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SUMMARY

The dissertation thesis investigates the impact of energy renovation on the indoor environmental
quality of apartment buildings. Two case studies were carried out. The first field study was
performed in three pairs of residential buildings. One of the buildings in each pair has been
renovated and the other was in its original state. The second field study investigated one
residential building before and after its renovation. Both objective measurements and subjective
evaluation using questionnaire were used. Temperature, relative humidity and the concentration
of CO., were measured in the bedrooms of the apartments in both studies. Moreover, in the
second case study additional measurements of indoor air pollutants were carried out, such as
nitrogen dioxide, formaldehyde and (total) volatile organic compounds. CO; concentration was
significantly higher in the renovated dwellings that reflected lower air exchange rates in the
apartments in winter. The higher CO, concentrations and lower air exchange indicated increase
of formaldehyde concentrations in the apartments. Moreover, strong association was found
between levels of formaldehyde and relative humidity. These observations were linked to
insufficient airing out in the apartments and occupants” lower satisfaction with perceived air
quality after renovation. In a greater fraction of the apartments the occupants ventilated as
frequently as before renovation and was inadequate to achieve better indoor air quality indoors.
The results of the simulations confirmed that energy renovation without considering additional
ventilation, which is often the common practice, may increase CO> concentrations in the
apartments. Adding standard air handling units in bedrooms, or, at the minimum, exhaust
systems in kitchens and bathrooms while at the same time keeping internal doors open, may

significantly improve indoor air quality in newly energy-renovated residential buildings.

Vil



SUHRN

Hlavnym cielom dizerta¢nej prace bola analyza vplyvu obnovy bytovych domov na kvalitu
vnutorného prostredia. Boli vykonané dve pripadové stadid. Prva pripadova stadia bola
realizovand v troch dvojiciach bytovych domov. Dvojicu bytovych domov tvorili domy
postavené v rovnakej stavebnej ststave, stojace vedla seba, s rovnakou orientaciou na svetové
strany, pricom jeden z dvojice domov bol obnoveny a druhy sa nachadzal v povodnom stave.
V druhej $tudii bol vybrany jeden bytovy dom, v ktorom sa uskutoc¢nili experimentalne meranie
pred a po jeho komplexnej rekonstrukcii. Analyza dat a hodnotenie vysledkov boli zalozené na
objektivnych merani a dotaznikovom prieskume. Vnutorna teplota, vlhkost' a koncentracia
oxidu uhlicitého boli monitorované v oboch stidiach. Okrem toho, v druhej pripadove;j Studii
boli analyzované aj koncentracie znecistujucich latok vyskytujuce sa vo vnitornom vzduchu,
ako napr. koncentracia oxidu dusi¢itého, prchavych organickych latok a formaldehydu.
Koncentracia oxidu uhli¢it¢tho bola vysSia v obnovenych bytovych domoch, ¢o viedlo
k vyraznému zniZeniu intenzity vymeny vzduchu. Vyssie koncentracie CO2 a niz$ie intenzity
vymeny vzduchu mali za nasledok zvySenie koncentracie formaldehydu. Navyse, pozitivna
korel&cia bola najdena pri hodnoteni zavislosti koncentracie formaldehydu od relativnej
vlhkosti. Tieto vysledky boli zna¢ne ovplyvnené vetracimi navykmi obyvatelov, o prispelo aj
k nizSej spokojnosti obyvatel'ov s pocitovanou kvalitou vzduchu v bytoch nachadzajucich sa
v obnovenych domoch. Vysledky simulacii potvrdili, Ze ak nie su prijaté opatrenie na zniZenie
koncentracie CO; a zvySeniu intenzity vymeny vzduchu , obnova bytovych domov jednoznac¢ne
moze znizit’ kvalitu vnitorného vzduchu. Instaldcia mechanickych vetracich systémov alebo
odsavania v kuchyni a hygienickych miestnostiach moéze vyrazne prispiet’ k zlepseniu kvality

vzduchu v obnovenych bytovych domoch.
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1. INTRODUCTION

The building sector is responsible for one third global energy consumption. The need to reduce energy
consumption and greenhouse gas emissions became a national priority across the European Union
member countries (1; 2; 3; 4). A large proportion of the European population resides in multi-family
buildings (1). Therefore, the residential sector represents a major potential target group for national
programs supporting energy efficiency improvements of existing buildings and climate change
mitigation. Multi-family residential buildings in Slovakia well represent the residential building stock
of Eastern and Central Europe. Most of these buildings were built from 1948 to 1990, with the highest
intensity in housing construction reported over the period 1971 — 1980 (1). A significant fraction of
these buildings (~70%) does not fulfil the current European requirements on energy efficiency (5). In
order to fulfil the reduction criteria of energy consumption and promote environmental sustainability set
out by the Energy Performance of Buildings Directive, building retrofit campaigns for existing multi-
family buildings have been implemented (6; 7). However, the effect of these programs was not
systematically assessed. Especially the assessment of effects of energy improvements of buildings on
indoor air quality and occupants” well-being is often neglected. Consequently, Slovakia, just as several
other eastern and central European countries, fail to capitalize on the opportunity to improve indoor

environmental quality on a nationwide scale.

Adding insulation to the building envelope or replacing inefficient single glaze windows with more
efficient ones reduce the energy consumption and may improve thermal comfort by decreasing drafts
and reducing thermal radiation from cold walls and windows (3). However, tightening the building
envelope without compensating measures, unfortunately a widespread practice, often results in reduced
intake of outdoor air (infiltration rate) and may increase the concentration of indoor-generated air

pollutants (8).

People spend about 80% of their time at home (9). Occupant exposure occurring in the residential
environment can be substantial. Low ventilation rates, which can be caused by improved airtightness,
and the resulting exposures have been associated with numerous long-term and acute health effects such
as respiratory diseases, cancer, allergies, sensory irritations and sick building syndrome symptoms (10;
11; 12). Therefore, there is an urgent need to assess the impact of the currently applied building
renovation practices, with the primary focus on energy conservation, on the residential indoor

environmental quality, and provide recommendations for policy makers, engineers and the public.

The present study was designed to shed new light on the aforementioned connections between residential
multifamily building renovation, energy performance, indoor environmental quality and occupant health

and comfort.



2. STATE OF THE ART

2.1 Current state of the residential stock

From the emotional to the architectural value, buildings occupy a key place in our lives and
society as a whole. Their construction, design, operation and purpose of use not only influence
productivity and well-being of people and their interactions with others, they also significantly
contribute to energy-related sustainability challenges. The building characteristics also define
how much energy is consumed by buildings as well as how much energy demand is needed for
operation of systems of building services (heating, domestic hot water preparation, ventilation
and cooling) to create a pleasant environment (1; 13).

2.1.1 European residential stock

The Building Performance Institute Europe (BPIE) recently screened all EU28 countries
together with Switzerland and Norway with the aim of collecting existing data related to
buildings and building policies. The exercise was undertaken using a team of experts in each
Member State. The data collected were mainly extracted from official statistics and studies at

Member State level supported by expert estimations (1).

2.1.1.1 Building typology

Within the residential sector, different types of single family houses (e.g. detached, semi-
detached and terraced houses) and apartment blocks are found. Apartment blocks may
accommodate several households typically ranging from 2-15 units or in some cases holding
more than 20-30 units (e.g. social housing units or high rise residential buildings). Analysis of
data gathered by BPIE (1) indicates that, across the European Union member countries, 64% of
the residential building floor area is associated with single family houses and 36% with

apartments (Figure 2.1).

According to national statistics (1; 2) Sweden, Finland, France, Austria and Czech Republic
have approximately the same share of apartment blocks and single family houses (Figure 2.2),
both around 50% is the whole residential stock. United Kingdom and the Netherlands have a
large number of single family houses, up to 80% in United Kingdom and 70% in the
Netherlands. The percentage of family houses is the lowest in Germany and Switzerland (below
30%).
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According to the survey by BPIE (1), countries in the North and West region have higher total
floor area per person than in the South and Central and East regions (Figure 2.3). Upon closer
examination, the countries of Central and Eastern Europe tend to have lower space standards in



terms of dwellings with a floor space of around 25 m?/person in comparison to the Northern
and Southern European countries, which have space standards typically of around 40m?#/person.
The different approaches taken for defining and measuring floor area within this sector also
have an impact on these numbers. It is interesting to note that in all regions, the floor space

standards in apartments are lower than in single family houses.

2.1.1.2 Age profile of the residential stocks and ownership of apartments

Buildings across Europe are associated with different time periods dating even before the 1900s.
Historical buildings certainly have a significant heritage value while construction techniques
and building regulations such as building codes imposed at the design phase have a great

influence on the energy performance of a building built in a specific period.

The age of the dwelling stock relates to its physical characteristics, including thermal
performance. In fact, a substantial share of the residential stock in Europe is older than 50 years.
Existing dwellings are representing the vast majority of the building stock exceeding the
number of newly built dwellings with high performance levels in most of the European

countries.

The BPIE survey (1) has classified buildings in different age bands (specific chronological
periods) for each country. In order to allow some comparison between the age profiles of the
residential building stock of different countries, data for each country were consolidated into

three representative age bands:

e Old (typically representing buildings up to 1960)
e Modern (typically representing buildings from 1961 to 1990)
e Recent (typically representing buildings from 1991 to 2010).

More than 40% of European dwellings have been constructed before the 1960s when energy
building regulations were very limited. A large boom in building construction was in 1961-
1990 when the housing stock, with a few exceptions, more than doubles in this period (Figure
2.4). The existing building stock will continue to dominate for the next 50 or more years. The
lack of sufficient insulation of the building envelope in older buildings was also reflected
through the historic U-value data which comes with no surprise as insulation standards in those
construction years were limited. Due to poor maintenance and high energy consumption the
energy performance of these buildings is in poor condition (1; 14; 15). With their potential to
deliver high energy and CO savings as well as many societal benefits, energy efficient

buildings can have a pivotal role in a sustainable future (1; 16; 17; 18; 18; 19).
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Significant country-by-country variations are also evident. The countries with the most recently
constructed buildings (1990-2010) appear to be Austria and Finland, while countries with the
highest rate of construction in the “modern” period (1961-1990) seem to be Germany, Hungary

and Romania (Figure 2.4).

60
50
40 -
30 -
20 -
10 -
0 -

Percentage (%)

mPre 1960 ®1961-1990 = 1991-2010
Figure 2.5 Age profile of the European residential stock (1)

BPIE survey and study by Meijer et al (1; 2) show that the largest share of the residential stock
is held in private ownership, with the highest percentages in Romania (95%) and Hungary
(87%). Countries with the biggest share of private tenants (someone who is renting home from
a private landlord or housing association) are Switzerland, Sweden, Germany and Czech
Republic and countries with significant portions of public rented (owned by government)
dwellings are Austria, United Kingdom, and the Netherlands (Figure 2.6).
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Figure 2.6 Tenure of residential buildings in Europe (1; 2)

2.1.1.3 Energy performance

Buildings contribute to a large proportion of total energy use worldwide. The significance of
the residential building sector in terms of energy consumption is well acknowledged (1; 2; 20;
21; 22; 23; 24). They comprise the biggest segment of the European building stock and are
responsible for the majority of the sector’s energy consumption. The European building sector
is responsible for 40% of the overall energy consumption in Europe. According to data exacted
from Eurostat (25), in 2010 European households were responsible for 68% of the total final
energy use in buildings. Energy in households is mainly consumed by heating, cooling, hot
water and appliances where the dominant energy use in homes is space heating.

