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a b s t r a c t
Complete knowledge about habits of the occupants, including their opinions regarding ventilation systems is an important condition for reducing the consumption of natural resources and improving indoor
comfort. In addition, uncomforted occupants tend to take measures to improve their situation, which
may increase energy consumption. Advanced thermal models for buildings can perhaps predict interactions between the IAQ determinants, e.g. energy consumption, ventilation and comfort, but do not take
into account the behavior of residents. By questionnaires and physical measurements this study evaluated dwellings equipped partly with centralized and partly with decentralized ventilation systems with
heat recovery. This ﬁeld study involved two post-occupied residential buildings situated in the city of
Esch-sur-Alzette, Luxembourg, during spring season 2015. Thus, both the physical measurements and
questionnaires were considered. The results obtained demonstrated that more than 80% of the residents
were satisﬁed and the perceived IAQ was judged “normal”, “good” or even “very good”. Furthermore,
the measurements performed detected in some cases malfunction of ventilation devices, wherefore the
occupants were unable.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Recent energy raising demand and increasing building construction rates, as well as environmental, epidemiological and economic
reasons have pushed forward the pressure to design, construct and
maintain user-friendly residential buildings with high energy efﬁciency, good indoor thermal comfort and noble indoor air quality
(IAQ) [1–3]. Comfort is a state of well-being and stability and it
is measured by the rate of dissatisﬁed occupants. If their portion
is low, the comfort is judged as acceptable. However, it should be
noted that a very stable comfort can also be boring and variations
are sometimes welcome [4].
Poor housing environments can negatively affect a resident’s
overall lifestyle and also affect the health, productivity and comfort
of occupants. They may also cause physical, psychological and social
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problems, deteriorating the quality of life. In this way a greater
effort is essential to improve indoor environments to provide
everyone with higher standards of living, to improve overall work
or learning performance and/or reduce absenteeism [5,6]. Unfortunately some buildings fail to meet these requirements occupants
suffer from the so-called Sick Building Syndrome (SBS), because
they show various sickness symptoms. The SBS is the reaction of
occupants to their non-perfect indoor environment; a reaction that
cannot be directly linked to special problems, such as exposure to
an excessive concentration of a known contaminant, or an evident
defects in the ventilation system. People developing SBS usually see
their symptoms disappear, when they leave the building [4].
Advanced theoretical models of the building’s behavior including the technical building systems and the number of people can
predict the indoor air quality, as well as comfort parameters and
thus estimate heat consumption in the design stage and deﬁne
requirements for the heating and ventilation systems [3,7]. However, they are usually deterministic and do not take into account
the behavior of the residents and many other parameters, like the
number of persons and their time of occupation, the emissions from
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Table 1
Standardized parameters [6,15–17].
Standard

Air change
rate

Average air
speed (m/s)

Supply
airﬂow

Exhaust
airﬂow

Relative
humidity

CO2 (ppm)

Sound
pressure
(dB(a))

To (◦ C)

ASHRAE 62.1

2.5 l/s per person or
0.3 l/s per m2

N/Ca

N/C

N/C

<65%

N/C

N/C

ASHRAE 62.2

47–93 m2 : 1 bedroom
21 l/s and 2 bedrooms
26 l/s
93–139 m2 : 3
bedrooms 35 l/s
Hallways 30 l/s per
100m2 )

N/C

N/C

<700 (above
the outside air
– 500)
N/C

N/C

N/C

0.42 l/s m2

N/C

Living
room:
25–40
Bedroom:
20–35

20–26

EN 15251

NBR 16401

N/C

Kitchen

Bathroom

N/C

DCV
25 l/s
50 l/s
Continuous
10 l/s
5 achb

Summer
0.20–0.25
Winter
0.15–0.20

7 l/s

1.0 l/s m2

N/C

Kitchen

Bathroom

20 l/s

15 l/s

N/C

>15–20%

500 (above the
outside air)

Summer
N/C
<700 (above
(0.5 clo)
the outside air:
35–65%
400)
Winter (0.9
clo)
30–60%

Summer
(0.5 clo)
22.5–26.0
Winter
(0.9 clo)
21.0–24.0

Notes:
a
N/C: nothing in, or not found in standard references for this parameter.
b
ach: air change per hour (airﬂow in volume units per hour divided by the volume of the space on which the air change rate is based in identical units.

