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Abstract: In the following years all European Union member states should bring into force national
laws on the energy performance of buildings. Moreover, university campus dormitories are buildings
of great importance, due to their architectural characteristics and their social impact. In this study,
the energy performance along with the indoor environmental conditions of a dormitory of a university
has been analysed. The in situ measurements included temperature, relative humidity, concentrations
of carbon dioxide, total volatile organic compounds, and electrical consumption; lastly, the energy
signature of the whole building was investigated. The study focused on the summer months, during
which significantly increased thermal needs of the building were identified. The ground floor was
found to be the floor with the highest percentage of thermal conditions within the comfort range,
and the third floor the lowest. Lastly, a significant correlation between electrical consumption and the
outdoor temperature was presented, highlighting the lack of thermal insulation. Overall, it was clear
that a redesign of the cooling and heating system, the installation of a ventilation system, and thermal
insulation are essential for improving the energy efficiency of this building.
Keywords: energy efficiency; student dormitories; Indoor Environmental Quality (IEQ), Pro-GET-onE
H2020; in situ measurements; monitoring measurements; energy signature

1. Introduction
During the last decades the subjects of energy efficiency and indoor air quality of different types
of building have gained the attention of the scientific community. In the European Union (EU),
the Member States are intensively trying to improve energy efficiency in all end-use sectors, on the one
hand by increasing the usage of renewable energy sources (RES), and on the other, by minimizing
the environmental threats caused by energy consumption of fossil fuels, thus, supporting energy
security [1]. Moreover, the EU directive on the energy performance of buildings [2] states that all EU
members should bring into force national laws, regulations, and administrative provisions for setting
minimum requirements on the energy performance of new and existing buildings that are subject to
major renovations. For that reason, the Greek Regulation on the Energy Efficiency of Buildings [3] sets
specific limitations and minimum requirements for energy efficiency for the design and the construction
of different types of building (residential, educational, cultural, etc.).
Numerous scientific publications set the main target as energy retrofitting of buildings, such as
decreasing the negative impact on the ambient environment, creating thermal comfort zones for tenants,
and controlling the consumption of energy and material resources effectively [4–12]. However, research by
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Szodrai et al. reported that several environmental parameters within the indoor environment of a building,
should also be taken into account before the implementation of deep energy retrofitting actions [13].
Recent experiments have demonstrated that indoor climate has either improved or deteriorated as a
result of additional energy efficiency measures in a building’s envelope [14,15]. Specifically, for the case
of offices or educational buildings, which usually contain large glazed areas, the indoor air temperature
may rise to very high levels, reducing the thermal comfort conditions for tenants. On the contrary,
additional improvement of air tightness could have a negative impact on indoor environmental quality
(IEQ) [16–20]. For similar building types, different strategies of ventilation have also been suggested,
with the personalized ventilation system reported as the most appropriate solution in order to combine
significant energy savings together with acceptable levels of IEQ [21–26].
Along with IEQ, an additional parameter that strongly influences the levels of energy consumption
within a building is the economic profile and the behaviour of tenants. Several research studies
demonstrated results of an experimental campaign in 124 households in China, which showed that on
average, education on energy-conscious behaviour for tenants could result in reduction of household
electricity consumption by more than 10% [27,28]. Moreover, other studies reported that personal
exposure indoors is also correlated with the social status of the occupants in different parts of the world,
such as the United States, France, Germany, Japan, and South Africa. They concluded that within lower
income dwellings, concentrations of air pollutants, such as carbon dioxide (CO2 ), total volatile organic
compounds (TVOC), fine particulate matters (PM2.5 ), carbon monoxide (CO), and formaldehyde (CH2 O)
were found to be higher due to frequent smoking, use of cleaning products, disinfectants, and sprays, and
wooden stoves [29–34]. As people spend a significant proportion of time within their houses, exposure
to the air pollutants mentioned above can have a serious impact on their health [35,36].
Different studies have investigated the impact of energy retrofitting on IEQ in buildings by
comparing the results from field measurements or data modelling before and after renovation
actions [37–39]. All researchers highlighted the development of a state-of-the-art ventilation system as
the optimum solution in order to achieve adequate levels of IEQ along with energy efficiency. That is
because in some cases occupants tend to frequently keep the window shut after renovation actions,
and thus, even though the thermal comfort conditions had been improved, concentrations of different
indoor air pollutants were found to be increased. Characteristically, short term increases in PM2.5 and
CH2 O concentrations immediately after the retrofit process have led to a long-term decrease. Previous
studies [40,41] reported that concentrations of CH2 O and nitrogen dioxide (NO2 ) increased in some
instances. A research study conducted on fifteen social houses in Ireland highlighted the importance of
securing good IEQ levels within the building after energy retrofitting in order to protect the health of
the inhabitants [42]. Similarly, in another case study, thirty-five renovated apartments in Estonia were
inspected, studied, and tested. The researchers report that indoor air temperature was found to be
higher (by 1.6 ◦ C on average) after the renovation even though occupants were satisfied. In addition,
they suggested that central or apartment-based air supply and exhaust ventilation units with heat
recovery as an optimal ventilation system [43].
Moreover, the scientific community is focusing on energy efficiency and IEQ measurements for
student housing. University campus dormitories are buildings of great importance, firstly because
of their architectural and technical characteristics (such as large glazed spaces, common use areas,
numerous apartments, etc.), and secondly because of their social impact (as they host students).
Lastly, the impact of energy savings of public buildings is significant, but also the decrease of the
operating costs positively influence the quality of life of the users. Different studies in Italy [44],
Serbia [45], the United States [46–48], and China [49] have remarked on the importance of renovating
such buildings in order to achieve better energy efficiency and living conditions for the occupants,
reduce CO2 emissions, and motivate more students to inhabit them. A novel holistic methodology to
design the refurbishment of educational buildings in Mediterranean regions is described in the research
of Assimakopoulos et al. conducted in 2018 [50]. Particularly in Greece, five different scenarios have
been tested concerning the reduction of energy consumption for a dormitory at the University of Crete