The space heating is mainly determined by a heat transmission losses (proportional to the
insulation degree), by ventilation and air infiltration losses (determined by the ventilation
system, building fabric and build quality), and by the efficiency of the heating system (26). The
strong correlation between heating degree days and fuel consumption emphasises the link
between climatic conditions and use for heating as the year-to-year fluctuations in heating
consumption largely depend on the climate of a particular year. The significant increase in use
of appliances in households is also evident through the steady increase in electricity

consumption (38% over the last 20 years) (Figure 2.7); (2).
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Figure 2.7 Historical final energy use in the residential sector in European Union (1)

The performance of households depends on a number of factors such as the performance of the
installed heating system and building envelope, climatic conditions, behavioural characteristics
(e.g. typical indoor temperatures) and social conditions (e.g. fuel poverty meaning that not all
buildings are used at maximum capacity). Despite different improvements in, for instance,
heating systems, there is still a large saving potential associated with residential buildings that
has not been exploited. These technologies are easily implemented in new buildings, but the
challenge is mostly linked to our existing stock which forms the vast majority of our buildings
(1; 2). The European Union has enacted several actions dealing directly and indirectly with
energy efficiency of existing buildings aiming to reduce the building energy. Retrofitting of
existing residential buildings has been claimed as one crucial way to reduce energy
consumption and greenhouse gas emissions. The theme is described in more details in sub-

chapter 2.3.

2.1.1.4 COz2emissions

The levels of energy consumed in buildings place the sector among the most significant CO>
emissions sources in Europe, depending on factors including urban morphology, architectural
typology, buildings' performance and in particular the envelope performance, efficiency of the
equipment and systems, and the inhabitants” behaviour. The effect of these factors on energy
and environmental performance of particular building stock might be various, from least
efficient up to most efficient influences as shown in paper by Salat et al (14) . Awareness of the
CO: reduction potential of the existing buildings is widespread among stakeholders. The

European Union, national governments and housing associations including the building owners



as well, have vested interests in trying to achieve a more sustainable existing building stock
(27; 28).

In terms of CO2 emissions, buildings are responsible for around 36% in Europe (1). The average
specific CO, emission in Europe is 54 kgCO2/m? where the national values of kgCO> per floor
space vary in the range from 15-105 kgCO2/m? as shown in Figure 2.8. The building
performance is a key component in influencing of the level of CO, emission. In addition, CO>
emissions are linked to the particular energy mix used in buildings in a given country. For
example, the extent to which renewable energy is employed in the buildings, the use of district
heating and co-generation, the sources of electricity production in each country affect the CO>
emissions related to buildings. Variations in the energy supply mix highly influence the CO>
performance of buildings where, for instance, Sweden and France are among the lowest in

Europe due to their dependence on hydroelectricity and nuclear energy, respectively.
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Figure 2.8 COz emissions per useful floor area (1)

2.1.1.5 Ventilation system

Data gathered for the HEALTHVENT project (29) provides distribution of types of the
ventilation systems used in European Union member countries. The distribution of ventilation
systems in residential buildings clearly shows that natural ventilation and fan assisted natural
ventilation account for more than 50% of total existing systems, except in Finland and the
Netherlands, where mechanical ventilation is more dominant. It is interesting to observe that
Austria and United Kingdom have natural ventilation in more than 85% of their apartments
(Figure 2.9).
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Figure 2.9 Summary of ventilation systems used in European residential stock (29)
2.1.2 Slovak residential stock

Slovakia well represents the Central European building stock as well as a large fraction of the
residential buildings in Western and Northern Europe. According to statistical surveys (1; 25),
Slovakia is represented by 341,000,000 m? of building floor area, out of which 89%
(303,490,000 m?) belong to residential buildings. The data indicates that across Slovakia 24%
of the residential floor area is associated with apartment buildings and 65% with single family
houses. The building stock is distributed across different building types as it is shown in Figure
2.10. It was also reported that 89% of existing apartments are held in private ownership out of
which 75% is occupied by owner and 13% is private or public rented. 8% of the Slovak
apartments have public owners and the status of the rest of the apartments (3%) has not been
defined.

As in almost across all European countries, most of the apartment blocks and single family
houses in Slovakia were built from 1945 to 1992, with the highest intensity in housing
construction reported over the period 1961 —1980 (Figure 2.11), (1; 30). This historical period
of the Slovak architecture was characterised by various construction and structural systems,
with a particular inclination to prefabricated concrete technology (large-panel system
buildings). After 1992 atypical buildings started to be designed on an individual basis. The
Ministry of Transport, Construction and Regional Development of Slovak republic classified
the apartment buildings into five groups of construction systems which were influenced by
requirements of building structures properties of various construction periods (Table 2.1), (29;
30).
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Table 2.1 Number and total floor area of apartment buildings characterised by type of construction systems (29; 30)

Type of construction system Number of buildings | Total floor area (m?)
Brick and pre-assembled masonry panels 6 761 10 733 966
Single-layer large-panel system, built between 1955-1983 7983 29 807 256
Multi-layer large panel system, built between 1971-1983 2131 8234737
Large-panel system, built between 1983-1988 3 646 16 159 811
Atypical buildings (unusual building shape) from 1992 65 58 776

Other (Unspecified) 1137 427 121

Total 21723 65 421 666

Changes in U-values (heat transfer coefficient) of pre-existing apartment buildings in Slovakia
by different construction periods were also specified by BPIE (1). Substantially lower U-values
were reported in buildings constructed after 2011 compared to apartment buildings built in the
20" century (Figure 2.12). The differences between the highest (1946-1960) and lowest U-
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values (>2011) were significant for all constructions. Although the U-value of the external walls
and floor have shown improvement after 2011, the majority of them still does not meet the
strictest criteria defined by the national standard (31).
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Figure 2.12 U-values of pre-existing apartment buildings in Slovakia (1)
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Figure 2.13 Consumption levels of space heating in Slovak residential sector by age of apartment buildings (1; 25)

According to BPIE and Eurostat inspections (1; 25) the heat consumption level of apartment
buildings ranges between 53 and 142 kWh/m?year depending on age bands of the residential
buildings (Figure 2.13). Apartment buildings built before 1980 were responsible for the highest
heat consumption by space heating, especially in buildings built before 1920, with average heat
consumption 142 kWh/m?year. Obvious decrease in level of heat consumption started after
1981, largely influenced by climate condition changes and new trends used in building

constructions and architecture improving energy efficiency conditions of buildings (30).

Majority of residential stock is connected to district heating systems. Natural gas is the most
common fuel by 70% (Figure 2.14). The use of coil is represented by 10% mostly used in regions
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of Northern Slovakia. The usage of renewable energy sources represents very low percentage
from the total percentage of energy products, in total 1.5%. 16.5% of the used sources were not
specified exactly (1). According to statistic surveys (1; 25) the CO. emissions by the residential
building sector in Slovakia was fifteenth among the 28 European Union countries with almost
70 kgCO2 emissions per m? useful floor area. This is higher than that of countries such as United

Kingdom, Germany, Belgium, Hungary and Czech Republic.
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Figure 2.14 Percentage distribution of energy sources used for heating in Slovak apartment buildings (1)
2.2 Indoor air quality parameters

The major purpose of buildings is to provide a healthy and comfortable environment for
occupants. In most parts of the world humans spend up to 80% of their lifetime indoors. More
than half of the time spent indoors takes place in homes (9). It is therefore important to identify
the parameters that influence indoor air quality and thus the comfort and health of inhabitants
in their homes. Additionally, occupant behaviour may substantially influence the indoor

environment.

2.2.1 Indoor air quality in residences

Many earlier studies investigated indoor air quality in different types of residences.
Temperature, humidity, the concentrations of CO2, NO> (nitrogen dioxide), formaldehyde and
TVOC (total volatile organic compounds) as well as air exchange rates, were investigated in
157 single-family houses and 148 apartments in Sweden (32). The results of the physical
measurements reported a relationship between concentrations of selected compounds and age,
type and location of building and ventilation system. The air exchange rate, concentration of
formaldehyde and TVOC were higher in the naturally ventilated dwellings than in buildings
equipped with mechanical ventilation system. Investigation of indoor environment was carried

out by questionnaire surveying in 550 residents located in Dalian, China (33). Measurements
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of formaldehyde and CO> concentrations were also performed. Visible correlation was found
between formaldehyde concentrations and duration and frequency of ventilation. With
increasing of indoor CO2 concentrations occupants reported breathing difficulties, headache
and stuffy air. In a study by Kotol et al (34) also CO> concentration was used as an indicator
of indoor air quality in 79 Greenlandic dwellings built before 1970, between 1970 and 1990
and after 1990. Moreover, indoor temperature and humidity were recorded in bedrooms. Higher
CO. concentrations and moisture were found in newer residential buildings than in dwellings
built before 1990. The CO- concentration depends on lot of factors, i.e. number of occupants,
the duration of ventilation, ventilation rate and room volume. The typical indoor air
concentrations of CO> are between 500 and 1500 ppm (11; 35). CO- in those concentrations is
not generally thought to be harmful. It is an indicator of concentrations of other pollutants in
the air and of the ventilation rates per occupant. A laboratory study by Kajtar et al (36) and
Satish et al (37) suggests that human well-being and capacity to concentrate attention are

reduced when CO; concentration in the air increases up to 3000 ppm.

2.2.2 Effect of indoor air quality on health and sick building syndrome symptoms

Home environments can be important determinants of resident health. Because of the effects
on health, indoor air quality is widely recognized as an important public health issue. The indoor
air may be polluted by broad range of components originating from both indoor and outdoor
sources (38). In multifamily housing, building characteristics can be shaped by construction
and renovation practices, as well as by the actions of both professional staff involved in building
operation and maintenance and building residents. In the home, determinants of environmental
exposures include pollutant sources, product usage and resident activity patterns, presence and
performance of ventilation systems, design and maintenance of building systems, and pest

infestation levels (39).

2.2.2.1 Importance of ventilation in residences and its effect on human health

Ventilation is necessary to remove indoor generated pollutants from indoor air or dilute their
concentration to acceptable levels. Ventilation may have harmful effects on indoor air quality
and climate if not properly designed, installed, maintained and operated as summarised by
Seppanen et al (40; 11). It may bring harmful substances or deteriorate indoor environment.
Ventilation interacts also with the building envelope and may deteriorate the structures of the
building. Ventilation changes the pressure differences across the structures of building and may
cause or prevent infiltration of pollutants from structures or adjacent spaces. Moreover, some

conclusions on performance of ventilation in respect of human responses were defined. It was
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found that ventilation rate below 10 L/s per person are associated with a significantly worse
prevalence of one or more health or perceived air quality outcomes. Low ventilation may lead
to high indoor humidity and moisture accumulation in building structures or materials. That
may lead to increased dust mites, and particularly high humidity can increase the risk of
microbial growth, and subsequently to microbial contamination and other emissions in
buildings. In epidemiological studies, moisture damage in building was associated with a
number of health effects including respiratory symptoms and diseases (41).