activities like smoking, or cooking, and emissions from furniture,
carpets, cleaning products, hobbies etc. [3,6]. Thus, the predicted
comfort and energy consumption are not precise, due to an incorrect estimation of the indoor air quality and comfort conditions
[3,8]. The incorrect and unpredicted use of ventilation systems
causes unexpected and random air ﬂow [3].
Indoor environment quality has mediating effects and helps
to increase energy efﬁciency and overall residential satisfaction.
So, the more the residents are aware of the importance of energy
savings and energy costs, the higher the indoor environment
satisfaction [5,9]. Contrarily uncomforted occupants are likely to
take actions to help themselves comfortable and has often negative
energy implications [3,6,10,11]. The degree of occupant control
over the environment depends not only on the characteristics of
the building and on its systems (building contextual factors), but
also on occupant awareness of these features [12]. In spite of ‘good’
and ‘very good’ grades for the air quality and comfort perception,
the residents’ behavior is closely reﬂected by behavior customs
that lead to window opening and uncontrolled heat losses. Thus,
window ventilation is permanently related to human habits which
have to be accepted [3,12]. Mechanical ventilation is a strategy
with a high impact on the quality of the indoor air of a building
and the comfort of users, since it is difﬁcult or even impossible
for the user to provide a sufﬁcient amount of fresh air by natural
ventilation [13,14].
In terms of energy efﬁciency, the purpose of mechanical ventilation is to control the amount of air necessary to ensure IAQ
with low power consumption and make use of heat recovery to
reduce ventilation losses [14]. Results show that energy savings in
ventilation heat recovery (VHR) can be very signiﬁcant, depending
on the type of ventilation system, and the tightness of the building
[13]. In practice, the design and proper installation are critical for
exploiting the potential of the system [13]. Reported problems
with ventilation and space heating suggest that comprehensive
post-occupancy evaluation is essential for improving the quality
of developments and correcting errors which occur repeatedly in
housing projects [11].

Considering these aspects, this paper develops a post-occupancy
evaluation in residential buildings, considering mechanically ventilated rooms while focusing on measured and perceived IAQ and
the efﬁciency of the ventilation systems.
1.1. The parameters for IAQ evaluation
In order to have a guideline for evaluating the physical measurements, four standards were analyzed. Table 1 is a summary of the
ASHRAE 62.1 [15] and 62.2 [16], EN 15251 [6] and NBR 16401 [17]
standards with the main parameters recommended for IAQ evaluation. It should be noted that the European standard EN 15251 [6]
contains the largest number of parameters related to the evaluation of IAQ. Therefore, in this study it was used as reference and is
related to the standard EN 15251 [6] with an acceptable satisfaction level. This standard also considers that the humidiﬁcation of
indoor air is usually not necessary, while ASHRAE 62.1 [15] suggests
a maximum limit of 65% for relative humidity, which was used as
upper comfort limit.
2. Materials and methods
The paper presents the results of experimental investigations
conducted in 16 apartments of low power consumption equipped
with four different mechanical ventilation systems with heat recovery, distributed in two residential buildings located at the Pierre
Krier Square in the city of Esch-sur-Alzette, Luxembourg (Fig. 1).
The IAQ of the residential buildings is examined from the perspective of the occupants’ acceptance in two aspects: indoor air quality
and ventilation.
Originally built in 1957, the buildings were renovated in
the years 2012–2014 and equipped with mechanical ventilation
systems. Three decentralized and one centralized mechanical ventilation system with heat recovery were measured in multi-family
homes. For centralized ventilation units (named system A) a ductwork is used to transport the supply and extract air, while three
decentralized systems (named systems B, C and D) are placed
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Fig. 1. Photos of the front facades.

Fig. 2. Types of ventilation units for residential buildings.
Source: [13].

Table 2
Mechanical ventilation systems studied.
Named systems

Types of
ventilation units

Characteristics

A

Centralized

B
C

Single room unit
Pair-wise units

D

Pair-wise units

The system consists of a centralized device for ventilation of all rooms with heat recovery. The airﬂow passes freely
from bedrooms and living rooms to exhaust rooms such as bathrooms, kitchens and laundries.
The system is a decentralized single room ventilation unit with recuperative heat recovery.
The ventilation system used has pair-wise units that always operate together with fans and internal mass storage for
heat recovery.
The ventilation device is decentralized pair-wise units with heat recovery, but different supplier as C.