dormitory at the University of Crete campus. This research concluded that the installation of a
photovoltaic roof panel led to satisfactory results (62% energy savings) for the target of near-zero
energy performance [51].
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A deep retrofitting of the building is planned in 2019 under the framework of ‘’Proactive synergy of
campus. This research concluded that the installation of a photovoltaic roof panel led to satisfactory
inteGrated Efficient Technologies on buildings’ Envelopes’’ (Pro-GET-onE -Horizon 2020 Grant
results (62% energy savings) for the target of near-zero energy performance [51].
Agreement number 723747). Pro-GET-onE is based on the integration of different technologies to
In this study, the energy performance and the evaluation of the IEQ conditions of a dormitory
achieve a multi-benefit approach through the closer integration between energy and non-energy
within the campus of the University of Athens is presented. An experimental campaign (field
related benefits, promoting a holistic vision in order to achieve the highest performance of
measurements) took place in order to demonstrate the energy profile of the building’s current state.
buildings in terms of energy requirements, safety, and socio-economic sustainability [52]. The
A deep retrofitting of the building is planned in 2019 under the framework of “Proactive synergy
present research focuses on the investigation of the levels of energy consumption and IEQ
of inteGrated Efficient Technologies on buildings’ Envelopes” (Pro-GET-onE -Horizon 2020 Grant
conditions within the student housing during different monitoring periods based on already
Agreement number 723747). Pro-GET-onE is based on the integration of different technologies to
established and further developed protocols, highlighting the specific needs on which the
achieve a multi-benefit approach through the closer integration between energy and non-energy related
renovation actions should focus on. This work will help building designers in decision making
benefits, promoting a holistic vision in order to achieve the highest performance of buildings in terms
processes towards sustainable design in these types of buildings, taking into account both energy
of energy requirements, safety, and socio-economic sustainability [52]. The present research focuses on
efficiency methods and also IEQ aspects.
the investigation of the levels of energy consumption and IEQ conditions within the student housing
during different monitoring periods based on already established and further developed protocols,
2. Materials and Methods
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Additionally, the building has a rectangular shape. The gross building area is around 3642 m2
with 138 bedrooms, which in many cases have a surface area of 9.50 m2 . The building is accessible
from a central staircase or two lifts. The net conditioned building volume is equal to 6960 m3 . Table 1
summarizes the main geometrical characteristics of each floor; each area represents the net liveable area.
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Table 1. Main geometrical characteristics of each block.
Location
Basement
Ground-floor
First floor
Second floor
Third floor

Area Elevation
m2

742
725 m2
725 m2
725 m2
725 m2

Elevation Number of Bedrooms
2.60 m
2.40 m
2.40 m
2.40 m
2.40 m

Planimetric Dimensions

0
36
36
36
36

56.59 × 13.36 m2
56.59 × 15.37 m2
56.59 × 15.37 m2
56.59 × 15.37 m2
56.59 × 15.37 m2

The building mainly consists of a reinforced concrete structure. The bearing body of the building
is formed by two pillars, separated by a joint. Separation is probably due to the large overall length of
the building, so as to limit individual lengths below 40 m. Moreover, the two sub-frames have been
formed with a similar grid and cross-sectional dimensions. The surfaces of the two vectors per floor
are: (a) around 290 m2 ; and (b) around 430 m2 . External walls have an overall thickness of 0.25 m,
consisting of plaster (2.5 cm) on both sides and brick (double wall without insulation). Mortars and
beams of thickness of 0.30 m do not have external insulation. The basement is made with the use of
3 cm of marble and 20 cm of concrete, while the roof is composed, from the outer side to inner side,
of: asphalt cover (6 mm), perlite-bitumen bonded layer (3 cm), concrete (20 cm), and plaster (2.5 cm).
Windows and glazed doors are made of single glass with an aluminium frame (5 cm width). They can
be divided into four types whose dimensions are specified, including the frame:
•
•
•

Type 1: 1.30 m × 1.10 m and Type 2: 1.00 m × 2.30 m in single rooms;
Type 3: 5.70 m × 2.30 m balcony door in common use zones;
Type 4: 2.16 m × 0.6 m in the basement.

For heating purposes, the building is equipped with a centralized boiler (natural gas),
which provides the thermal vector fluid to in-room radiators. The thermal power plant is installed
in the basement floor. In the beginning of 2017, the boilers that used oil were replaced with natural
gas boilers, one with nominal power of 850,000 kcal/h (≈988.6 kW) and another one with nominal
power of 630,000 kcal/h (≈732.7 kW), with nominal efficiency of around 94%. The heating system is
turned on for 7 h each day (cycle of 2 + 2 + 3 h) for around 5 months, depending on the year. The local
emitters are very old static radiators. There are no thermostatic valves or zone thermostats. Moreover,
the pipes delivering hot water are not isolated. This decreases the efficiency of the system, as there are
high distribution losses from the basement floor across each floor. There is no central air conditioning
system, and only few rooms (warden’s room and living room on the ground floor) have autonomous
split systems. There is no mechanical ventilation system—only natural ventilation is provided through
the external frames.
Furthermore, for lighting needs, the dormitory has, in total, installed power of 26.5 kW for the
rooms and 18.7 kW for shared floors, with the addition of 12.5 kW for an external lighting system. It is
also important to note that the building includes the following functions per floor:
•
•
•

Basement: technical rooms and warehouses;
Ground floor: central entrance, staircase and 2 elevators, seating area, 30 single rooms, public bathroom
(for men), common kitchen;
1st, 2nd, 3rd floors: 36 single rooms and shared kitchens for men and women, living rooms.