The review by Dimitroulopoulou (42) showed that ventilation is increasingly becoming
recognised as an important component of a healthy dwelling. Ventilation requirements receive
major attention in building regulations, across Europe. However, ventilation measurements
across Europe show that ventilation is often poor, resulting in reduced ventilation rates (lower
than 0.5h™%, which is currently a standard in many European countries), increased
concentrations of indoor pollutants and hence exposure to health risk. Studies in the Nordic
countries (43; 44; 45) showed that at ventilation rates greater than 0.5 h™%, there is no direct
association between air change rates and asthma or allergy among children. However, at
ventilation rates lower than 0.5 h™2, allergic symptoms were reported as well as rhinitis and
bronchial obstruction (8; 45). No association was found between ventilation rates and doctor-
diagnosed asthma. Moreover, the findings in the review indicated that low ventilation can be
considered as a risk factor for irritation. The ventilation measurements in the Nordic countries
showed that a large percentage of the monitored dwellings did not fulfil the minimum
requirement of 0.5 h™* (up to 60% in Denmark, about 50% in Finland, 30%—40% in Norway).
In Sweden, different samples of dwellings showed contrary results, although the large national
study reported 55% of multiple and 85% of single dwellings having ventilation rates lower than
0.5 h™. The Norwegian dwellings seem to be better ventilated than the other Scandinavian ones.
Ventilation rates greater than 0.5 h™! were reported in the Netherlands as well as in Greece and
Portugal, which had rates greater than 0.5h™, and up to 1.5h*in Greece and 1.2 htin
Portugal. Higher ventilation rates were measured in the mechanically ventilated dwellings
compared to the naturally ventilated dwellings in a number of countries such in Netherlands,
Portugal, Sweden. Surveys showed that although occupants generally think that ventilation is
important, their understanding of the ventilation systems in their own houses is low, resulting

to under-ventilated homes.

Under-ventilated homes may result in increase of pollutants indoors. Material emissions were

recognised to have an influence on the total pollution load of buildings (46). The research and
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development activities in the area of material emissions started with formaldehyde emissions
from particle boards about thirty years ago. Labelling schemes and quality control greatly
reduced the problem with particle boards manufactured in Europe but not with those imported
from some other countries. Research shows that almost all materials emit chemical pollutants.
Much focus has been on paints, varnishes and flooring materials. Unfortunately the harmful
emissions are not limited to the finishing materials, but include also furniture, partitions, etc. In
some cases, also sealants and injection putties created problems due to high VOC (volatile
organic compounds) emissions. Even though the emission rates of materials have been
significantly reduced due to labelling schemes, ventilation is needed to dilute the VOC

concentrations to acceptable levels, particularly in new and renovated buildings.

Brasche and Bischof (47) investigated the time spent indoors as a major importance in the
evaluation of indoor exposure to formaldehyde. The overall mean time of 15.7 hours per day is
in line with results from United States and Canada. The US Environmental Protection Agency
(EPA) (48) indicated an inhalation rate of 0.63 m3h and 10 hours per day for residential
exposure. Stubenrauch et al (49) estimated inhalation rates of 0.8 m®h for adults and 0.25m?h
for young children over 21 hours per day. The World Health Organisation (WHOQO) (50)
calculated probabilistic estimates of 24 hours time-weighted average concentrations of
formaldehyde in the air. The results indicated that one in two persons would be exposed to
concentration of 24-29 pg/m?, while 1 in 20 persons would be exposed to 80-94 ug/m3. Acute,
chronic (non-cancer), and potential carcinogenic effects on humans were reported for

formaldehyde.

Additionally, ventilation is commonly used also for temperature control. As in many countries
the outdoor temperature is most of the year below indoor temperature, the ventilation can be
used to reduce high room temperatures. High room temperature increases the prevalence of sick
building syndrome symptoms, deteriorates the perceived air quality, increases the sensation of
dry air in winter and affects the performance and productivity (40). The effect of air temperature
on thermal comfort is well known, but its effect on indoor air quality is not so widely
recognized. Studies have shown that warm and humid air is stuffy (51), and room air
temperature in the winter causes a higher number of typical sick building syndrome symptoms
than cooler air (46). Studies by Fang et al (52; 53) and Humphreys et al (54) suggest use of low
room air temperature and low relative humidity in the winter from a standpoint of good indoor

air quality and energy economy.
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2.2.2.2 Residences and sick building syndromes

The SBS (sick building syndrome) is used to describe a situation in which the occupants of a
building experience acute health- or comfort-related effects that seem to be linked directly to
the time spent in the building. The complainants may be localized in a particular room or zone
or may be widespread throughout the building. One important strand lies in sick building
syndrome, which is a set of non-specific symptoms occurring in a particular building and not
caused by specific illness such as allergy or infection. SBS is widely used to describe symptoms
experienced inside a building, such as headaches, eye, nose, or throat irritations, itchy skin, and
fatigue (55). These symptoms, while common in the general population, become more
prominent the longer a person stays inside a building, but they tend to disappear when he or she
goes out. There are few studies among adults and SBS in relation to domestic exposures related

to the building construction, including ventilation systems as well.

SBS is closely related with indoor air quality. Subjective perceptions of indoor air quality,
including odor perceptions and sensory irritations, provide useful information on indoor
environment, especially in large-scale questionnaire survey among population. The Swedish
studies from 1990s (56; 10) reported that medical symptoms compatible with the SBS
symptoms were more common in newer buildings, in multi-family houses, and in publicly
owned apartments. Those results showed that SBS symptoms were related to atopy, age, female
gender, building age and ownership of the building. Moreover, in Stockholm, the most common
reported odors were stuffy odors (25.9%) and musty odors (15.6%) (57). Sources of perceived
odors and biological agents were building interior decoration, building materials, use of

different customer products and mold contamination.

Sensation of air dryness is another important subjective evaluation on indoor air quality. It was
found that the increased air pollution level is a more important factor related with the sensation
of “‘dryness’’ than the low relative air humidity (58). Lin et al (59) found that the sensation of
air dryness had the highest proportion within those people (57.4%) who were involved in the
study in China. The findings were followed by perceived stuffy odor (40.6%), unpleasant odor
(27%), tobacco smoke odor (25.5%) and sensation of humid air (17.9%).The prevalence of SBS
symptoms in the same time period was 40.4% for general symptoms, 47.7% for mucosal
symptoms and 9.5% for skin symptoms, respectively. Moreover, it was found that the
dampness, the presence of cockroaches and mosquitoes, prenatal exposure to decoration and

close traffic were all risk factors of SBS.
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2.2.3 Effect of indoor air quality on comfort of occupants

Several studies investigated indoor environment conditions and occupant satisfaction in
existing multi-family dwellings. Recently, Du et al. (60) assessed the indoor environmental
quality in residential buildings in North-East Europe. Sixteen existing multi-family buildings
in Finland and twenty in Lithuania were investigated prior to their renovation to assess the
potential for improving indoor environmental quality along with energy efficiency. Indoor
temperature, relative humidity, CO2, CO (carbon monoxide), PM (particular matter), NO3,
formaldehyde, VOCs were measured. The results indicated that most of the measured
parameters were within the recommended limits. Potential for improvements appeared to be the
largest with respect to thermal conditions and ventilation adequacy. Occupant reported
satisfaction with indoor air quality was compared with measured parameters. Indoor PMy s,
PM1o, formaldehyde, relative humidity in Finland, and PM2s, NO-, radon, fungi, and relative
humidity in Lithuania were found slightly higher in the rather unsatisfied or unsatisfied group
than in the satisfied or fairly satisfied group, but the differences were not statistically
significant. The CO concentrations in Lithuania were found significantly higher in the rather
unsatisfied or unsatisfied group (1086 + 230 ppm) than in the satisfied or fairly satisfied group
(940 + 360 ppm). In Poland airtightness of external walls and windows was reported as the
main reason for poor indoor air quality (61; 62). The level of CO concentration increased above
3000 ppm in the evaluated households. Poor perceived indoor air quality was reported by
occupants living in those dwellings.

The study by Zalejska-Jonsson et al (63) investigated overall satisfaction and satisfaction with
thermal comfort, air and sound quality in Swedish residential apartments. Questionnaire survey
was carried out in period of May-June 2008. Generally the occupants were satisfied with the
indoor environmental quality in their apartments. However, in those apartments where
dissatisfaction was observed, the discomfort was mostly caused by draught, dust and low indoor
temperature. Indoor air quality was found as the most important factor affecting the overall
satisfaction of occupants. Respondents” overall satisfaction, which depended on the
construction year of the building was effected by different indoor environmental problems.
Occupants of dwellings built before 1975 indicated sensitivity to thermal comfort problems (too
low temperature) caused by poor insulation of the building envelope and low energy efficiency
of windows. Problems with stuffy air and unpleasant smell were determined by occupants who
lived in dwellings built between 1975 and 1995.
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Assessment of indoor environment of Danish dwellings using questionnaires were carried out
by Frontczak et al (64). The questionnaires focused on inhabitants” behaviour, their knowledge
regards building systems designed for controlling indoor environment and the ways in which
they achieve comfort. The results showed that visual, acoustic and thermal conditions as well
as air quality are considered by inhabitants to be the most important parameters determining
comfort. Manual control of the indoor environment was indicated by the respondents as highly
preferred. Most of the respondents who had a problem related to the indoor environment did

not try to find information on how to solve it because they considered that is was not serious.

2.3 Energy retrofitting of buildings

Retrofitting of existing residential buildings has been claimed as one crucial way to reduce
energy consumption and greenhouse gas emissions within Europe (14; 20; 21; 23). The
European Union has enacted several actions dealing directly and indirectly with energy
efficiency of buildings aiming to reduce the building energy use through two Energy
Performance Building Directives: Directive 2002/91/EC (6) and Directive 2010/21/EU (7);
(shortly EPBD and EPBD recasting). While the first directive was more focused on
methodologies and new buildings, the second one is giving more importance to existing
buildings not only when subject to major renovation but also when building technical elements

and technical systems are retrofitted or replaced.

2.3.1 European residential stock

Meijer et al (2) reviewed and compared the current renovation activities across Europe. Expert
interviews were carried out in eight European countries. The interviews showed the investments
in renovation activities are equal to or lower than the money invested in new constructions in
residential sector. Sweden, Germany and United Kingdom seem to be the exceptions to this
rule. In Austria the estimated number of apartments undergoing refurbishment is around
100 000 every year compared to new apartments built annually (45 000). In Finland, residential
buildings account for half of the renovation activities and their share is expected to increase as
the stock built in 1960-1970 will soon come to an age requiring renovation. In Sweden, twice
as many renovations occur compared with new constructions; 120 000 apartment were
renovated whereas 61 300 new flats were built in 2000-2004. The number of Swiss building
renovated each year, however, exceeds the number of newly built housing and the unit costs
per renovation are lower than for newly built buildings. Although no statistical data are
available for the ratio of newly built to renovated dwellings in the Netherlands, the authors

estimation based on their experience is that each year twice as many dwellings are renovated
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than newly built. Data from heating systems replacement were also gathered for countries
mentioned above. Each year heating systems are replaced in 4% of Austrian, 9% of French, 5%
of German and 18% in Finish dwellings. As indicated in previous studies on sustainable
building by Sunikka (18) and Klunder (65) the policy analysis and expert interviews in this
study confirm that the main barriers to sustainable renovation identified in all eight countries
are a lack of knowledge and the unconvincing cost-benefit relation whereby an investor does

not always profit from improved performance.

Evaluation of Swedish retrofitted multi-family dwellings with improved energy performance
was carried out in two studies by Liu et al (66; 4). In the first one (66), one non-retrofitted and
one retrofitted building built in late 1970s were chosen from the same area as the main study
objects. The results showed that the retrofitted building has potential to reach a 39% reduction
of space heating demand, which is higher than the 2020 national goal. The second study (4)
showed that the multifamily buildings in Sweden have great potential to reduce their energy
use by 50% by 2050, by means of measures such as external wall insulation, window
replacement, and heat recovery system installation and especially by adjusting heating systems

and utilizing solar or photovoltaic panels adjusting heating system.

