 emissions will be reduced by approximately 49%. Moreover, the
addition of two new energy services (i.e., the ventilation and the cooling systems), if on one
hand determines an increase in energy demand only for that end-use, on the other hand, it
contributes to the occupant’s well-being.

This latter has been also demonstrated through an extensive thermal comfort analysis.
Indeed, during the cooling season, in the pre-retrofit building, the occupants are constantly
facing discomfort conditions (with a slightly warm to hot sensation) while in the post-
retrofit scenario the comfort sensation index PMV is close to the neutral range. Moreover,
the results show that the developed GET solutions could be considered passive building
envelope systems during cold periods since they can guarantee thermal comfort for the
occupants even when HVAC systems are not switched on.

The daylight analysis has shown that the GET-system solution could lead to a decrease
in the average DF in the post-retrofit configuration. However, it should be noticed that all
GET solutions will be equipped with state-of-the-art lighting and control systems which
will allow an adequate level of illuminance to all users.

The analysis of the post-retrofit stage showed an improvement of indoor air quality,
in terms of CO2 concentration, passing from 34% up to 100% of hours with CO2 suitable
levels over the whole year. Moreover, it has been found how a dedicated air to air HP with
controlled mechanical ventilation with heat recovery and air filtration can achieve greater
indoor air quality than a centralized solution.

Finally, a dedicated Post-Occupancy Evaluation for evaluating the stakeholders’ satis-
faction regarding the whole phase of construction, the analysis of acceptance from users
and administrators, has been developed. Since the refurbishment works are currently
in progress; the questionnaires will have to be administered once the building is again
occupied by users. The next step of the study will be developed after the building is
inhabited and will regard a detailed analysis during the post-occupancy phase, with both
the results of the monitoring of the refurbished building and an evaluation of the occupants
and administrators’ satisfaction for the whole phase of construction.

The outcomes of this investigation, if on one hand could be used as a starting point for
further comparison with the future in-field measures; on the other hand, enrich the existing
scientific literature with qualitative information about IEQ reachable with an innovative
method of buildings renovation. Moreover, it should be stressed that the methodological
approach developed could be easily replicable for the refurbishment of other buildings
type in any climatic location.
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Nomenclature

Acronyms

BEPS Building Energy Performance Simulation

COP Coefficient of Performance [Whth/Whel]

DF Daylight Factor

DHW Domestic Hot Water

EER Energy Efficiency Ratio [Whth/Whel]

EPBD Energy Performance of Building Directive

FCU Fan Coil Unit

GET inteGrated Efficient Technologies

HP Heat Pump

HVAC Heating, Ventilation, and Air Conditioning,

IEQ Indoor Environmental Quality

PMV Predicted Mean Vote

POE Post Occupancy Evaluation

PPD Predicted Percentage of Dissatisfaction

Pro-GET-OnE Proactive synergy of integrated Efficient Technologies on buildings’ Envelopes

RC Reinforced Concrete

RES Renewable Energy Sources

SCOP Seasonal Coefficient of Performance [Whth/Whel]

SEER Seasonal Energy Efficiency Ratio [Whth/Whel]

Symbols

BAL Balcony

ER Extra-Room

g Solar Factor

GF Ground Floor

ppm Part per million

PV Photovoltaic

SS Sun Space

Uf Frame Thermal Transmittance

Ug Glass Thermal Transmittance

Uvalue Thermal Transmittance

1F first floor

2F second floor
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