There is a call center area on the ground floor. A TV set is installed in the ground floor lounge.
Electrical equipment consists of 6 washing machines per floor and 1 large refrigerator per floor in
the kitchen.
2.2. Experimental Campaign and Monitoring Protocols
Guideline 14-2002, created by a committee of the American Society of Heating, Refrigerating,
and Air-Conditioning Engineers (ASHRAE) members, addresses the determination of energy savings
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by comparing before and after energy use measurements. The basic method involves the projection of
energy use or demand patterns of the pre-retrofit (baseline) period into the post-retrofit period. Typical
adjustments to the baseline energy use or demands include weather, occupancy, and system variables.
Savings represent the amount of energy use between the projected baseline and the post-retrofit
consumption and are calculated using the following formula [53]:
Savings = (Baseline energy use or demand projected for Post-Retrofit conditions) − (Post-Retrofit
energy use or demands)
The monitoring process followed in this study is designed based on the ASHRAE Guideline 14
on Measurement of Energy and Demand Savings, a protocol which was designed for the following
six performance categories: energy use, water use, thermal comfort, indoor air quality, lighting,
and acoustics, measuring post-retrofit energy use and comparing that to the measured pre-retrofit use,
which will take place in 2020, after the retrofit of the student housing (within Pro-GET-onE project) is
finished. The following investigations have been done:
(1) Building environmental parameters (including thermal and IEQ conditions)
The measurements of IEQ took place from April 2018 to March 2019 in order to investigate the
annual behaviour of the building. The equipment consisted of portable continuous recording Tongdy
sensors simultaneously measuring temperature (T), relative humidity (RH), and concentrations of CO2
and TVOC. The CO2 sensor had a recording range from 0 to 2000 ppm, and accuracy of ± 40 ppm
at 25 ◦ C and TVOC ranging from 1 to 30 ppm with accuracy of 1 ppm. In addition, the measuring
ranges for temperature and RH were 0 to 50 °C and 0 to 95% (non-condensing). These sensors operate
under conditions of 0 to 50 °C and 5 to 95%, respectively. All parameters were recorded on a 24 h
basis at 15-min intervals. Quality assurance for the equipment was performed on several occasions
during the experiment and all of the instruments were calibrated according to the manufacturers’
standards. Four sensors were placed within the commonly used areas of the building on each floor.
Thus, the influence of different occupancy patterns on the results could be investigated. Furthermore,
in order to ensure that differences between mean values (depending on the floor) are statistically
significant, a Kruskal-Wallis (non-parametric) test (p < 0.05) was implemented. Each case includes four
grouping variables (ground, first, second, and third floor) and one parameter (T, RH, CO2 , or TVOC).
For all cases, the p-value was found to be close to zero, depicting a statistically significant difference
between parameters among the floors.
(2) Meteorological parameters
Moreover, the following meteorological parameters were recorded from nearby stations of the
National Observatory of Athens on an hourly basis: air temperature and relative humidity, provided
by the National Observatory of Athens Institute of Environmental Research.
(3) Energy use
All energy data refer to electricity consumption of the building, as data from the direct hot water
(DHW) system are not available. Electrical consumption was measured constantly by Landis+Gyr
E650 meters [54] installed in the central power supply network of the University Campus. These data
were acquired from the “Students Achieving Valuable Energy Savings 2” (SAVES2) project, H2020
Grant Agreement number 754203. All data were transferred to an EMM100 system [55] via S0 output
pulse according to international protocol IEC 62056-21. The uploaded measurements (from April 2018
to January 2019) were obtained from an online platform (hourly or daily) in order to assess the electrical
consumption patterns of the dormitory under investigation during different time periods. Figure 2a,b
illustrates the sensors used for all types of measurements. The impact of different weather conditions
on the energy behaviour of the building was also investigated, defined as the “energy signature” of
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the building. Specifically, the mathematical identification of electrical consumption (E in kWh) and
ambient temperature (Tout in ◦ C) is expressed in the form of Equation (1):
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In order to investigate the thermal conditions of the B FEPA building, temperature and RH
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from April 2018 to March 2019. Ambient temperature and relative humidity data was provided by the
from April 2018 to March 2019. Ambient temperature and relative humidity data was provided by
National Observatory of Athens from a local meteorological station [56].
the National Observatory of Athens from a local meteorological station [56].
The thermal behaviour of each floor differs, and therefore it is important to look into the thermal
The thermal behaviour of each floor differs, and therefore it is important to look into the
conditions of each floor separately. Table 2 summarizes the results of temperature and RH levels at
thermal conditions of each floor separately. Table 2 summarizes the results of temperature and RH
every experimental point.
levels at every experimental point.
◦ C)
On the ground floor, the highest internal mean temperature was found in August (27.93
oC) and
On the ground floor, the highest
internal
mean
temperature
was
found
in
August
(27.93
◦ C). One may also notice that standard deviations of temperature
and the lowest in January (21.36
the lowest in January (21.36 oC). One may also notice that standard deviations of temperature during
during cold months (November to March) are slightly higher, as expected, due to sudden decrease of
cold months (November to March) are slightly higher, as expected, due to sudden decrease of
temperature levels caused by increased air infiltration as the main entrance opens more frequently.
temperature levels caused by increased air infiltration as the main entrance opens more frequently.
However, fluctuations of indoor temperature within this floor are not significant, especially compared
However, fluctuations of indoor temperature within this floor are not significant, especially
to the respective outdoors. Based on the analysis of the aforementioned data, it is the only floor where
compared to the respective outdoors. Based on the analysis of the aforementioned data, it is the only
the mean temperature levels remain lower than the respective outside level during summer, while it
floor where the mean temperature levels remain lower than the respective outside level during
retains relatively higher temperature levels during the cold months in comparison with the other
summer, while it retains relatively higher temperature levels during the cold months in comparison
floors. The frequent air exchange with the ambient environment does not significantly affect monthly
with the other floors. The frequent air exchange with the ambient environment does not significantly
average values. This result is due to the increased presence of people in the living room of the ground
affect monthly average values. This result is due to the increased presence of people in the living
floor and the usage of extra electrical heaters for some hours during the day. The ground floor is
room of the ground floor and the usage of extra electrical heaters for some hours during the day. The
also favoured, since it is situated close to the central heating system (the two boilers located in the
ground floor is also favoured, since it is situated close to the central heating system (the two boilers
basement). This, combined with the enhanced thermal stability provided by the rest of the floors,
located in the basement). This, combined with the enhanced thermal stability provided by the rest of
minimizes thermal losses and means this space is (relatively) unaffected by the outdoor conditions.
the floors, minimizes thermal losses and means this space is (relatively) unaffected by the outdoor
The highest mean levels of RH are observed in October (50.96%), while the lowest during March
conditions. The highest mean levels of RH are observed in October (50.96 %), while the lowest
during March (36.14 %). Standard deviations are relatively lower during winter, due to closed
windows and regular functioning of the building’s central heating system. The highest standard
deviation (7.48 %), reported in October, demonstrates that the influence of the external environment
is significant during this month. The windows remain open more often when external levels of RH
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(36.14%). Standard deviations are relatively lower during winter, due to closed windows and regular
functioning of the building’s central heating system. The highest standard deviation (7.48%), reported
in October, demonstrates that the influence of the external environment is significant during this month.
The windows remain open more often when external levels of RH are relatively high (68.37%).
For the first floor, the maximum mean value is observed in July (29.03 ◦ C) and the lowest is in
December (18.10 ◦ C). Standard deviations follow the same pattern as in the ground floor. It is also
important to notice that the difference between the maximum mean temperature and the minimum
mean temperature is higher on this floor (almost 9 ◦ C) compared to the underlying (ground) floor. As a
building’s level increases, thermal insulation decreases; therefore, the heat losses are more significant.
Based on the results of RH levels, it is obvious that throughout the year, the most humid month for
this floor is October (55%) and the least humid is February (36.38%). These results are in alignment
with the ground floor. Because of higher ambient temperature levels, the occupants tend to open the
windows frequently for ventilation and cooling purposes, allowing the outdoor humid air of October
to infiltrate into the building.
The mean temperature level on the second floor follows the same pattern as the aforementioned
floors. The warmest month is found to be July with 29.46 ◦ C and the coldest is January with 19.43 ◦ C.
The difference between the maximum and minimum mean temperature for this floor is 10 ◦ C (almost
1 degree higher than the respective difference of the first floor). Regarding relative humidity levels,
October was found to be, once again, the month with the highest mean RH (56.82%), and March is the
month with the lowest (38.86%).
Table 2. Mean values and standard deviations of temperature (◦ C) and relative humidity (%) for each
floor, for all experimental periods (April 2018–March 2019).
Experimental Site
Month
April
May
June
July
August
September
October
November
December
January
February
March