directly in the facade of the building, Fig. 2. Their characteristics
are shown in Table 2. All the rooms of each apartment are ventilated with the same mechanical system, except bathrooms where
the air is always exhausted. The centralized (system A) and the single room units (system B) use recuperative heat exchangers where
the incoming and outgoing air is separated, while the pair-wise
units (system C and D) heat up a ceramic or aluminum storage
mass with the exhaust air for typically 1 min. Then the ﬂow direction is reversed and the storage mass is cooled by the incoming air
for 1 min, i.e. there is always a pair of devices with opposite ﬂow
direction.
Each building has ﬁve ﬂoors: the basement, street level, 1st Floor
and 2nd and 3rd Floors with compound duplex apartments. The
two buildings have the same external and internal wall mounting. The externals walls are built of bricks with thickness of 49 cm
and thermal isolation of 30 cm. The internal walls are also bricks
of 24 cm thickness. Each ﬂoor is divided into four apartments with
total ﬂoor area of 57 m2 up to 131 m2 . Table 3 shows the type of
mechanical ventilation system for each apartment (system name
and the apartment no.) for buildings I and II.
The investigation was done in two stages. In the ﬁrst stage, questionnaires about the quality of air and ventilation were supplied to
the residents of the apartments. In the second phase, experimental
measurements were conducted in the same dwellings.

The questionnaire was based on models by Silva [18] and Roulet
[4] and consisted of 21 questions including aspects of personal
information, such as sex and age, period of permanency in the
residence, and number of people living in each apartment (ref. to
appendices). The focus of the questions is related to the efﬁciency of
ventilation systems in relation to indoor air quality including environmental thermal sensation (temperature and relative humidity),
CO2 concentration (by the odor), noise, and data related to sick
building syndrome (SBS). The questionnaires for buildings I and II
was distributed on 9 and 10 March 2015 between 9 am and 3 pm.
First the questionnaire was presented and the purpose of this questionnaire was discussed. After explanation any user had a period
of 1 h for answering, without interference of the interviewer, who
was present. We obtained a total of 16 adult responders, one for
each apartment. This number of respondents corresponds to 67%
of 24 apartments, divided into 12 women and four men, with age
between 26 and 71 years. Of the total number of apartments, 16%
were vacated and 17% of residents were not in the dwelling at the
time of the interview. According to the responses of the occupants,
the apartments were rented for over six months after renovation
of the buildings.
For measurements in situ, we used the Wöhler [19] and DIFF
Airﬂow [19,20] equipment. The “Wöhler CDL 210 CO2 -Datalogger”
sensor was used for the measurement and identiﬁcation of the CO2 ,
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Table 3
Distribution of the 24 considered ventilation systems.
Floor

Building I

2nd and 3rd
ﬂoors (duplex)

Pair-wise
units (C)

1st Floor

9
Pair-wise
units (C)

Street level

Building II
Pair-wise
units (C)

Pair-wise
units (D)

11
Pair-wise
units (C)

12
Pair-wise
units (D)

5
Centralized
(A)

Single
room unit
(B)
10
Single
room unit
(B)
6
Centralized
(A)

7
Centralized
(A)

8
Centralized
(A)

1

2

3

4

Single
room unit
(B)
21
Single
room unit
(B)
17
Single
room unit
(B)
13

Pair-wise
units (D)

Pair-wise
units (D)

Pair-wise
units (C)

22
Pair-wise
units (C)

23
Pair-wise
units (D)

24
Pair-wise
units (C)

18
Pair-wise
Units (D)

19
Pair-wise
units (D)

20
Pair-wise
units (C)

14

15

16

Fig. 3. The notes of residents in % related to the indoor environment.

air temperature and relative humidity. The data from this device
were used for determining the IAQ. The CO2 level was obtained
by infrared measurement. The automatic DIFF airﬂow is a single measure airﬂow device, which is based on the zero-pressure
method. The pressure generated by an internal resistance measurement device is automatically compensated by the zero-pressure
method with respect to atmospheric pressure outside the device.
The pressure compensation is produced by a built-in fan, which is
controlled by a differential pressure sensor. This measuring device
can be used for determination of the supply or exhaust air ﬂow at
in- and outlets.
3. Results and discussion
3.1. Questionnaire
Fig. 3 shows the results in % from the answers of the residents
with respect to the air quality and comfort perception related to
the indoor environment, focused on the indoor air temperature,
relative humidity of indoor air, noise, odor elimination, overall perceived IAQ and the ventilation system.
It should be noted that 69% of residents classiﬁed the indoor air
temperature as “neutral” and 56% considered the humidity “normal”. A total of 69% think that the noise produced by the ventilation
systems is “very low” up to “normal”. Regarding the efﬁciency of the
ventilation systems to eliminate odors, 57% of the people answered
“normal” to “very sufﬁcient” and 43% of them answered “insufﬁcient” to “very insufﬁcient”. For overall perceived IAQ, 88% of the
residents classiﬁed it as “normal” to “very good”, while the ventilation systems with heat recovery were classiﬁed as “normal” to
“very good” in 82% of responses.
Statistically the women had a different perception of the thermal environment than man, so there are more sensitive to the low
temperatures than man in cool conditions, with a preference for a
warmer environment [21–23]. As 75% of respondents in this study

