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Abstract
The indoor environment determines the occupants’ comfort and significantly affects the energy consumed for heating and
ventilating the building premises. Therefore, the proper complex thermal diagnostics of existing buildings requires a fair
assessment of indoor environment conditions. The method for measuring and assessing the quality of the thermal environment and the quality of the indoor air is demonstrated through the example of two single-family houses and one apartment
in a multi-family house. In this paper, attention was paid to the issues that should be taken into account when conducting
indoor environment diagnostics in residential buildings.
Streszczenie
Parametry środowiska wewnątrz pomieszczeń warunkują odczuwanie komfortu przez ich użytkowników oraz znacząco wpływają na zużycie energii na cele ogrzewania i wentylacji pomieszczeń w budynku. Przeprowadzenie właściwej diagnostyki
cieplnej istniejących budynków wymaga zatem wykonania rzetelnej oceny warunków panujących wewnątrz pomieszczeń.
Na przykładzie dwóch domów jednorodzinnych i jednego mieszkania w budynku wielorodzinnym zademonstrowano sposób
prowadzenia pomiarów i oceny jakości środowiska cieplnego oraz jakości powietrza wewnętrznego. W artykule zwrócono
uwagę na zagadnienia warte uwzględnienia w czasie prowadzenia diagnostyki środowiska wewnętrznego w budynkach
mieszkalnych.
K e y w o r d s : Indoor environment; Thermal comfort; Air quality; Thermal building diagnostics.

1. INTRODUCTION
Technical installations of heating, ventilation, and/or air
conditioning allow maintaining comfortable and
healthy conditions in buildings. Building construction,
inter alia, thermal insulation, glazing, etc. and the way
buildings are used influence the operation of HVAC
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systems. The indoor environment and energy consumption of buildings are thus closely interrelated [1, 2].
Currently, much effort is paid to decrease energy consumption in buildings. The Energy Performance of
Buildings Directive (EPBD) from 2002 and its recast
from 2010 assume that new buildings in the near
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future will consume nearly no energy. On the other
hand, in order to improve energy performance of
existing buildings, the modernization of the building
envelope and technical installations is required. It is
important that modernization actions lead to lowering energy consumption, but they should simultaneously not decrease the quality of indoor environment.
Energy certification of buildings implemented in
Poland does not require the evaluation of the indoor
environment, despite the fact that EPBD assumed
verification of internal environmental conditions,
particularly thermal conditions, and indoor air quality. Prior to building modernization, a complex thermal diagnostics of buildings is desired to help to identify the appropriate modernization solutions.
Complex thermal diagnostics is also a powerful tool
to verify the effectiveness of the implemented
improvements [3]. It is necessary to evaluate the performance of all building installations, especially these
that contribute to thermal and air quality conditions.
Methods for complex thermal diagnostics was developed within Task 4 of a research project entitled
Integrated System for Reducing Energy Consumption in
the Maintenance of Buildings [4]. Therefore, complex
thermal diagnostics of existing buildings should
include appropriate measurement procedures of the
evaluation of building installations [5, 6, 7, 8, 9, 10, 11]
and the indoor environment [12].
The paper focuses on the evaluation of indoor air
quality and the thermal environment in dwellings.
The quality of indoor environment in public buildings
has been extensively studied. Special attention has
been paid to the indoor quality in offices, since a high
quality environment is desired from the perspective
of not only the occupants’ comfort but also their productivity. Modern offices often have automatic climate control, some even in the form of a more
advanced BEM system that allows the analysis of
basic parameters of indoor environment; therefore, it
is easier to collect data for evaluation. Less attention
has been paid to environmental conditions in
dwellings. In Poland, there are approximately 5 million single-family houses and 13 millions of apartments. Over 80% of them have been built before
2003 and were constructed according to lower normative requirements on thermal insulation [13]. By
the modernization of a building envelope and technical installations, this building sector has a potential to
achieve substantial energy savings. Moreover, when
considering the amount of time people spend at
home and the effect indoor environment exerts on
people, this issue turns out to be equally important as
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environments at work or at school. Dwellings are,
however, specific buildings that require the selection
of an appropriate evaluation method. Hitherto developed methods for measuring and evaluating environmental conditions presented in the literature and
standards are characterized by varying degrees of
complexity [14, 15, 16].
The aim of the present paper is to demonstrate the
proposed method of measurements and analysis of
indoor climate quality. Practical examples of thermal
comfort and air quality examinations in two singlefamily houses and one multi-family block of flats are
demonstrated. Issues related to conducting of the
measurements are also discussed.