Parameter
(◦ C)

T
RH (%)
T (◦ C)
RH (%)
T (◦ C)
RH (%)
T (◦ C)
RH (%)
T (◦ C)
RH (%)
T (◦ C)
RH (%)
T (◦ C)
RH (%)
T (◦ C)
RH (%)
T (◦ C)
RH (%)
T (◦ C)
RH (%)
T (◦ C)
RH (%)
T (◦ C)
RH (%)

Ground Floor

1st Floor

2nd Floor

3rd Floor

Outdoors

24.69 ± 1.07
37.12 ± 4.84
25.58 ± 1.38
46.48 ± 7.25
26.97 ± 1.16
43.30 ± 8.56
27.86 ± 0.82
44.6 ± 5.57
27.93 ± 0.70
40.02 ± 5.07
26.54 ± 1.35
41.69 ± 6.76
23.7 ± 0.72
50.96 ± 7.48
22.87 ± 1.60
46.46 ± 6.36
22.57 ± 1.05
37.86 ± 4.38
21.36 ± 1.90
37.90 ± 5.42
22.11 ± 1.51
37.04 ± 4.27
24.30 ± 1.25
36.14 ± 3.13

22.00 ± 1.99
40.79 ± 6.34
23.85 ± 2.29
50.74 ± 11.35
27.16 ± 1.76
44.64 ± 9.91
29.03 ± 1.81
47.42 ± 8.61
28.91 ± 1.35
42.30 ± 7.55
26.94 ± 2.25
44.56 ± 9.05
22.00 ± 1.46
55.00 ± 9.10
19.66 ± 2.12
53.31 ± 8.36
18.10 ± 3.46
44.80 ± 8.23
20.22 ± 3.39
38.85 ± 8.53
21.64 ± 2.19
36.38 ± 5.00
23.13 ± 2.03
36.51 ± 4.90

23.01 ± 1.91
38.86 ± 5.73
24.64 ± 1.39
47.18 ± 7.84
27.05 ± 1.94
44.91 ± 11.23
29.46 ± 1.58
46.28 ± 8.09
28.93 ± 1.22
41.73 ± 7.44
26.13 ± 2.62
45.70 ± 9.62
21.79 ± 0.85
56.82 ± 8.77
21.14 ± 1.53
51.51 ± 6.95
19.79 ± 1.89
40.68 ± 6.08
19.43 ± 2.24
42.19 ± 6.91
20.07 ± 1.62
41.67 ± 5.95
22.33 ± 1.83
38.55 ± 4.87

24.94 ± 2.09
34.92 ± 4.58
26.12 ± 1.40
43.54 ± 7.03
28.83 ± 1.57
41.07 ± 8.87
32.11 ± 1.36
39.07 ± 6.55
31.47 ± 0.92
36.41 ± 6.32
28.72 ± 2.59
39.39 ± 0.90
23.43 ± 0.89
50.97 ± 8.44
19.49 ± 1.92
53.79 ± 7.85
18.81 ± 1.86
43.87 ± 3.32
19.49 ± 1.47
44.58 ± 6.29
19.08 ± 2.04
41.97 ± 3.74
22.14 ± 1.52
38.94 ± 4.33