Many studies completed by various European organisations of multi-family buildings built
from 1880 onwards (most buildings from around the 1960s) demonstrated that substantial
energy savings up to 90% could be obtained with implementing of insulation to the exterior
building facade, installing new windows and using renewable energy sources (67; 68; 69; 70;
71; 72). The study of Serbian residential housing by Matic et al (73) investigated the integrated
design strategies, applied in refurbishment of the prefabricated residential housing, erected in
1970s in Belgrade, in order to achieve energy savings accompanied with reduction of CO>
emissions and improvement of households” health and comfort. Energy efficiency has been
optimized implementing building performance simulations. Significant reduction of thermal
and cooling loads with the reference to the building’s existing status was obtained. Renovation

encompassed optimization of building envelope and ventilation system.

The effect of a major domestic energy efficiency refurbishment programme on domestic space
heating fuel consumption was examined in England (74). Dwellings were monitored either
before or after the introduction of energy efficiency retrofit measures such as cavity wall
insulation, loft insulation, draught stripping and energy efficient heating system. Data were
collected and half-hourly living room and main bedroom temperatures were monitored for 2—4

week period over two winters from a total of 1372 households selected from five major urban

19



areas in England. The findings showed that cavity wall and loft insulation can reduce the space
heating fuel consumption by 10% in centrally heated properties and 17% in non-centrally
heated properties. However, the introduction of a gas central heating system, although
theoretically more efficient, has no significant impact on reducing fuel consumption even after
adjusting for increased internal temperature. In Greece, the breakdown of energy conservation
for space heating showed that conservation from wall insulation ranges between 21 and 36%
and between 25 and 42% for 3-5 cm insulation thickness, respectively, between 10 and 30%
from thermostatic valves, about 18% from new boiler, 4-24% and 5-28% from floor insulation

with 3-5-cm thickness, respectively (75).

2.3.2 Slovak residential stock

National strategies and project proposals by the Slovak Government give overview of ongoing
retrofit strategies in Slovakia (5; 30). They also present the scope of residential buildings
expected by 2020. Only little research investigating renovation of the Slovak residential stock
has been carried out (76).

The construction of prefabricated multi-family buildings came to an end in 1993. All of these
residential buildings, erected according to design documents with substantial levels of
repetitiousness, were constructed up to 1992, i.e. they have been in use for over 20 years (1; 5;
30). A large proportion of these structures are approaching the end of their viable life. The need
for renovation is also corroborated by changes in legislation and, in particular, technical
regulations relating to the essential requirements of structural, fire and user safety, hygiene,
health and the environment, as well as acoustic protection, energy savings and thermal
protection. Data gathered from 2011 (30) show that 41% of multi-family buildings have been
renovated, at least partially. The extent of residential buildings™ renovation is the following:
53% renovated in Northern Slovakia, followed by 50% in Western region (the region of the
capital), while the Eastern regions (31%) and Central Slovakia (32%) languish at the other end

of the scale.

According to the action plan of The Ministry of Transport, Construction and Regional
Development (5) improvements in the energy performance of buildings will be linked to deep
renovations. During deep renovations, attention needs to be paid to the major renovation of
buildings’ technical systems, i.e. the space heating system and hot water system. Slovakia has
a well-developed district heating system that covers more than 30 % of overall heat
consumption (approximately 16 100 multi-family buildings). Most heat sources and heat
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distribution systems were built prior to 1990. The boilers used in district heating systems vary
considerably in terms of their age, technical parameters and fuel type. Most of the boilers in
operation are less than 15 years old. District heating systems tend to use warm water and hot
water distribution systems. Most heat distribution systems are between 20 and 30 years old, and
their technical condition reflects this. As the expected service life of these sources and
distribution systems is between 20 and 25 years, the major renovation of technical equipment
also encompasses heat and hot water production and distribution. Projections indicate that such
renovation should continue at an annual rate of 29 000 dwellings in multi-family buildings. The
renovation of such a number of dwellings should have covered, in 2020, 72.38 % of multi-

family buildings.

Pustayova (76) investigated the impact of renovation on energy performance of residential
buildings located in the capital of Slovakia. The study was performed in typical Central
European apartment blocks built in 1970s, constructed from prefabricated concrete blocks. The
selected residential buildings were inspected in their original and renovated conditions. Energy
saving measures included insulation of the building envelope, replacement of old windows for
new energy efficient ones and balancing of the heating system. The energy investigation of the
buildings was carried out by energy auditing (77), including inspection, evaluation and analysis
of the existing condition of the selected buildings. The energy saving potential was higher than
30% across all investigated structural systems in the study. According to energy classification,
the energy retrofitted dwellings were classified into higher energy classes than the original ones.
Energy monitoring was based on periodic (weekly) recording of the energy consumption data
and measurements of the corresponding mean outdoor temperature. The ET (energy-
temperature) curve for each building was created, in order to compare the results between the
actual state of energy consumption in the original buildings and the optimal energy consumption
in the retrofitted ones. The results indicated to clear difference between the original and
renovated buildings. The outcome showed roughly 30-40% difference in energy consumption
between actual energy consumption in original buildings and the optimised data in renovated
dwellings. As the previous studies from Europe, the Slovak example also confirms that energy

retrofitting can contribute significantly to reduce energy consumption of buildings.

2.3.3 Energy retrofit tools and protocols

A variety of protocols, tools, and standards are available from energy utilities and state, federal
and private energy organizations as well as from research projects to guide the selection and

implementation of energy retrofits for homes (78; 79; 80; 81; 82; 20). These protocols, tools,
21



and standards seek to maximize energy savings per unit expenditure, and often employ energy

modelling, cost-benefit estimation, and engineering judgment.

Ma et al (82) presented a systematic methodology for appropriate retrofits of existing buildings
for energy efficiency and sustainability. The study concluded that the whole-of-building retrofit
with comprehensive energy simulation, economic analysis and risk assessment is an effective
approach to identifying the best retrofit solutions. Appropriate selection criteria and weighting
factor assignments are essential in the formulation of multi-objective optimisation problems to
select the most cost effective retrofit strategies. Major concerns of building owners in regard to
retrofits should be carefully considered during the development of the optimisation problem.
Therefore the study recommended to perform further research on facilitate cost effective
building retrofits, low energy adaptive strategies for building applications, human factors on

building retrofits and on risk assessment of building retrofits

The European collaborative effort (TABULA) (80; 81) focused on the creation and applicability
of European building typologies with emphasis on the residential sector, enabling an
understanding of the structure and the modernization processes of the building sector in
different European countries. By “building typology” they mean classification of building
according to some specific characteristics, which in this case are related to energy performance.
The energy consumption in building depends on number of factors including the envelope
construction, in accordance to the national building standards in force at that time and, in
particular, the use of thermal insulation and materials used for the building envelope or even
the type of electromechanical installations. Based on the TABULA harmonised structure, a total
of 13 national building typologies were created, each representing the corresponding residential
building stock. Each national typology consists of different building types with energy related
characteristics that are representative of the corresponding country, classified on the basis of
two critical parameters, i. e. age and size. These classification results in a group of building
categories corresponding to distinct, nationally defined construction periods and up to four
general building sizes in the national residential building stock, namely: single family house,
terraced house, multi-family house and apartment block. Each typology is supplemented by two
sub-typologies describing the most common building construction types and system
installations in the participating countries. The first one includes descriptions of building
construction types (walls, roofs and windows) and their respective heat loss coefficients before
and after refurbishment and g-values for glazing. The second one includes description of heat
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generation, storage and distribution system types for space heating and domestic hot water
production. The proposed approach focuses on the energy consumption for space heating and

domestic hot water production, which constitute the main energy consuming end-uses.

Some protocols specify diagnostic measures and associated procedures for maintaining or
improving indoor environmental quality during home energy retrofits (78; 20) and raise
occupants ‘satisfaction (7). However, indoor environmental quality improvement has not been
a primary goal of most retrofit programs. Jaggs et al (78) developed a European diagnosis and
decision making method for building refurbishment to assist apartment owners who are
considering refurbishment or upgrading their buildings. The methodology identifies the most
appropriate refurbishment actions, together with an initial cost estimate, taking into account
energy and indoor environmental quality issues. The method starts with the distribution of
questionnaires to residents of the apartment buildings in order to gather data on indoor
environmental quality issues. After collecting the data areas for further investigation during the
energy performance and indoor environment retrofit (EPIQR) are highlighted. The EPIQR
condition site survey assesses the apartment building on 50 elements. Each element is graded
on a four-point scale from good to poor condition. The energy performance of the building is
addressed by information gathered by the means of a walk through energy audit during the site
visit together with information from historical data such as fuel bills. Following the condition
survey the programme suggests suitable refurbishment and upgrading actions for each element.
The program shows which measure will have the most impact on the general improvement of
the building, the energy consumption and the indoor environmental quality issues while also
giving an initial cost estimate for the work required.

The objective of the study by Noris et al (3) was to develop methods for selecting packages of
retrofits that simultaneously save energy and improve indoor environment quality conditions in
apartments with independent space conditioning systems (heating and air conditioning, if
present). The project also sought to evaluate and demonstrate the energy savings and indoor
environment quality improvements realized through application of the protocol and
implementation of the retrofits. Examples of retrofits selected via this protocol include air
sealing coupled with application of energy efficient ventilation equipment, replacement of gas
ranges with pilot lights, addition of thermal insulation, upgrading of filtration systems, and
replacement of single pane windows with more efficient windows. The projected energy
savings for the buildings ranged from 17 to 27%, with simultaneous substantial predicted

improvements in thermal comfort and indoor air pollutant levels. Relative to current practices,
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the protocol described in this document has the potential to better maximize the total societal
benefits of building retrofits, consequently, the protocol should be of interest to building
owners, retrofit contractors, utilities, and governmental organizations involved with building

retrofits.

Asadi et al (83) presents a multi-objective optimization model to assist stakeholders in the
definition of intervention measures aimed at minimizing the energy use in the building in a cost
effective manner, while satisfying the occupant needs and requirements. An existing house
needing refurbishment is taken as a case study to demonstrate the feasibility of the proposed
multi-objective model in a real-world situation. One of the key steps in building retrofit is the
selection of retrofit actions among a large number of possibilities. The problem is in fact a
multi-objective optimization problem, characterized by the existence of multiple and competing
objectives, a set of feasible solutions that are not predefined but are implicitly defined by a set
of parameters and a set of constraints that should be taken into account to reach the best possible
solution. However, the problem is usually approached through simulation that focuses on
particular aspects of the problem rather than a global confrontation. The target was to develop
a multi-objective mathematical model to provide decision support in the evaluation of
technology choices for the building retrofit strategies. The model allows explicitly for the
simultaneous consideration of all available combinations of alternative retrofit actions. It also

allows for the consideration of logical, physical and technical constraints.