2. METHODS
Measurements of indoor environmental parameters
were performed in two single-family houses (Building
A: a semi detached house erected in 1999 and
Building B: a detached house constructed in 2008)
and one apartment in an 11-storey multi-family block
of flats (Building C constructed in 1972). Buildings A
and B were equipped with mechanical ventilation
with heat recovery; whereas, Building C had natural
ventilation. The buildings were heated by central
water based system with heaters located below windows. All buildings selected for investigation were
located in the southern region of Poland.
Thermal environment was evaluated based on continuous measurements of indoor air temperature.
The air quality evaluation focused on the analysis of
CO2 concentration in relation to the concentration
outdoors. Carbon dioxide produced by human
breathing is a good indicator of air quality in spaces
where the main pollution sources are occupants. The
monitoring of these parameters, namely air temperature and the CO2 concentration of the air was conducted for at least 3 week periods during the heating
season. Data were recorded in 5-min intervals.
Additionally, spot measurements of mean radiant
temperature and air velocity were carried out in
selected locations. Moreover, outdoor air temperature was recorded by a local weather station.
Continuous monitoring of indoor parameters was
conducted with small loggers (AR235, APAR,
Poland). The accuracy of temperature sensor was
±0.5 °C. The uncertainty (at a 95% confidence level)
of CO2 monitors was 3% of the reading + 10 ppm
(Sensotron, Poland). For spot measurements, a
ThermCondSys 5500 measuring system equipped
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Table 1.
List of measurement thermal zones and corresponding
factors W

2

Floor
Sensors wzone wsensor
area, m2
kitchen +
A28,
45.7
0.34 0.17
living room
A48
office
21.8
A26
0.16 0.16

3

bedroom 1

15.8

A38

0.12

0.12

4

bedroom 2

39.9

A30

0.30

0.30

5

bedroom 3

11.4

A29

0.08

0.08

1

living room

57

S2

0.13

0.13

2

kitchen +
dining room

45.4

A42,
A43

0.11

0.055

3

office

24.9

A37

0.06

0.06

4

walk in
wardrobe

35.6

A47

0.08

0.08

5

bedroom 1

23.4

S1

0.06

0.06

6

bedroom 2

23.4

A41

0.05

0.05

7

60.5

S4

0.14

0.14

63.1

A29

0.15

0.15

9

bedroom 3
recreation
room
bathroom

22.9

A45

0.05

0.05

1

living room

17.5

A24

0.35

0.35

2

kitchen

8.8

A12

0.18

0.18

3

bedroom

12.4

A23

0.25

0.25

4

bathroom

3.8

A9

0.08

0.08

5

corridor

6.7

A5

0.14

0.14

Building Zone Description
A

B

1

8
C
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The collected measured data were analyzed according to guidelines in EN 15251 [19]. The thermal environment in a building with natural ventilation was
evaluated based on an adaptive model in which the
actual indoor temperature range for each category
depends on the outdoor temperature history.
“Footprints” of environment quality over the investigated period were determined as the time fractions of
the actual thermal and indoor air quality conditions
fulfilling the requirements of a particular category.
At first, each zone was analyzed separately. Next, the
overall evaluation for the whole building was done
based on the measured data and the weight factor
wzone assigned for a given zone (Table 1). The factor is
calculated based on the ratio of zone floor area
against a background of the total floor area within
the investigated building or apartment. In the case
where more sensors are located in one zone, the
weight factor for each sensor, wsensor, was applied. The
wsensor factor is calculated by dividing the wzone factor
by the number of sensors within the zone.
In addition to the measurements of physical parameters of the environment, a questionnaire survey was
conducted to examine the occupants’ individual satisfaction with the environment quality as well as their
preferences. Information on additional, portable
heating or cooling devices used by occupants in the
buildings was also collected. Apart from the uniform
predefined questionnaires [12], occupants were also
interviewed to gain further information related to a
particular building and its use.

3. RESULTS
Thermal environment was evaluated based on the air
temperature measurements. Standards [18, 19], however, recommend evaluation based on operative temperature, which depends on both air temperature and
mean radiant temperature. In the current study, spot
measurements of mean radiant temperature were
conducted to identify the operative temperature. The
results showed that the difference between air and
mean radiant temperatures was small (within the limits of the measurement accuracy); therefore, the air
temperature measured by the data loggers was
assumed to correspond to the operative temperature.
Indoor air quality evaluation was based on the indoor
CO2 concentration in relation to the CO2 concentration outdoors.
Figure 1 presents the time course of air temperature
and carbon dioxide concentration in three investigated buildings. Boundaries for the environment quality
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with omnidirectional thermal anemometers, an air
temperature sensor, and a black globe temperature
sensor to determine mean radiant temperature were
used (Sensor Electronics, Poland). All measurement
instruments fulfilled requirements for accuracy
according to EN ISO 7726 [14]. Prior to the investigation, all sensors were calibrated and rechecked
after the completion of measurements.
The temperature and relative humidity loggers were
placed in several locations within predefined thermal
zones of the investigated buildings. At least one logger monitored each zone. In larger spaces, i.e. in
kitchens open to a dining or living room, two loggers
were used. The loggers were not exposed to direct
sun and were placed away from the heat sources at a
location allowing the air to freely move around the
sensors. The CO2 monitors were placed in rooms
where occupants spend most of their time when at
home. The locations of the sensors are listed in
Table 1. Table 1 also contains weight factors wzone and
wsensor used in the evaluation process.
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Figure 1.
Air temperature (left) and CO2 concentration (right) for selected locations in the three investigated buildings