21.68
51.22
23.13
60.73
25.99
57.25
28.67
58.13
28.14
53.59
24.85
56.16
19.60
68.37
15.90
70.97
10.89
71.39
9.66
72.49
10.12
71.03
13.51
66.56

The third floor demonstrated some interesting results. On average, the hottest month was found
to be July (32.11 ◦ C) and the coldest December (18.81 ◦ C). The mean internal temperature during
the summer months exceeded the respective outdoor temperature by 5–6 ◦ C. For the same period,
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temperature levels within this floor were measured to be higher compared to the rest of the building
by approximately 3–4 ◦ C. Despite the continuous inflow of outdoor air through the open windows,
the indoor temperature remained elevated. The third floor, as the highest of the building, is directly
exposed to solar radiation, which is in abundance during summer due to the Earth’s angle. The thermal
mass of the building is able to absorb the extra energy during the day and gradually yield it afterwards.
In addition, during the heating period temperature levels within this floor are comparable to the first
and second floors because of central heating. As for RH levels, November was found to be, on average,
the most humid month (with internal levels of 53.79%), while April was the least humid (34.92%).
RH values of the cold period are comparable to the warmer months. The third floor presents a high
dependency on the ambient climate conditions, especially for warm months. Increased solar radiation
during summer causes internal overheating due to insufficient thermal insulation of the roof (directly
exposed to solar radiation) and inadequate ventilation rates.
The results are also presented graphically, demonstrating a significant difference between internal
and external temperature levels for different periods. Figure 3 illustrates that during the cooling period
(from April to October), the indoor and outdoor temperature values are comparable. It should be
noted that the building is naturally ventilated with the absence of central heating, ventilation, and an
air conditioning (HVAC) system or possible night ventilation. Therefore, the opening of windows
and doors is the only way to cool the building, especially the common areas (such as corridors). As a
result, air exchange rate between indoor and outdoor environments during the cooling period is higher,
and thus, the thermal condition is almost similar. On the other hand, for the heating period (from
November to March), the inflow of cold and humid air that causes discomfort to the occupants is
avoided as the windows stay mainly closed for most of the time. In addition, the central heating
system (natural gas-radiators) operates for 7 h per day, preserving indoor temperature at relatively
high levels. Figure 4 shows similar results for RH levels. The indoor mean RH values for each floor are
close to the respective outdoor values during the cooling period, although during the heating period
the difference is significant. Interestingly, the monthly internal mean RH peaks in between the end of
the cooling period (October) and the start of the heating period (November) follow the pattern of the
respective external levels. As mentioned above, during those months ambient climatic conditions are
not severe and tenants tend to open the windows more frequently. On the contrary, during the cold
months, even if outdoor RH increases, the opposite behaviour is observed for indoor RH in all floors.
Closed windows, as well as the operation of a central heating system, mitigate internal levels of RH.
In both figures, the dotted lines represent temperature and RH limit ranges in which adequate thermal
comfort conditions for the tenants are achieved, based on the standards reported in the available
literature [57,58]. The limit ranges for internal temperature and RH levels are the following:
•
•
•

23–26 ◦ C: refers to the warm period, from April to October.
20–23 ◦ C: refers to the cold period, from November to March.
30–60%: refers to the entire year.

Additionally, Figure 5 illustrates the daily behavior of temperature levels within different floors
when the external air temperature reached its highest recorded value. The selected date of interest
(May 7, 2018) was found to be the warmest day during the entire experimental period, and therefore,
the examination of the building’s thermal behavior on that specific day should be examined. One may
notice that the ground floor presented the lowest levels of indoor air temperature and the third floor
presented the highest. All measured values were found to overcome the proposed limit range of
comfort. Specifically, from 12:00 to 17:00, all floors appear to be cooler in respect to the ambient
environment. Nevertheless, during night hours (from 0:00 to 7:00 and from 20:00 to 23:00), all floors
(except the ground floor) retained higher temperature levels than outdoors. The delayed thermal
response of the building is presumably because of its high heat capacity.
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measurements of temperature levels showed some interesting results. Table 3 illustrates
that inare
all
considered within the range of thermal comfort for tenants only for 34.62% of the total measurements.
This result, even though it is considered general, highlights the poor thermal behaviour of this building
and the need for deep retrofitting actions. Indoor thermal conditions were found to be improved
in February (51.11%), during the heating period, and in April (53.57%) and May (53.68%) amid the
cooling period. The time period when thermal conditions are admittedly insufferable is definitely
summer. The percentage within the comfort range decreases below 20% in June and is calculated from
0 to 5.77% during July and August, respectively. It should be noted that for these two warm months,
none of the temperature data collected on the third floor were found to be within the recommended
limit range. This floor is considered to be within the range of thermally comfortable conditions for
only 28.97% of the total measurements, which is the lowest estimated percentage among the whole
building. The highest percentage (43.26% in total) was found in the ground floor, which is expected to
have the most satisfied tenants, especially during the heating period.
Table 3. Percentages of measured indoor temperature values within the recommended limit ranges.
Month

B FEPA Building (%)

Ground Floor (%)

1st Floor (%)

2nd Floor (%)

3rd Floor (%)

April
May
June
July
August
September
October
November
December
January
February
March
Total