2.4 Impact of energy retrofitting on indoor environmental quality

Energy retrofitting and its impact on indoor environmental quality is a challenging task. Finding
appropriate technical solutions to the problems is often difficult. The home environment
changed considerably during the past decades because of the rapid advancements in building
technology. In Central and Eastern European countries the impact of energy saving measures
on ventilation rates started in the 1990’s with the energy crisis leading to increased costs for
energy, and thus for the heating of buildings. Residences have become more tightly sealed as
amended residential building standards have been adopted and energy conservation measures
have been implemented. The potentially negative impact on indoor air quality from some of
these measures is a matter of concern, especially in those countries, where efforts were put into
minimizing air infiltration losses by means of building envelope insulation, better insulated
windows, and sealing of the building structure (20; 84; 85; 86; 87; 88). The implementation of
these energy saving measures are usually not followed by enhanced mechanical ventilation and

this leads to lower effective ventilation rates in residences (8). By reducing ventilation rates
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caused by envelope tightening, indoor pollutant concentrations may increase and result in
increased exposure of occupants (89; 90; 91). It is important, therefore, to achieve a balance
between energy conservation and comfortable and healthy indoor environment (92). To reduce
levels of indoor air pollutants caused by energy conservation measures, improvements in
construction practice should aim toward elimination of the sources, application of mitigation

techniques and adequate ventilation (93; 94).

Few home retrofit studies demonstrated improvements of indoor environmental in Lithuania
(95), New Zealand (96) and California (97). They reported improvement in thermal comfort,
indoor air quality and health symptoms resulting from upgrading insulation and replacing
ineffective heating systems or heating systems that vent combustion gases indoors.
Investigation of impact of energy retrofitting of Swedish residential buildings on indoor
environmental quality also showed positive effect on indoor environment (66). During retrofit,
15-30 cm polystyrene insulation for external wall was added. Moreover, all the facades, which
were brick before the retrofit, were changed to rendered facades. Double-glazed windows
(U=2.9W/(m?K)) were replaced by triple-glazed windows (U=1.2W/(m?K)). 50 cm cellulose
insulation was added on the roof in order to reduce heat losses through the roof. The ventilation
system was upgraded from mechanical exhaust ventilation system before the retrofit to
mechanical ventilation system with heat recovery after the retrofit. The occupants in the
retrofitted building reported that they were generally more pleased with their indoor climate. In
the non-retrofitted building the indoor environment during winter was considered as “good” but
“unacceptable” during summer unlike in the retrofitted building where the level of acceptance
with indoor environmental quality was “best” in winter and “good” in summer. The simulations

also showed that the indoor environment improved both during winter and summer.

Moreover, recently published articles reported more acceptable indoor environmental quality
in low-energy and passive houses than in the conventionally built new houses. The quality of
the indoor environment in the newly built passive dwellings was comparable to or better than
in the conventionally built new houses and the Swedish housing stock (98). Formaldehyde
concentrations were significantly lower in the passive houses than in the conventional ones and
in the housing stock. TVOC concentrations were significantly higher than in the conventional
houses, but were not significantly different from the housing stock. The good indoor air quality
in the investigated new buildings was explained by the relatively high air exchange rates
achieved by mechanical ventilation, which was used in all of the buildings. Derbez et al (99;
100) and Holopainen et al (101) studied the indoor environmental quality and occupant
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satisfaction in French and Finish energy efficient (low-energy) houses. According to
measurements and interviews the results show that indoor environmental quality is generally
acceptable over time despite some specific problems. Occupants suffered less from high room
temperature, insufficient ventilation and dim light in the recently built low-energy houses than
occupants in the older conventional houses. The differences between the perceived environment
quality of the new energy efficient and existing building stock were higher in the winter than in

the summer.

In contrast to the above mentioned studies, there is still an increasing concern regarding the
impact of energy renovation and retrofits on the indoor environment and occupants’ well-being.
The scientific literature in this field is scarce, especially considering the number of parameters
that may locally influence this relationship (e.g. building characteristics, climate, social aspects,

etc.).
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3. OBJECTIVES OF THE STUDY

The study seeks to evaluate the impact of basic energy retrofits of multifamily dwellings on
indoor environmental quality and energy savings. In relation to building retrofit measures, the

main objectives were:

- To evaluate the alterations in basic parameters of indoor environmental quality, such as
indoor air temperature, relative humidity and CO2 concentration, using objective

measurements.

- To evaluate the alterations in air exchange rates and pollutant concentrations (NO,

(T)VOC and formaldehyde) indoors, using objective measurements.

- To evaluate the alterations in perceived air quality, sick building syndrome symptoms

and occupants” behaviour using questionnaire survey.

- By means of simulation software, to assess indoor air quality of naturally ventilated
residential building and to propose improved ventilation strategy.

- To provide recommendations for policy makers, engineers and the public based on
outcomes of the field and simulation studies.

The first case study is presented in Chapter 4. The outcomes of the second field study (Case
study I1.) are shown in Chapter 5. The energy consumption of the selected residential buildings
is investigated in Chapter 6. The modelling of indoor air quality using various type of
ventilation systems and further discussion of possible recommendations for achieving better
indoor air quality in residential buildings currently using natural ventilation are presented
Chapter 7.
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4. INDOOR ENVIRONMENTAL QUALITY (CASE STUDY I)

4.1 Materials and methods

4.1.1 Studied buildings

Selection criteria included multi-story residential buildings built in representative Slovak

construction technologies using prefabricated and pre-stressed concrete panels typical for the

construction period of the second half of the 20" century; pairs of buildings built in identical

construction systems, where one of the dwellings was in its original condition and the other one

was renovated; location in same neighbourhood; using natural ventilation and same type of

heating system. When suitable residential buildings were found, the housing association

companies provided technical data, building information and blueprints of the selected

residential buildings. The detailed methodology of the building selection process is presented

below, in Figure 4.1.

Housing Association Companies:

Energy management

H Selection criteria ]

Prefabricated panel
buildings

I

Multi-storey
buildings

Built period:
1961-1980

I

|

Pairs of buildings:
Original+ 1 Renovate

J

Construction system

Orientation

.

Location
(neighbourhood)

7

Number of apartments

N

and heating system

Ventilation

7

|

Figure 4.1 Building selection criteria
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The residential buildings examined in this study were located in the urban area of Samorin;

situated in south-western Slovakia, about 20km from the capital of Bratislava (Figure 4.2).

cz

PL

Figure 4.2 The town of Samorin (Source: www.wikimedia.org)

The study was performed in three pairs of naturally ventilated multi-storey residential buildings

(Table 4.1). One of the buildings in each pair was renovated. The non-renovated buildings were

mostly in their original state. However, new plastic frame windows have been already installed

over the last years in most of the apartments in these buildings. Although these windows were

replaced by the owners of the apartments themselves, there may not be big differences in

construction and physical characteristics of the windows used. Usually windows with plastic

frames and double glazing are used in residential buildings to replace non-energy efficient

transparent constructions.

Table 4.1 Characteristics of the studied buildings (Source: Housing association institutes)

Building pair

Building condition

Renovated

Original

Renovated

Renovated

Original

.

N

7

Construction year 1965 | 1970 1970 1972 | 1980 [ 1983 |
Orlentatlo_n of the East North West North

entrance side

Height (m) 27.71 30.24 13.05

Volume (m®) 9412 9683 5936 6114 6333 6 523
Area (m?) 3408 3449 1875 1913 2174 2217
Number of floors 10 9 4

Number of apartm. 4 5 2

on each floor

Number of entrances 1 1 3

A) ORIGINAL BUILDINGS:

The selected buildings were constructed mainly using prefabricated concrete technologies.

External walls were constructed from prefabricated concrete blocks of a thickness 150 and 300
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mm, consisting from three main layers, e.g. inner concrete membrane, keramzite concrete and
outer cover layer. The ceiling constructions were made from reinforced concrete of a thickness
150 mm. The width of vertical joints between the panels was 24 mm. Joints with vertical contact
were opened with a groove, used mostly for water drainage. Horizontal contacts were
characterized with a width of 20 mm of joints. The joints within the panels were filled by
permanently elastic sealant. The roof of the buildings was constructed as a single casing flat
roof. Thermal insulation material was not used during the building process.

The building inspection showed that the external construction was in poor condition and there
was not paid sufficient attention to their maintenance. Typical malfunctions included crack of
joints between the panels causing the construction to leak, degradation of concrete and surface
treatment of peripheral structures, detachment of concrete and materials used for surface
treatment (Figure 4.3 Malfunctions of the building envelope (Source: Author)). The thermal
performance of the main building constructions does not fulfill the current requirements on

energy efficiency (Chapter 6); (31).

Figure 4.3 Malfunctions of the building envelope (Source: Author)

B) RENOVATED BUILDINGS:

The energy-retrofitting of building constructions included thermal insulation of fagade (Figure
4.4) and roof and replacement of transparent constructions in common areas of the buildings
(entrance, basement and corridors). For the thermal insulation of the facade expanded foam
polystyrene of 80 mm thickness was used. 120 mm of mineral wool insulation was added on
the roof. Single-glazed windows with U-value of 2.9 W/m?K were replaced by double-glazed
plastic windows with U-value of 1.2 W/m?K. In each investigated building ground floor
apartments were located above the unheated basement. Thermal insulation of the basement
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ceilings was performed. As a thermal insulation, expanded foam polystyrene in thickness of 80
mm was added. The detailed heat transfer coefficient characteristics of the original and the

renovated buildings” constructions are presented in Chapter 6.

Figure 4.4 Building envelope after thermal insulation implementation (Source: Author)

C) BUILDING SERVICES:
i. Heating and domestic hot water (DHW)

Each of the investigated buildings was supplied by using the same district heating system and
DHW supplies. The maintenance of the pipelines of the heating and DHW system was
neglected for many years in the original buildings. To minimise heat losses via pipes, the pipes
were insulated using foaming polyethylene in each of the retrofitted buildings. The main control

valves were also replaced with new ones (Figure 4.5).

Figure 4.5 Condition of the heating system piping in the original (left) and the renovated (right) buildings (Source: Author)
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As a part of the renovation process hydraulic balancing of the heating system was carried out,
I.e. optimisation of the water distribution in the heating systems of the residential buildings with
purpose to provide the intended thermal condition at optimum energy efficiency and minimal
operating costs. The majority of the apartments, in both types of the buildings, was equipped
with new thermostatic radiator valves providing easy self-regulation control of the indoor

temperature in the rooms.
ii. Ventilation

Only naturally ventilated buildings were investigated in this study. Exhaust ventilation was
present in bathrooms and toilets only (Figure 4.6). The renovation process did not involve the

existing exhaust ventilation system nor the provision of any new means of ventilation.

Figure 4.6 Exhaust ventilation in sanitary rooms (Source: Author)

4.1.2 Data collection

The data collection was performed in two phases (Figure 4.7). The winter monitoring of indoor
environmental parameters and the questionnaire survey were carried out in 94 apartments, 45
apartments in the non-renovated and 49 in the renovated buildings. The measurements took
place from the middle of November 2013 to the end of January 2014. Another set of
measurements was performed between the middle of July 2014 and the end of August 2014.
The same apartments were planned to be investigated in summer season as during the winter
measurements. However, some of the apartments were not available for summer measurements
due to summer holidays. In summer 73 apartment were investigated in total, 35 in the original
buildings and 38 in the retrofitted ones.
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Figure 4.7 Data collection methodology for case study |I.

4.1.2.1 Physical measurements

The physical measurements included continuous measurements of indoor air temperature,

relative humidity and carbon dioxide (CO.) concentration in bedrooms of the apartments using
HOBO U12-012 data loggers (Onset Computer Corp.,USA; temperature range -20 °C to 70 °C
+ 0.35 °C; relative humidity range 5% - 95% + 2.5%) and CARBOCAP CO. monitors
(GMW?22, Vaisala, Finland; measuring range 0-5000 ppm; accuracy + 2% of range + 2% of

reading); (Figure 4.8). The CO2 monitor was connected to a Hobo data logger via an external

cable. All the devices were calibrated prior to the measurements. The data were recorded in 5

minutes intervals for about a week in each apartment.