categories are marked in the graphs.
The temperature time course shown in Figure 1 indicates that none of the buildings is permanently overheated. Only occasionally the temperature exceeds
the boundary level for Category III in Buildings B
and C. The lowest temperature was consistently
166
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recorded in Building A. The most uniform conditions
prevail in Building C; however, during the second
part of the measurement period (after February 15),
uniform conditions also appear in Building A. In
Building B in some less occupied rooms, e.g., a recreation room, the temperature is lower than in other
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Figure 2.
Thermal quality classification based on the monitoring

parts of the house.
The highest CO2 concentrations occurred in occupied spaces, mainly in bedrooms during nights
between 10.00 pm and 6.00 am. The concentration
occasionally exceeded 2000 ppm in Buildings A and
C; whereas, in one bedroom in Building B, this level
4/2017
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was exceeded almost every night. These results suggest an insufficient ventilation rate. During the daytime in bedrooms and in other rooms with shorter
occupation times, the maximum concentration does
not exceed the limit for Category III.
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Figure 3.
Indoor air quality classification based on monitoring

Figure 4.
Overall “footprint” of overall thermal environment for the three buildings

Based on the results presented in Figure 1, the frequency of the occurrence of thermal and air quality
categories was calculated for each zone. The results
are shown in Figure 2 and Figure 3, respectively. As
indicated, the thermal conditions in the three buildings were clearly different. Due to low temperatures,
the thermal environment in Building A was in
Category III or worse for over 75% of time. The best
conditions prevailed in the apartment in the multifamily building (Building C), where the temperature
168
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exceeded Category II only for a limited time.
As shown in Figure 3, the air quality in Building C
was most of the time on a highly satisfactory level
(within Categories I and II). The natural ventilation
performed slightly worse in the living room, which
was the most extensively used space of the apartment.
In both Buildings A and C, a substantial decrease in
the air quality can be observed in bedrooms. It is
mostly visible for Building B, where even for 25% of
the time, the air quality in one of the bedrooms was
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4. DISCUSSION AND CONCLUSIONS
The paper demonstrates the on-site diagnostics of
indoor air and thermal environment quality in three
dwellings. The presented measurements and evaluation results are shown only for the heating season, as
both heating and ventilation systems were in operation. From the point of view of the analysis of energy
use in buildings without cooling, it is suggested that
diagnostics of indoor environment should be performed especially during the heating season. The
method applied in the presented study is based on
the recommendation given in standard [19] as well as
available guidelines [12, 15]. The implemented way of
measuring environment parameters in dwellings is
similar to the evaluation performed in public buildings or offices; however, the data interpretation and
evaluation require more attention. The occupants'
behaviour, i.e., individual settings and occupancy
time, should be carefully considered to interpret the
results correctly.
The thermal environment and indoor air quality were
classified by categories from the highest, Category I,
to the lowest, Category IV, as defined in [16].
Category III relates to a moderate, acceptable level
of expectations and is assumed sufficient for existing
building, while new or renovated buildings should
assure the requirements for Category II. According
to the standard [19], an adaptive model was assumed
to define criteria for the evaluation of thermal environment categories, since none of the investigated
buildings were equipped with mechanical cooling.
The adaptive model, unlike the Predicted Mean Vote
(PMV) model, which is recommended for use in
buildings with mechanical cooling, assumes that the
occupants take actions to adjust to the actual thermal
4/2017
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environment, e.g., open windows or adjust their
clothing. In the adaptive model, the recommended
indoor operative temperature range is determined
based only on outdoor temperature, regardless the
occupants activity or clothing ensemble. Ioannou and
Itard [16] showed that, for the prediction of PMV
index in dwellings, the most important parameters
are the metabolic rate and the clothing thermal insulation. It is worth noticing that below an outdoor temperature of 10 °C, the adaptive model recommends a
slightly higher operative temperature range than
PMV model. Moreover, it should also be remembered that both models were developed based on
response of a large group of people; whereas, the
studied buildings were typically occupied by 2–4 people. Having in mind large individual differences in
preferences toward thermal environment, the results
of evaluation should be interpreted as an objective
indication of the environment quality and may not
necessarily reflect the preference of the particular
persons in dwellings.
The air quality was generally satisfactory in all studied buildings. However, the increase in carbon dioxide concentration above the limit for Category III
was periodically observed in some rooms, mainly
bedrooms. The main factors affecting air quality in
buildings, expressed by CO2 concentration, are the
ventilation airflow rate and number of occupants present. The buildings were occupied by people in a typical way; therefore, problems with inadequate ventilation rates were expected. To examine this problem,