53.57
53.68
18.63
2.19
1.08
24.76
47.42
44.56
35.64
39.51
51.11
43.32
34.62

87.15
53.18
17.78
0.69
0.54
35.69
84.62
55.62
56.45
49.06
62.65
15.71
43.26

33.15
47.53
24.03
5.77
2.02
25.81
29.65
40.69
27.38
37.37
60.42
34.29
30.68

45.78
70.22
28.75
2.28
1.75
25.86
3.60
49.22
49.09
38.1
52.38
60.00
35.59

48.19
43.79
3.97
0.00
0.00
11.68
71.83
32.69
9.64
33.53
29.00
63.3
28.97
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3.1.2. Air Pollution
Indoor air pollution levels were also investigated in the common spaces of the B FEPA building.
For that reason, concentrations of CO2 and TVOC were measured from the ground to the third floor.
It has to be noted that indoor CO2 is mainly derived from human exhalation and that in some cases it is
used as an indicator of adequate ventilation [59]. Additionally, the study of Yrieix et al. notes that the
main internal emission sources of TVOC are building materials, paints, furnishings, and smoking [60].
A critical limit of exposure to indoor CO2 is 1000 ppm, according to ASHRAE Standard 62-2001 [61], while
the limit range of tolerance for internal TVOC is from 15 to 20 ppm, as Raatikainen et al. reported [62].
Concentrations of CO2 were found to be very low during the experimental period, as they did not
exceed the respective limit of exposure for any observation. As expected, the ground floor demonstrated
the highest average (474 ppm) and maximum (799 ppm) concentrations, due to the increased occupancy
of the shared space and numerous people passing by continuously (entering and exiting the building)
(Table 4). However, the measured values within all floors are comparable, demonstrating non-significant
differences. Standard deviations were also found to be decreased in all floors (from 28 to 48 ppm),
demonstrating a relatively stable pattern of CO2 within the building. This behaviour can also be noticed
in the results of coefficient of variation, ranging from 5.88% in the first floor to 10.41% in the third floor,
respectively. The low occupancy levels in common, areas along with the frequent window openings
(due to natural ventilation), mitigate CO2 fluctuations. Similarly, TVOC concentrations were found
to be significantly decreased without surpassing the respective limit range. Table 5 shows that once
again, the ground floor demonstrates the highest mean concentration (5.38 ppm). As mentioned above,
it is the space with the most frequent human activity (such as smoking) compared to the other floors.
However, it should be noted that the values of coefficient of variation, especially from the first to the
third floor, are extremely high (92.47% to 113.62%), indicating a large dispersion of data. Thus, in these
microenvironments, mean values of TVOC are not representative. An additional explanation for the
low levels of TVOC within the building is that no refurbishing actions have been implemented recently
(absence of fresh paint, new building materials, and furnishings).
Table 4. Descriptive statistics for CO2 in each floor, for all experimental periods (April 2018–March 2019).
Statistics

Ground Floor
(ppm)

1st Floor
(ppm)

2nd Floor
(ppm)

3rd Floor
(ppm)

Mean
Standard Deviation
Coefficient of Variation
Minimum
Maximum
25
50 (median)
Percentiles
75

474
28
5.91%
414
799
454
470
489

442
26
5.88%
401
688
425
434
450

452
46
10.18%
405
698
422
434
463

461
48
10.41%
395
763
433
445
468

Table 5. Descriptive statistics for TVOC in each floor, for all experimental periods (April 2018–March 2019).
Statistics

Ground Floor
(ppm)

1st Floor
(ppm)

2nd Floor
(ppm)

3rd Floor
(ppm)

Mean
Standard Deviation
Coefficient of Variation
Minimum
Maximum
25
50 (median)
Percentiles
75

5.38
2.31
42.94%
1.54
22.85
3.72
5.08
6.59

<1
<1
92.47%
<1
22.01
<1
<1
<1

2.79
3.17
113.62%
<1
28.22
<1
<1
3.99

1.47
1.66
112.93%
<1
13.38
<1
<1
<1
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Furthermore, the behaviour of extreme instant observations (outliers) for both air pollutants
has been examined for all experimental periods. Figure 6 depicts that in all floors, none of the CO2
observations exceed the limit of 1000 ppm, even during the time of high occupancy. On the contrary,
Figure 7 illustrates that from the ground to the third floor a large number of instant maximum values
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Figure 6. Boxplots of CO2 within each floor, for all experimental periods (April 2018–March 2019),
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Figure 6. Boxplots of CO2 within each floor, for all experimental periods (April 2018–March 2019),
6. Boxplots of CO2 within each floor, for all experimental periods (April 2018–March 2019),
alongFigure
with the
respective limit of exposure.
along with the respective limit of exposure.

Figure
7. Boxplots of TVOC within each floor, for all experimental periods (April 2018–March 2019),
Figure 7. Boxplots of TVOC within each floor, for all experimental periods (April 2018–March 2019),
alongalong
withwith
the respective
limit
ofofexposure.
the respective
limit
exposure.
Figure 7. Boxplots of TVOC within each floor, for all experimental periods (April 2018–March 2019),
along with the respective limit of exposure.