were women, this study should be expanded to achieve a similar
percentage of men and women for more accurate results.
Residents were requested to answer whether they had any
symptoms (Fig. 4a) related to the Sick Building Syndrome (SBS), and
whether these symptoms disappeared when they left the apartment. All symptoms put in the questionnaire were mentioned, and
runny nose was the most frequent (23%). For 64% of occupants
these symptoms disappeared, once they were outside the building
(Fig. 4). However to know the exact causes of this phenomenon,
new studies and measurements in the apartments need to be performed.
Residents were also asked, if they opened the windows and at
what time. 88% of them answered “yes” after cooking, and 38% also
answered “yes” when sleeping.
During explanation of the questionnaires and studying the
responses, it was observed that residents had difﬁculties in understanding the functioning of ventilation devices and their interaction
with open windows. Only perceived information can be used and
in this sense the systems as well as the information policy needs
improvement.

3.2. In situ measurements
At ﬁrst the apartments were equipped with Wöhler sensors [19]
to measure the relative humidity, temperature and CO2 concentration of the indoor air. In total, 17 measuring points registered
every 15 min measured data for one month in total during spring
2015. The second evaluation used DIFF Airﬂow equipment [19] to
measure the volume airﬂow.
The data from the external temperature and external relative
humidity of Esch-sur-Alzette city in the period of March 9, 2015 to
April 14, 2015 are shown in Fig. 5. These were obtained from the
daily weather service provided by the website FREEMETEO [24]. It
should be noted that the external temperatures were between 2 ◦ C
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Fig. 4. Percentage of SBS symptoms pointed out by residents.

Fig. 5. Evolution of external temperature and relative humidity for the measuring period from March 9, 2015 to April 14, 2015 in Esch-sur-Alzette city (L).
Source: [13].

Fig. 6. Concentration of CO2 above or below a threshold value in % of measurement time.

and 20 ◦ C. In addition the outdoor relative humidity was between
65% and 100%.
Before the installation of the Wöhler measuring device any user
was asked to identify whether the living room or the bedroom
was most suited and hence selection for installation of the sensor.
Finally 15 of the 24 apartments were successfully analyzed.
Fig. 6 shows the CO2 concentration divided by the limit of
1500 ppm into two intervals.
Only the apartments 15, 22 and 24, i.e. 20% of the apartments had
CO2 concentrations above 1500 ppm in 20–30% of the measured
time, i.e. bad air.
Fig. 7 shows the indoor air temperature values grouped in 3
intervals in % of measured time.
From the results, we can notice that the indoor air temperature
was below 20 ◦ C for more than 20% of the measured time in seven
apartments, which is 46% of the apartments analyzed. Therefore, it
can be concluded that the air temperature was quite low there.
Fig. 8 shows the values resulting from the relative humidity of
indoor air in percentage of the measured time.

It can be observed that only one apartment’s relative humidity
exceeded the 65% limit by 76% of the measured time, and this was
apartment 24.
In order to understand the user’s sensation, we can compare
the measurements of indoor air temperature, relative humidity
and CO2 concentration to the responses from the questionnaire,
knowing that concentration of CO2 is often used as pollution indicator. It was observed that in apartments with high concentrations
of CO2 (nos. 15, 22 and 24, Fig. 6) the occupants classiﬁed the
IAQ differently. The ventilation system was judges “Very good”
in apartment 15, even though the CO2 concentration was above
1500 ppm for more than 20% of the measured time, while apartment 22 was classiﬁed “Bad” and apartment 24 as “Very bad”
(Table 4).
Comparing the measured temperature with the answers of the
question 6 (How do you feel the ambient temperature in your apartment?), it was observed that many people classiﬁed the indoor
environment as “slightly cool” and “cold” (Table 4), which corresponded to 46% of apartments the air temperature below 20 ◦ C for

124

M.F. Silva et al. / Energy and Buildings 148 (2017) 119–127

Fig. 7. Indoor air temperature grouped in 3 intervals in % of measured time.