supplementary spot measurements of airflow rates
were performed in the single-family buildings with
mechanical ventilation. These measurements were
part of the ventilation system diagnostics. In Building
B, the carbon dioxide concentration exceeded
1250 ppm and indeed revealed insufficient ventilation in bedrooms: the measured airflow rates were 8
and 16.5 m3/h. In this case, improvement could be
achieved by increasing the flow of fresh air into the
rooms. In Building A, the airflow rates measured in
the bedrooms were 25.6, 26.0, and 30.9 m3/h and,
thus, were sufficient for hygienic purposes. Problems
with inadequate ventilation were caused by periodic
operation of the mechanical ventilation system.
During periods with low outdoor temperature, the
supply fan was stopped and only the exhaust fan was
in operation to protect the heat exchanger from the
freezing of the condensed water. The inflow of fresh
air to the building was decreased during this time,
mainly during nights, and thus the CO2 concentration
increased.
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outside of the criteria (Category IV).
The “footprint” of the thermal environment for the
three analysed buildings is shown in Figure 4.
As shown in Figure 4, the overall evaluation of thermal environment as averaged over the floor area
indicated the best conditions in the apartment (in
Building C) and the worst conditions in Building A.
The answers to the questionnaires showed that thermal environment was rated as acceptable in all but
building A. In these buildings, one occupant
answered to feel cool occasionally. Nevertheless,
none of the occupants of the investigated buildings
used any additional heating or cooling device. In all
the buildings, the occupants were satisfied with air
quality indoors.
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The presented measurement results provide evident
examples that indoor conditions not only differ
between buildings, but also vary in time within the
same building, as shown in Figure 1. The frequency
of temperature recordings of 5 min and 1 min intervals for carbon dioxide concentration measurements
was sufficient to identify these changes. There are
several reasons for the observed changes. One reason
of the observed differences was the way the building
systems were operated by occupants. For instance, in
Building B, occupants adjusted individual heaters so
that the conditions prevailing in particular premises
met their current needs. Less frequently occupied
rooms, i.e., a guest bedroom, wardrobe, recreation
room and bathroom, had lower temperature settings,
which automatically induced a lower thermal environment category. In frequently used premises, thermal conditions were characterized by the highest
quality categories, I and II for at least 90% of the
time. In Building A, the room temperature during the
period under review was maintained at a relatively
low level and, as a consequence, the thermal environment was in Category IV, i.e. outside the recommended category. These conditions resulted clearly
from the users’ settings. Improved thermal conditions
can be obtained by changing the heat source's operating settings. Another important reason for the
observed differences was the actual outdoor weather
conditions; insufficient control of heating with outdoor temperature variations entailed changes in
indoor thermal conditions. As recommended by EN
15251, the measurements and evaluation should be
done for a representative period. The representative
period is determined by the outdoor temperature and
the threshold temperature, and it is calculated as the
average of three coldest months (for measurements
in winter) or warmest months (for measurements in
summer). The mean temperature calculated for coldest three months in southern Poland equals -2.1°C.
This value was obtained for average weather data for
years 1971–2000 from the local meteorological station in Katowice. Outdoor temperatures during measurements fulfilled this requirement only partially.
Previous analysis [17] indicated that evaluation
results obtained for a representative period may
indeed differ from the results obtained during the
rest of the time. Nevertheless, in practice, representative conditions rarely occur for a period longer than
a week. The current study, but also experience from
previous investigations, suggests that at least twoweek measurement series should be considered for
evaluation.
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Due to the fact that indoor air temperature and carbon dioxide concentration change in time, the indoor
environment quality cannot be described by a single
category. The indoor environment “footprint”
approach to present results from individual zones
(Figures 2 and 3) has proved to be an appropriate
approach to provide meaningful results and useful
information for both the evaluator and the building
occupants. Averaging the results for the whole building or whole apartment, as shown in Figure 4, may be
attractive for its simplicity, but may carry little information.
The performed measurements and result analysis
allowed the following conclusions to be drawn:
• Thermal and air quality evaluation should be an
integral part of the complex thermal diagnostics of
buildings.
• Measurements of thermal and indoor air quality in
dwellings without mechanical cooling should be
performed during the heating season for at least
two weeks. The measurement should cover days
with the outdoor temperature below the average
of three coldest months in the region.
• It is advised to supplement objective measurements with a questionnaire and interview with
building occupants. Conducting surveys among
building occupants is essential for the reliable
interpretation of data.
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