Energies 2019, 12, 2210

13 of 19

3.2. Energy Assessment
2019, 12,
x FOR PEER REVIEW
3.2.1.Energies
Electrical
Consumption

14 of 20

Energy
consumption
3.2. Energy
Assessment of the B FEPA building depends mainly on the habits of the residents and
the ambient meteorological conditions. For the hot days of summer there is only one air conditioning
Electrical
Consumption
unit, 3.2.1.
installed
in the
common space of the ground floor, and some portable fans or air conditioners
that inhabitants
use. It should
noted
that these
results
referononly
to the of
electrical
consumption,
Energy may
consumption
of the Bbe
FEPA
building
depends
mainly
the habits
the residents
and
the ambientto
meteorological
the hot cooking
days of summer
is only
one air
conditioning
corresponding
all electrical conditions.
appliancesFor
(fridges,
stoves,there
cooking
plates,
laundry
machines,
unit,appliances),
installed in the
of and
the ground
floor, and
some(from
portable
fans or
conditioners unit).
personal
allcommon
lightingspace
needs,
some cooling
needs
a single
airair
conditioning
that
inhabitants
may
use.
It
should
be
noted
that
these
results
refer
only
to
the
electrical
From Figure 8, it is clear that during summer, energy consumption was found to be higher
due to the
consumption,
corresponding
to
all
electrical
appliances
(fridges,
cooking
stoves,
cooking
plates,
typically high temperatures of the Greek summer. However, the same graph demonstrates that
June is
laundry machines, personal appliances), all lighting needs, and some cooling needs (from a single
the month with the highest consumption, reaching 18,853.47 kWh in total. The respective measurements
air conditioning unit). From Figure 8, it is clear that during summer, energy consumption was found
for July and August demonstrated lower levels of consumption. That is because residents (students)
to be higher due to the typically high temperatures of the Greek summer. However, the same graph
tend to
leave after that
the end
period
(approximately
in the beginning
July),
and thus,
demonstrates
Juneof
is the
the examination
month with the
highest
consumption, reaching
18853.47 of
kWh
in total.
the personal
use ofmeasurements
electrical devices
is decreased.
consumption
summer
remains
higher
The respective
for July
and August The
demonstrated
lowerduring
levels of
consumption.
That
than is
during
the
spring (students)
months. As
expected,
Junethe
presented
highest consumption
levels, as the
because
residents
tend
to leave after
end of thethe
examination
period (approximately
in the
of July), and thus, the personal use of electrical devices is decreased. The
building
hasbeginning
full capacity.
consumption
during
summer
remains
higher than
during
spring
months.and
As thus,
expected,
During
autumn,
local
ambient
temperature
levels
are the
quite
moderate,
the June
electrical
presented the
highest
levels, as the
building
full capacity.
consumption
is low
forconsumption
September–October
(9873
andhas
8169.13
kWh, respectively). However,
During
autumn, local
ambient temperature
levels are for
quite
moderate,
and
thus, the
electrical
the amounts
of electrical
consumption
increase gradually
the
following
months
(winter
period)
consumption is low for September–October (9873 and 8169.13 kWh, respectively). However, the
when the outdoor temperature decreases severely. An additional reason for this behaviour is the
amounts of electrical consumption increase gradually for the following months (winter period)
constant use of portable electrical heaters by the occupants. Even though the data for the cold period
when the outdoor temperature decreases severely. An additional reason for this behaviour is the
(November
March)
are relatively
it is
mentioning
that December
constanttouse
of portable
electrical limited,
heaters by
theworth
occupants.
Even though
the data fordemonstrated
the cold periodlower
consumption
levels
(12,985.17
kWh)
than
July
(17,648.91
kWh).
This
result
(as
in
July)
is also affected
(November to March) are relatively limited, it is worth mentioning that December demonstrated
by thelower
absence
of a largelevels
amount
of tenants,
Christmas
the result
last two
of isthe
month.
consumption
(12985.17
kWh)due
thantoJuly
(17648.91holidays
kWh). This
(as week
in July)
also
affected by the
absence of aHVAC
large amount
of seem
tenants,
holidays
the last two
week of of
Generally,
autonomous
systems
to due
playtoaChristmas
key role in
the electrical
consumption
the month.building. Characteristically, during July and August, even though the inhabitants are
the examined
Generally,
autonomous
HVAC
systems seem levels
to playare
a key
role in the electrical
consumption
of
mainly away
from the
dormitory,
the consumption
significantly
high. Tenants
that remain
in
the
examined
building.
Characteristically,
during
July
and
August,
even
though
the
inhabitants
are
the building during this period constantly use portable fans or air conditioning units, increasing the
mainly away from the dormitory, the consumption levels are significantly high. Tenants that remain
total amount of electricity. On the contrary, during October and November, when there is no need
in the building during this period constantly use portable fans or air conditioning units, increasing
for cooling but the building has maximum occupancy, the electrical consumption levels appear to be
the total amount of electricity. On the contrary, during October and November, when there is no
significantly
is clear
that not
only
a redesign
of the cooling/heating
system is levels
essential
but also
need for lower.
coolingItbut
the building
has
maximum
occupancy,
the electrical consumption
appear
a reinforcement
of thelower.
thermal
asonly
the abuilding
to thermal losses.
to be significantly
It isinsulation,
clear that not
redesignisofprone
the cooling/heating
system is essential

Figure
8. Monthly
electricalconsumption
consumption of
2018
to January
2019.2019.
Figure
8. Monthly
electrical
of BBFEPA
FEPAfrom
fromApril
April
2018
to January

Energies 2019, 12, x FOR PEER REVIEW
Energies 2019, 12, 2210

15 of 20
14 of 19

3.2.2.
Energy Signature
Signature
3.2.2. Energy
Energy
behaviour of
of old
old buildings
buildings is
is usually
usually correlated
correlated with
with external
external climatic
climatic conditions
conditions [63].
[63].
Energy behaviour
For
the
case
of
B
FEPA,
Figure
9
illustrates
different
levels
of
electrical
consumption
along
with
the
For the case of B FEPA, Figure 9 illustrates different levels of electrical consumption along with the
respective
levels
in order
to investigate
possible
patterns.
A higher
respective outdoor
outdoortemperature
temperature
levels
in order
to investigate
possible
patterns.
A energy
higherdemand
energy
during
early
morning
and
late
evening
hours
is
depicted.
For
that
reason,
a
thorough
demand during early morning and late evening hours is depicted. For that reason,investigation
a thorough
of
the energy signature
of the building
experimental
period isexperimental
considered mandated).
investigation
of the energy
signature(for
of the
thespecific
building
(for the specific
period is
The
term
“energy
signature”,
also
called
thermal
performance
line,
is
considered
the
best
fit
correlating
considered mandated). The term ‘’energy signature’’, also called thermal performance line, is
energy
consumption
externalenergy
climatic
conditions with
[64–66].
The approach
of obtaining
different
considered
the best fitwith
correlating
consumption
external
climatic conditions
[64–66].
The
energy
signatures
(heating,
DHW,
electrical)
is
a
system
identification
approach,
also
known
as
inverse
approach of obtaining different energy signatures (heating, DHW, electrical) is a system
modelling
[67].approach,
Measuredalso
energy
consumption
weather[67].
dataMeasured
are used simultaneously
in order
to
identification
known
as inverseand
modelling
energy consumption
and
perform
the
regression
(most
commonly
least
squares
method).
weather data are used simultaneously in order to perform the regression (most commonly least