One unit was used in each apartment. The locations of the instruments were selected with

respect to the limitations of the carbon dioxide method (102). Each unit was placed in sufficient

distance from windows and beds to minimize the influence of the incoming fresh air or the

influence of sleeping occupants. The space between furniture and room corners was avoided.
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Figure 4.8 HOBO U12-012 and CARBOCAP CO2 monitors (Source: Author)

4.1.2.2 Air exchange rate calculation

The CO2 concentration data obtained in period between 20:30 and 6:30 each measurement night

were used for air exchange rate calculation in order to avoid noise in data from unknown

activities (102; 103; 104; 105). It was assumed that during the period over which the data were

analysed occupants spent majority of the time in their rooms and the CO2 generation rate was

constant.

Three different approaches in the obtained CO> concentrations were used to determine the air

exchange rate in the room for the respective night (103):

BUILD-UP: Firstly, the clear CO2 concentration build-up periods (102) were used to

estimate the air exchange rates for each respective night in the occupants” bedrooms. The
calculation of air exchange rates was performed using an Excel-based software in the rooms
by fitting a non-linear curve to the measured pattern of the CO, concentration at a given
COz emission rate (Equation 4.1), room volume and outdoor CO> concentration (103). As
an outdoor CO» concentration, constant 390 ppm was considered in the calculation process.
The spreadsheet employed the carbon dioxide mass balance equation (Equation 4.2).

The CO> emission rate depends on the height, weight, level of activity and respiratory

quotient (102) and it is given by the following equation:

F =RQ. (0.00056028 . H>"®  W042°> ‘M) /(0.23.RQ .+ 0.77) (m3/s) 4.2)
Where:

RQ is respiratory quotient (0.83)

H is height (m)
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W is weight (kg)
M is metabolic rate (met; 1 met).

Respiratory quotient is above 1.00 for heavy physical activity, about 5 met. In our case value
of 0.83 was considered as a respiratory quotient (Figure 4.9). It characterises an adult of
average size engaged in light or sedentary activities (1 met). The height and the weight of
the occupants as well as the volume and occupancy of bedrooms were available from
questionnaires for each of the nights. Based on the obtained information, the emission rates
were calculated for each of the occupants located in the bedrooms during night-time periods.
Sum of the emission rates obtained for each occupant present in the room was used for air

exchange rate calculation.
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Figure 4.9 CO2 concentration and oxygen consumption as a function of physical activity (102)

The mass balance formula is given as follows:

Ci®) = (Co = Ca) . eCH D 4 G+ 225 (1= e A t)  (ppm) (4.2)
Where:

Ci(t) is the concentration (ppm(V)) at time t (h)

Co is the concentration in the beginning (at time t=0)

Ca is the outdoor concentration (ppm)

is the air change rate (h™%)

E is the is the estimated metabolic CO> generation rate per person in the zone (I/h)
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VR is the volume of the room (mq)
ti is the time (h).

ii. DECAY: Decays of the CO2 concentration were only used when the CO> level began to fall
towards the background level in the air. It occurred rarely, when some of the occupants after
occupying the bedroom indicated to ventilate before sleeping. The spreadsheet described
above was used for the calculation.

iii. STEADY-STATE: Sometimes, the build-up or decay was not clearly defined within the

selected data. In such a situation the air exchange rate was determined using a mass balance

model applied on the estimated steady-state CO, concentration.

Only the most reliable fractions of the 10-hour night measurement period extracted for each
night were used for further data processing. The air exchange rates were determined separately
for each night with known occupancy. Data from night-time when the occupants were not
present in the room were excluded. Figure 4.10 shows an example of two subsequent nights
of CO2 concentration monitoring in one of the bedrooms. This example presents the selected
final build-up curves and the air exchange rates corresponding to each curve.

The final air exchange rate for each room was calculated as a time-weighted average of the air
exchange rates obtained for each relevant time period (night). From the means of all nights
obtained for each of the apartments the whole building mean was calculated.

ACH = 0.24 h3 ACH =0.17 h't
= 6,000 ==
£ - 000 9.5h 10h >
o
§ 4,000 S P
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g 2,000 /_/ /
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S & S & & S S E S
FFFTFTFFTFTFTEE S S
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Figure 4.10 Example of air exchange rate determination corresponding to the build-up curve of CO2 concentration within

two nights in one of the rooms
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4.1.2.3 Questionnaire survey

The objective of the questionnaire survey was to investigate the impact of building renovation
on occupants” every day habits related to energy efficiency settings and perceived indoor
environmental quality in their apartments. The questionnaire was addressed to one person in
each apartment in both, winter and summer season. It was filled by the occupants at the same

time as the experimental measurements were performed.

The questions were related to some building characteristics, occupant behaviour and habits,
sick building syndrome symptoms and occupants’ perception of indoor air quality and thermal
environment. The same questionnaire was used in the original and the renovated buildings.
However, the questionnaire used in the renovated buildings contained additional questions
related to changes in occupants” behaviour after building renovation. The example of

questionnaires are presented in Appendix A.
The questionnaire survey was composed of seven main parts, as follows:

I. Basic information about the occupants (socio-demographic questions regarding age, gender,
educational level of respondents, occupancy of apartment)

ii. Characteristics of the building construction (windows, flooring materials)

iii. Behaviour of the occupants (smoking, cooking, cleaning habits, pets and plants in the

apartments)
iv. Sick building syndromes (fatigue, headache, nausea, itchy eyes and dry skin)

v. Characteristics of the room where the measurements took place (size, occupancy during

nights, weight and height of the occupants, perceived indoor air quality in the mornings)

vi. Indoor air quality and ventilation habits of occupants (general perceived indoor air quality
in the apartments, frequency and duration of ventilation during days and nights, changes in

occupants” ventilation habits after renovation)

vii. Thermal comfort and temperature settings (thermal sensation, acceptability of the thermal
environment, indoor temperature preferences, possibilities in temperature settings and

frequency of temperature control).

The majority of the questions were multiple choice questions. The rest used one of the following

scales:
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CONTINUOQOUS SCALE: Acceptability of indoor environmental parameters (indoor air

quality and thermal comfort) was assessed using continuous scales (Figure 4.11), ranging
from “clearly acceptable” (coded as 1 in the questionnaire) to “clearly unacceptable” (coded
as -1), (106; 107; 108).

+1 —T Clearly acceptable

0 —— Just acceptable
0 — Just unacceptable

-1 —— Clearly unacceptable

Figure 4.11Continuous acceptability scale

. POINT SCALE: Energy saving characteristics of the building and perceived air quality was

evaluated using point scale, where the possible answers were from 1 to 6. When the question
was related to building energy efficiency, number 1 characterised “very energy efficient”
and number 6 “not energy efficient at all”. Regarding the perceived air quality investigation,
number 1 represented “perceived air quality was not a problem” and number 6 presented
“poor indoor air quality”. The questions were formulated as follows:

“How unpleasant do you think the indoor air quality is in your bedroom during night/in the

° ? »
morning:

“How unpleasant do you think the indoor air quality is in your apartment?”

SEVEN POINT SCALE: Thermal sensation was assessed by ASHRAE thermal sensation
scale given by codes as follows: +3 (cold), -2 (cool), -1 (slightly cool), 0 (neutral), +1

(slightly warm), +2 (warm), and +3 (hot) (109). The questions were formulated as:

“How do you assess the thermal sensation in your apartment?”

“What thermal sensation would you prefer to have in your apartment?”

4.1.2.4 Data analysis

Statistical analyses of the obtained data were performed in STATA general-purpose statistical

software for Windows (StataCorp LP, College Station, Texas, USA), release 12.0.

The final results were visually presented for better understanding using:

i. DESCRIPTIVE STATISTICS used to describe the basic features of the data in the study:
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Vi.

Vii.

viii.

We calculated mean, median, standard deviation, standard error, confident intervals and
percentiles. In the boxplots throughout the results, the bottom and the top of the boxes
represent the 25" and 75th percentiles and the line near the middle of the box is the median.
The ends of the whiskers indicate the 10th and 90th percentiles. The full circles show the
values below the 10th and above the 90th percentiles.

Frequency distribution and cumulative frequency were used for showing distribution of the
data. Frequency distributions are depicted for all of the data as well as data grouped into

categories (i.e. original and renovated buildings).

STUDENT'S T-TEST was used to compare means of same variable between two groups

(between the original and the renovated buildings) when the test statistic followed a normal
distribution. In this study independent (unpaired) test was used to compare two sets of
quantitative data when samples were collected independently of one another. P-value below
0.1 was considered borderline significant. P-value below 0.05 was considered significant.

WILCOXON TEST was used when the variables between the two related samples were not

normally distributed.
LOGISTIC REGRESSION was used to analyse the relationship between sick building
syndrome symptoms and a variety of variables. The dependent variable was binary (1-

having a symptom, O - not having a symptom). Having a symptom both “sometimes” and
“often” were considered a positive answer (coded 1). Air exchange rates, building type
(original/renovated), building code, age and gender of the occupants and the flooring
material were included as independent variables.

LINEAR REGRESSION was used to estimate the relationship between CO2 concentration

(log-normally distributed and logarithmically transformed) and indicators of building
characteristics and occupant behaviour. Multiple linear, stepwise forward and backward
regression analyses were conducted to identify predictor variables with inclusion criteria of
p<0.2. The final model included building type (original/renovated), apartment location
(floor), bedroom and apartment occupancy, position of bedroom door during night,

frequency and duration of ventilation, and occupants” smoking habits.

To investigate the relationship between the CO. concentration and the six dwellings
respectively was not possible in the regression model. Due to collinearity, the statistical
test did not allow to include both the “building type” and the “building code” in the
regression analyses. Therefore, ANALYSES OF VARIANCE (ANOVA) was used where

the building code could be nested in the building type. Two factors are usually nested when
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the levels of one factor are similar but not identical, and each occurs in combination with
different levels of another factor. CO> concentration (log-normally distributed and
logarithmically transformed) was used as dependent variable. The input variables were as
follows: building code, building type (original/renovated), apartment location (floor),
bedroom and apartment occupancy, situation of doors, frequency and duration of
ventilation, and occupants” smoking habits. The building code characterised each of the
investigated dwellings separately using coding of buildings from “1” to “6”.

4.2 RESULTS

4.2.1 Thermal comfort

4.2.1.1 Indoor temperature

The overall average temperature difference in the original and the renovated residential
buildings showed to be statistically significant in both winter (p<0.01) and summer (p=0.01-
0.05) (Figure 4.12). The mean winter temperature in the original buildings was 21.5 °C and in
the renovated dwellings 22.5°C. Higher average temperature was measured in the renovated

buildings (26.6°C) compared to the non-renovated ones (25.5 °C) also in the summer.
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Figure 4.12 Grand average of indoor temperature in the original and the renovated residential buildings in winter and summer

season. The whiskers represent the minimum and maximum average values.