Fig. 8. Relative humidity above or below a threshold value in % of measured time.
Table 4
The responses of occupants (sitting or resting activity).
No. of Apt

3
5
7
9
11
12
13
15
16
17
18
19
20
22
23
24

Gender

Woman
Man
Woman
Woman
Man
Woman
Woman
Woman
Woman
Woman
Woman
Woman
Man
Woman
Man
Woman

Age of the person

40
30
28
36
44
36
71
38
49
30
49
26
65
46
43
37

Questions related to
Temperature

Humidity

CO2

Question 6

Question 7

Question 17

Question 18

Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Slightly cool
Slightly cool
Neutral
Neutral
Slightly cool
Neutral
Cold
Neutral
Cold

Normal
Low
Normal
High
Normal
Normal
Normal
Low
Low
Normal
Normal
Normal
High
Very high
Normal
Very high

Normal
Good
Normal
Normal
Normal
Normal
Good
Very good
Normal
Very good
Good
Good
Normal
Very bad
Good
Bad

Normal
Normal
Normal
Normal
Normal
Good
Good
Very good
Very good
Very good
Bad
Good
Normal
Very bad
Very good
Bad

more than 20% of measured time (Fig. 7). Apartment 15 was classiﬁed as “Slightly cool” and apartments 22 and 24 as “cold”. Here it
was observed that the indoor air temperatures in Fig. 7 were below
20 ◦ C for more than 30% of the measured time.
As noted previously, only apartment 24 had a relative humidity
above the limit for 76% of the measured time (Fig. 8), in agree-

ment with the responses of the occupants, who also classiﬁed the
humidity as “very high” (Table 4).
In order to verify the reasons for the high concentrations of
CO2 in apartments 15, 22 and 24 and the high relative humidity
in apartment 24, new measurements were taken with the DIFF Airﬂow devices to measure the airﬂow from the devices and relate
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Table 5
Values for measured airﬂow to bedroom 2 in apartment 15, – pair-wise units (D).
Date

Function

Airﬂow (m3 /h)

Indoor air temperature (◦ C)

26/May/2015
2/June/2015
2/June/2015

Supply
Supply
Supply

10.2
19.6
0.9

20.4
21.8
22.5

Table 6
Values for measured airﬂow to bedroom 3 in apartment 24, – pair-wise units (C).
Date

Function

Airﬂow (m3 /h)

Indoor air temperature (◦ C)

17/June//2015
24/June/2015
25/June/2015

Exhaust
Supply
Exhaust

2
4.8
0.8

24.8
23.5
24

it to previous results. Tables 5 and 6 present the airﬂow values
measured in bedroom 2 of apartment 15 and in bedroom 3 of apartment 24. Unfortunately it was not possible to take measurements
in apartment 22, because the tenant did not like it.
According to ASHRAE 62.1 and EN 15251 these apartments need
minimum air ﬂow rates of 12 and 14 m3 /h respectively, which
is by far more than the measured values in average. In addition,
the values of the airﬂow measurements varied considerably, for
instance in apartment 15 between 0.9 and 19.6 m3 /h (Table 5), and
from 0.8 to 4.8 m3 /h for apartment 24 (Table 6). Hence the ventilation devices did not work properly and apparently the system
had problems, which were later analyzed and solved by specialized
technicians.
4. Conclusions
The post-occupancy evaluation in two newly renovated apartment buildings in Luxembourg focused on IAQ and the effectiveness
of ventilation systems. The analysis was done using questionnaires
together with the physical measurements of the CO2 , temperature
and relative humidity.
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It was detected that in 3 apartments (15, 22 and 24) the mechanical ventilation was not working properly: the temperature was too
low; and the CO2 often exceeded the critical threshold. Sometimes,
but not always, the occupants felt the malfunctioning, but did not
notify the lessor. It was observed that when there are two or more
parameters above the comfort range, people seem to detect more
easily problems of the technical system.
The study presents of course limitations: there are 75% women
and hence only 25% men, who ﬁlled out the questionnaires, though
it is known that both gender answer differently. Furthermore, the
evaluation and measurement periods were quite short and not all
known comfort parameters were measured, as e.g. the radiant temperature, the air draft, temperature asymmetry.
In addition it is known that multiple other substances in small
concentrations are present inside the buildings and are inﬂuencing
the well-being, e.g. many chemical, physical and biological pollutants. The lack of quantitative data is an obstacle and should tackled
by researchers.
However, it can be expected that in situ studies about occupant’s
acceptance and use of energy efﬁcient ventilation solutions help to
minimize or correct problems. They are necessary for detection of
malfunction, and for optimization of future projects.
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