Figure
Figure 9.
9. Hourly electrical consumption along with ambient temperature levels.

calculate
the energy
signature
for the for
B FEPA
total electrical
consumption
In order
ordertoto
calculate
the energy
signature
the building,
B FEPA the
building,
the total
electrical
and
the average
temperature
for all experimental
periods were
examined.
The energy
consumption
and outdoor
the average
outdoor temperature
for all experimental
periods
were examined.
The
signature
is separated
into two time
periods—the
cooling period
(from
April(from
to September)
heating
energy signature
is separated
into two
time periods—the
cooling
period
April to and
September)
period
(fromperiod
October
to January).
results show
that when
thethat
outdoor
low during
and heating
(from
OctoberThe
to January).
The results
show
whentemperature
the outdooristemperature
2 ) is equal to 0.4436
winter,
the energy
consumption
increased. The
coefficient The
of determination
is low during
winter,
the energyisconsumption
is increased.
coefficient of(R
determination
(R2) is
and
(R) iscoefficient
found to (R)
be 0.6660.
clear
that It
44.36%
the 44.36%
variability
of
equalthe
to correlation
0.4436 and coefficient
the correlation
is foundIttoisbe
0.6660.
is clearofthat
of the
electrical
explained byisthe
changes by
of ambient
temperature.
Ontemperature.
the contrary, On
during
variabilityconsumption
of electrical is
consumption
explained
the changes
of ambient
the
the
coolingduring
period,the
when
the temperature
increases,
the electrical
consumption
is relatively
influenced.
contrary,
cooling
period, when
the temperature
increases,
the electrical
consumption
is
2
2
Characteristically,
R and
R are 0.1902 and
while
the slope
was found
be slope
lowerwas
compared
relatively influenced.
Characteristically,
R 0.4361,
and R are
0.1902
and 0.4361,
whiletothe
found to
◦ C,
the
heating
season. More
specifically,
in Figure
10, one
may observe
that approximately
above 25that
be lower
compared
to the
heating season.
More
specifically,
in Figure
10, one may observe
the
dependencyabove
of electrical
consumption
the ambient
temperature
However,
it is
approximately
25°C, the
dependencyfrom
of electrical
consumption
from increases.
the ambient
temperature
important
to note a deviation
from this
pattern
for threefrom
specific
of June,
whenspecific
the dormitory
increases. However,
it is important
to note
a deviation
thisdays
pattern
for three
days of
festival
was the
organized,
andfestival
thus, plenty
of people were
the plenty
building
large
amounts
electric
June, when
dormitory
was organized,
and in
thus,
of and
people
were
in theofbuilding
power
wasamounts
consumed
numerous
(parties,
film
etc.). The days
thatfilm
this
and large
ofbecause
electricofpower
was activities
consumed
because
of projections,
numerous activities
(parties,
behaviour
observed
arethat
thethis
following:
projections,was
etc.).
The days
behaviour was observed are the following:
• June 16
E = 743.60 kWh, Tout=23.38 οC
•
June 16 E = 743.60 kWh, Tout = 23.38 ◦ C
• June 17
E = 746.16 kWh, Tout=22.33 οC
•
June 17 E = 746.16 kWh, Tout = 22.33 ◦ C
• June 18
E = 745.85 kWh, Tout=22.67 οC

Energies 2019, 12, 2210

•

June 18

E = 745.85 kWh,

15 of 19
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Figure 11 illustrates the results for the heating period. The electrical consumption increases as
outdoorEnergies
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4. Conclusions
In this study, the energy performance along with the IEQ conditions of a dormitory within the
campus of the University of Athens have been analyzed. The dormitory in question was selected as
the pilot case of the Pro-GET-onE (Horizon 2020 G.A. n. 723747) project, in which a deep retrofit is
planned to take place in late 2019. In fact, through Pro-GET-onE H2020, a 3D building information
model through BIM modelling is being developed and will be available and presented within the
European community at a later stage of the project.
A series of field measurements took place in order to demonstrate the thermal and energy profile
of the building’s current state, along with the IEQ performance during different monitoring periods.
The needs on which the renovation actions should focus on, which is the main goal of this paper,
are highlighted.
The most significant conclusions drawn from the experimental campaign are the following:
•

•

•

•

Thermal conditions within the whole building cannot be considered comfortable for tenants,
as high percentages of temperature measurements were found to surpass the proposed limits.
This phenomenon is enhanced during summer months, with high ambient temperatures. Installation
of a central air conditioning unit or an alternative cooling system is considered mandatory.
The third floor is strongly influenced by the ambient climate conditions, especially during warm
months, when solar radiation causes internal overheating. This depicts problematic thermal
insulation of the roof, which needs to be addressed.
The investigation of the IEQ regime did not demonstrate high concentrations of air pollutants.
Low occupancy numbers, along with adequate natural ventilation of the common use areas, were
found to maintain CO2 and TVOC at decreased levels, within all experimental points. However,
similar measurements should be carried out after the refurbishment in order to validate this result.
Energy metering showed that the examined building is generally vulnerable to thermal loses.
This is because electrical consumption was found to be significantly correlated with ambient
climatic conditions. It is noticeably increased during extreme outdoor temperature levels. This is
an additional result that demonstrates that redesign of the cooling and heating system, as well as
reinforcement of the building’s thermal insulation, are the key role actions that need to be assessed
for the energy retrofitting of this building.
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