The detailed outputs of the descriptive statistics are summarised in Table 4.2, for both day and
night period, respectively. Both the day and night values show statistically significant

differences between the original and the renovated dwellings in both winter and summer season.
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Table 4.2 Descriptive statistics of the indoor air temperature.

a) Winter
L L Original (N=45) Renovated (N=49)
Descriptive statistics 5 5
Day Night Day Night
Grand Mean 21.4 21.7 22.2 22.7
(Min.-Max.) (17.6-25.1) (17.9-25.1) (19.2-25.6) (20.4-25.8)
Geometric mean 21.3 21.7 22.1 22.7
Median 21.7 21.7 22.3 22.8
Std. Dev. 1.9 1.7 15 1.4
Std. Err. 0.28 0.25 0.21 0.20
95% ClI 20.8-21.9 21.3-22.3 21.7-22.6 22.3-23.1
\ ]
Y
0.05<p<0.1
\ ]
I
b)  Summer p<0.01
o o Original (N=35) Renovated (N=38)
Descriptive statistics - -
Day Night Day Night
Grand Mean 25.7 25.8 26.7 26.6
(Min.-Max.) (22.4-28.7) (22.4-28.5) (23.9-29.6) (23.8-28.6)
Geometric mean 25.6 25.7 26.7 26.4
Median 25.6 25.8 26.7 26.5
Std. Dev. 1.9 1.9 1.3 1.2
Std. Err. 0.31 0.31 0.20 0.19
95% ClI 25.0-26.3 25.2-26.4 26.3-27.1 26.0-26.8
\ | )
p<001 |
|
0.05<p<0.1

Figure 4.13 shows the cumulative percentage distribution of the overall (day and night time
together) average temperature in the bedrooms of the investigated dwellings in winter and
summer period. The figure on left presents the winter results. According to thermal comfort
criteria (110), the optional range of the indoor temperature in winter is between 20-24°C. The
overall mean temperature was within the recommended range in 78% of bedrooms in the
original dwellings and in 91% of the bedrooms in the renovated buildings. Longer periods with
overall average temperatures below 20 °C were observed in the non-renovated buildings (18%)
than in the building after renovation (2%). Only very small percentage of apartments exceeded
the maximum recommended value of 24 °C; 4% in the original and 6% in the renovated

dwellings.
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Figure on the right shows the cumulative frequency of overall average temperatures in the
residential buildings in the summer. The optimal summer range of indoor temperature is
between 23°C and 26°C. 56% of the apartments in the original building exceeded the
recommended range. 11% of bedrooms had temperatures below 23°C, and in 45% of the
bedrooms the overall average temperature was above the recommended maximum. Indoor
temperatures under 23°C occurred in apartments located in building type Ill. According to the
measurement protocol and outdoor data provided by the Slovak Hydrometeorological Institute,
during the given measurement week lower average outdoor temperatures (17 °C) were noticed
compared to the other summer days (20°C). 69 % of apartments in the renovated dwellings had
higher average temperature than 26°C. Lower percentage of bedrooms in the renovated
dwellings (29%) was within the recommended temperature range compared to the percentage
of bedrooms in the original buildings (51%).
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Figure 4.13 Cumulative percentage distribution of overall (day and night together) average indoor temperature in the
bedrooms of the original and renovated residential buildings in winter (left) and summer (right).

4.2.1.2 Relative humidity

Figure 4.14 presents the relative humidity obtained in both types of the investigated dwellings.
The grand average indoors was 47% in the original and 46% in the renovated buildings in
winter. In summer these values increased to 55% in the original dwellings and 56% in the
renovated residential buildings. The results did not show statistical significance between the

original and the renovated residential buildings, neither in winter nor in summer (p>0.1).
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Figure 4.14 Grand average of relative humidity in the original and the renovated residential buildings in winter and summer

season. The whiskers represent the minimum and maximum average values.

Table 4.3 presents the outputs of descriptive statistics. The outcomes are shown for both day

and night time in both, winter and summer season. The grand means ranged between 45 and 48

% in winter, and within 55 and 56 % in summer. No statistical significance (p>0.1) was found

between the non-retrofitted and the retrofitted dwellings.

Table 4.3 Descriptive statistics of the indoor relative humidity.

a)

b)

Winter
Descriptive Original (N=45) Renovated (N=49)
statistics Day Night Day Night
Grand Mean
(Min.-Max.) 46 (34-60) 48 (35-65) 45 (31-60) 47 (33-61)
Geometric mean 46 48 44 46
Median 47 48 45 47
Std. Dev. 6 7 7 7
Std. Err. 0.94 1.6 1.2 1.4
95% ClI 44-48 46-51 43-47 45-49
Summer
L L Original (N=35) Renovated (N=38)
Descriptive statistics n :
Day Night Day Night
Grand Mean
(Min.-Max.) 55 (49-64) 56 (51-67) 56 (46-64) 56 (46-65)
Geometric mean 54 54 55 55
Median 55 56 57 57
Std. Dev. 3 3 4 4
Std. Err. 0.58 0.57 0.68 0.70
95% CI 54-56 55-58 54-57 55-58

43



Figure 4.15 (left) presents the cumulative frequency distribution of the average relative
humidity in the winter. According to ISO 7730 (110) the relative humidity indoors should be
between 30 and 60% in both, winter and summer season. The average RH in the winter ranged
between 34 and 61% in the original buildings. Only two apartments had an RH exceeding 60%.
In the renovated dwellings all the apartments met the criterion of the recommended limit. The
means ranged within 34 and 60%.

Figure 4.15 (right) presents the cumulative frequency distribution for the summer season. The
mean relative humidity met the recommended comfort range (110) in 91% of the apartments in
the original buildings, and in 89% of apartments in the renovated dwellings. In the rest of the
apartments the mean relative humidity ranged between 61 and 64%.
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Figure 4.15 Cumulative frequency distribution of overall average relative humidity in the bedrooms of the original and the
renovated residential buildings in winter (left) and summer (right).

4.2.1.3 Thermal sensation and acceptability of thermal comfort

Figure 4.16 shows the boxplots of the thermal sensation votes. In winter, the average thermal
sensation vote (TS) in the original buildings was between neutral and slightly warm (TS=0.5),
while in the renovated dwellings the occupants indicated that they were slightly warm and warm
(TS=1.7); (p<0.05). Although the thermal sensation was different in the two types of buildings,
the average thermal acceptability (ACC) (Figure 4.17) was moderate in both, the original
(ACC=0.42) and the renovated (ACC=0.31) dwellings (p>0.05). It should however be noted,
that larger fraction of the occupants in the renovated buildings reported the thermal environment

to be unacceptable, compared to the original buildings. In the original buildings 5% of the
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occupants reported unacceptable thermal environment (acceptability below zero), while in the

renovated dwellings more than half of the occupants (57%) reported negative acceptability.

In summer, the thermal sensation increased up to between slightly warm and warm in the non-
renovated dwellings (TS=1.7). In the renovated buildings the residents had similar average
thermal sensation (TS=1.6; p>0.1), although the occurrence of feeling neutral or hot was more
frequent. With increased thermal sensation in the original buildings from winter to summer, the
occupants” thermal acceptability decreased (ACC=0.27). On the contrary, it slightly increased
in the renovated dwellings (ACC=0.53; p<0.05 between building types), despite the thermal
sensation not having changed between the seasons and despite the slightly higher average

temperature compared to the original buildings.
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Figure 4.16 Boxplots showing the thermal sensation in the original and the renovated residential buildings in winter (left) and

summer (right).
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Figure 4.17 Boxplots showing acceptability of the thermal environment in the original and the renovated residential buildings

in winter (left) and summer (right).
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4.2.2 Indoor air quality

4.2.2.1 CO2concentration

Figure 4.18 presents boxplots of the indoor CO> concentration in the original and the renovated
buildings. The obtained grand averages are presented by empty circles in middle of the boxes.
The difference in average CO2 concentrations between the renovated and the original dwellings
was approaching statistical significance (0.05<p<0.1) in winter (left figure). The median was
1110 ppm and the grand mean was 1180 ppm in the non-renovated dwellings. In the retrofitted
buildings both, the median (1290 ppm) and the overall mean (1380 ppm) were slightly higher
than in the original buildings. In summer the difference between the two types of the buildings
was not statistically significant (p>0.1), (right figure). The original residential buildings were
characterised by faintly higher median (515 ppm) and overall mean (850 ppm) of CO:
concentrations than the retrofitted buildings, where the median was 480 ppm and the overall

mean was 815 ppm.

The day and night time division of the data (Table 4.4) also showed similar significance
between the building types as the obtained overall averages described above. Borderline
significant difference could be observed between the non-renovated and the renovated

residential buildings in winter (p<0.1) but not in summer (p>0.1).
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Figure 4.18 Boxplots showing the CO2 concentration in the original and the renovated residential buildings in winter (left)

and summer (right). Circles indicate grand average.
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Table 4.4 Descriptive statistics of the CO2 concentrations

a) Winter
L L Original (N=45) Renovated (N=49)
Descriptive statistics 5 5
Day Night Day Night
. 985 1425 1135 1680
Mean (Min.-Max.) (430-1860) | (480-3380) | (510-2210) | (630-3570)
Geometric mean 935 1260 1060 1530
Median 945 1360 980 1510
Std. Dev. 320 675 430 745
Std. Err. 47.76 100.76 61.90 106.46
95% CI 890-1180 1220-1630 1010-1260 1465-1890
\ )
! \ 1
0.05<p<0.1 |
0.05<p<0.1
b)  Summer
. L Original (N=35) Renovated (N=38)
Descriptive statistics . :
Day Night Day Night
Mean 820 875 770 870
(Min.-Max.) (350-1920) (385-2045) (350-1920) (360-2370)
Geometric mean 685 740 645 725
Median 490 585 465 510
Std. Dev. 480 510 480 555
Std. Err. 82.81 84.88 77.77 89.63
95% CI 655-990 705-1050 615-930 690-1050

Since it was assumed that the occupants spent the majority of time in their rooms during the
nights, cumulative percentage distribution of the average night CO> concentrations for each of
the bedrooms (Figure 4.19) was conducted to show the fractions of apartments where the
average night-time CO- concentrations exceeded 1000, 2000 and 3000 ppm (Table 4.5). In the
winter the average CO» concentration during at the night across all apartments was higher in
the renovated buildings than in the original ones. In the summer the average night-time CO>
concentrations were similar in both types of buildings. The percentage distribution of the
summer average night-time COz concentrations shows unusual shape of the curves compared
to the winter distribution. 60% of the apartments, mostly occupied by one person, had an
average night time CO; concentration around 600 ppm and the rest, where the rooms were
occupied by two people, was above 1300 ppm (Figure 4.19, right). 6% of the apartments had
an average between 1600 and 2400 ppm.
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The regression analyses (Table 4.7) and ANOVA (Table 4.6) tests indicated an association
between CO> concentration and building renovation, occupancy of the apartments and
bedrooms, and occupants” smoking habits. The coefficient of determination obtained from the
regression model was R? = 0.29. The ANOVA model resulted in R? = 0.35 (Figure 4.20).

Table 4.5 Percentage of average night-time CO2 concentrations above three cut-off values in the investigated buildings

Winter Summer
Cut-off values
of CO;concentrations Original Renovated Original Renovated
(N=45) (N=49) (N=35) (N=38)
CO, >1000 ppm (%) 71 80 43 40
CO, >2000 ppm (%) 16 31 0 3
CO >3000 ppm (%) 3 6 0 0
100% 100%
e:? 80% Ei/ 80%
g g
E 60% g 60%
g8 g
g S
£ 40% g 4%
2 =}
E oo g
G 20% 3 20%
0% 0%
0 1000 2000 3000 4000 0 1000 2000 3000

CO; concentration (ppm) CO, concentration (ppm)

—Original (N:45) = Renovated (N:49) —Original (N:35) e Renovated (N:38)

Figure 4.19 Cumulative percentage distribution of the average CO2 concentration in the bedrooms of the original and the

renovated residential buildings in winter (left) and summer (right).

Table 4.6 ANOVA test of logarithmically transformed CO2 concentrations (ppm) in bedrooms in winter. Model created after
identifying predictor variables with inclusion criteria of p < 0.2, R2=0.35

Source Degrees of freedom | Mean square F ratio P-value
Model 10 0.68 4.57 0
Building code | Building type 5 0.32 2.11 0.07
Occupancy of apartment 3 0.35 2.35 0.08
Occupancy of bedrooms 1 0.83 5.55 0.02
Smoking habits 1 0.94 6.28 0.01
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Table 4.7 Linear regression of logarithmically transformed CO2 concentrations (ppm) in bedrooms in winter. Model created

after identifying predictor variables with inclusion criteria of p < 0.2, R =0.29

Parameter Factor Std. Error 95% CI P-value
Building type
Reference: Original 0.15 0.08 -0.014 0.315 0.07
Reconstructed
Occupancy of bedroom
Eeference' ! 0.3 0.09 0.106 0.497 0.003
Occupancy of apartment
Reference: 1
2 0.22 0.12 -0.027 0.461 0.08
3 0.24 0.14 -0.031 0.523 0.08
4 0.38 0.16 0.067 0.704 0.02
Smoking habits
Reference: Non-smoker -0.16 0.09 -0.344 0.012 0.07
Smoker
Constant 6.86 0.10 6.659 7.068 0.000
8 8
78 7.8
~ 76 76
Q 74 ]
8] o 74
3 7.2 % 7.2 -
o 7 A _E' 7
2 68 £ 68
® 6.6 3 6.6
% 64 y=02008x +51417- & y = 0.3552x + 4.6744
6.2 R2=0.2908 6.4 R2 = 0.3552
6 o 6.2
6 62 64 6668 7 72747678 8 6 — 77—
6 62 64 66 68 7 72 74 76 7.8 8
Measured LN(CO,) Measured LN(CO,)

Figure 4.20 Logarithm of the measured CO2 concentrations in winter plotted against the predicted values from regression

(left) and ANOVA (right) models created after identifying predictor variables with inclusion criteria of p < 0.2.

4.2.2.2 Air exchange rate (AER)

Figure 4.21 presents the distribution of air exchange rates. The results indicate that the obtained
air exchange rates in both building types were log-normally distributed in winter, but not in
summer. The average air exchange rate across the apartments in the original buildings was
significantly higher than in the renovated buildings in winter (p<0.01), but not in summer
(p>0.05). In winter the grand average air exchange rate was 0.79 h' in the original buildings
(Table 4.8). The AER ranged between 0.22 and 3.69 h™. In the renovated buildings the overall
average AER (0.48 ht) was slightly lower than the recommended 0.5 ht. In these buildings the
AER ranged between 0.06 and 1.33. In summer, the air exchange rate was similar in both, the

original and the renovated buildings. In the non-retrofitted buildings the air exchange rate was
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7.88 h't and in the renovated ones it was 8.80 h™. The highest average AER reached 19 h™t in
some of the bedrooms.

Figure 4.22 shows the average AER obtained for each of the six investigated buildings
separately. The results show that in each of the original buildings the AER was higher compared
to the retrofitted counterpart in winter (p<0.01). The AERs in the renovated building were
around the minimum recommended value. In summer each of the buildings met the minimum
criterion, with higher AER in building pairs | and Il (AER=8.11-10.45 h') compared to the
building pair 11l (AER=3.64 and 4.5 h%). While there were some differences between building

pairs, no differences were observed between the two buildings within each pair.
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Figure 4.21 Distribution of the air exchange rates measured in the bedrooms of the original and the renovated residential
buildings in winter (left) and summer (right).
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Figure 4.22 Average AERs presented in each of the investigated residential building in winter (left) and summer (right). Note

the different scale of the y-axis.
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Table 4.8 Descriptive statistics of the AERs.

Winter Summer
Descriptive statistics Original Renovated Original Renovated
(N=43) (N=44) (N=34) (N=38)

Mean 0.79 0.48 7.88 8.80
(Min.-Max.) (0.22-3.69) (0.06-1.33) (0.32-19.84) | (0.39-19.82)
Geometric mean 0.64 0.38 3.70 4.16
Median 0.66 0.43 7.05 9.66
Std. Dev. 0.69 0.31 7.32 7.67
Std. Err. 0.11 0.05 1.26 1.24
95% CI 0.58-1.01 0.39-0.58 5.33-10.44 6.28-11.32
p-value 0.007 0.607

Figure 4.23 shows the cumulative percentage distribution of AERs obtained from the original
and renovated dwellings in winter and summer. Figure 4.24 presents the percentage of the
obtained air exchange rates classified into bins of air exchange rates. 63% of the air exchange
rates in the original buildings met the criterion of 0.5 h™ in winter. In the renovated buildings
58% of apartments had an AER below 0.5 ht. These AERs were mostly between 0.2 and 0.5 h°
! In the summer, more than 90% of the bedrooms in both building types had air exchange rates

higher than 0.5 h't; 97% in the original buildings and 94% in the renovated dwellings.
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Figure 4.23 Cumulative frequency distribution of the average air exchange rates in the bedrooms of the original and the

renovated residential buildings in winter (left) and summer (right).
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Figure 4.24 Frequency distribution of air exchange rates stratified into bins for both winter (left) and summer (right).

4.2.2.3 Perceived air quality (PAQ)

Figure 4.25 and Figure 4.26 present the occupants™ perception of indoor air quality in their
bedrooms during night and in their apartments generally. During the winter, a greater fraction
of the occupants indicated poor air quality in the renovated buildings compared to the non-
renovated buildings. In each of the original dwellings the majority of the occupants responded
in the winter that the indoor air quality in the bedroom during night/in the morning is not
unpleasant (response “1”,72” and “3”; Figure 4.27). The response was less positive in the
renovated buildings, corresponding to the lower AER in these buildings. In the original building
of type 111, 64% of the occupants marked the least unpleasant indoor air quality. The highest
average AER (0.97 h't) was also found in this building. In the summer, most of the subjects in
the renovated buildings found the indoor air quality good while occupants in the original
buildings indicated medium to good indoor air quality in the bedrooms and apartments.
However occupants in each of the original buildings mostly indicated moderately good indoor
air quality (options on the point scale between “2” and “4”). In the renovated dwellings
occupants evaluated the PAQ to be somewhat better (between “1” and “3” with the highest
fraction obtained for “2”). This is somewhat surprising, since no significant difference was
found in the AER between the buildings in each pair. Similar trend was obtained for the
acceptability of the indoor air quality (Figure 4.28). The difference between the original and

the renovated buildings was statistically significant in both winter and summer (p<0.01),
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Figure 4.25 Summary of answers to the questions “How unpleasant do you think the IAQ is in your bedroom during night/in

the morning?”(left), and “How unpleasant do you think the IAQ is in your apartment?”(right). The results show winter
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Figure 4.26 Summary of answers to the questions “How unpleasant do you think the IAQ is in your bedroom during night/in

the morning?”(left), and “How unpleasant do you think the IAQ is in your apartment?”(right). The results show summer
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Figure 4.27 Summary of answers to the questions “How unpleasant do you think the indoor air quality is in your bedroom

during night/in the morning?” The results are presented for each of the investigated residential building in winter (left) and

summer (right).
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Figure 4.28 Boxplots of the acceptability of indoor air quality in the original and the renovated residential buildings in winter
(left) and summer (right).

Figure 4.29 and Figure 4.30 illustrate the distribution of the answers to the question “Which
odors do you think contribute to unpleasant indoor air in your apartment?” From winter to
summer there was a decrease in “food/cooking” (both building types) and “smoking”
(renovated buildings) and increase was observed in “outdoor sources” (both building types) and
“other sources” (renovated buildings), likely reflecting higher outdoor air ventilation in
summer. In both winter and summer the original buildings had lower contribution of “printer”,
“smoking” and higher perceived contribution of “outdoor sources” compared to the renovated
dwellings. Smoking is always bigger portion in renovated buildings. According to the
questionnaire survey higher percentage of occupants were smokers in the renovated buildings
(38%) compared to the original buildings (27%). The differences in the winter may reflect
higher AER in the original buildings. However the similar differences in the summer may
indicate other reasons, such as socioeconomic differences between the occupants of the

different buildings.

= Smoking | Printer m Smoking m Printer
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Figure 4.29 Percentage distribution of answers to the question “Which odours do you think contribute to unpleasant indoor

air in your apartment?” in the original (left) and the renovated (right) residential buildings in winter.

m Smoking m Printer m Smoking m Printer

m Food/Cooking m Furniture/Carpet m Food/Cooking m Furniture/Carpet
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Figure 4.30 Percentage distribution of answers to the question “Which odours do you think contribute to unpleasant indoor
air in your apartment?” in the original (left) and the renovated (right) residential buildings in summer.

4.2.2.4 Occupants” airing habits

Figure 4.31 shows the frequency of airing out in the bedrooms during day time (left) and at
night (right). In winter, the frequency of airing out in the bedrooms was the same in the original
and the renovated buildings during day-time. The majority of occupants aired out “more than
once per day” (57%) or “daily or almost daily” (41%) in both building types. The rest of the
occupants indicated to air out “at least once per week” (2%). In summer the majority of the
occupants indicated to air out “more than once per day” during day-time in both types of
dwellings with higher percentage obtained in the renovated buildings (84%) compared to the
original buildings (67%). 28% of the residents in the original building and 16% in the renovated
buildings aired out “daily or almost daily”. The rest of the occupants in the original building

(5%) indicated that they are airing “at least once per week”.

At night, the percentage distribution of airing frequency was similar in both types of the
dwellings both in winter and summer. In winter, 42% of the occupants in the original buildings
and 47% in the renovated ones never aired out during night-time. 53% of resident in the non-
renovated buildings and 45% in the renovated dwellings aired out only sometimes. Just a very
small fraction of the occupants indicated that they air out often at night; 5% in the original and
8% in the renovated residential buildings. In summer, the majority of the occupants in both, the
original (77%) and the renovated (79%) dwellings kept opened their windows at night.
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The winter results show similar frequency of airing within the building types, both during day
and night. While the duration of airing during the day was similar in the two building types
(~70% ventilated less than 20 min.), during the night the residents in the original buildings
indicated that they air out for longer periods (~60% longer than 45 min.), compared to the
occupants in the renovated dwellings (~30% longer than 45 min.). This is consistent with the
higher night time AER in the bedrooms of the original buildings. In the summer, residents in
the renovated buildings aired out longer (<80% longer than 1 hour, >20% shorter than 45 min.),

while shorter airing was more frequent in the original buildings (~60% 1 longer than 1 hour,
~40% for 45 min or less).
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Figure 4.31 Frequency of airing in the bedrooms of the original and the renovated residential buildings during day-time (left)
and at night (right), in winter and summer.
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Figure 4.32 Duration of airing in the apartments of the original and the renovated residential buildings during day-time (left)
and at nights (right), in winter and summer.
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A large fraction of the occupants (78%) did not change their airing habits in winter after energy
renovation took place (Figure 4.33). Only 22% of the residents indicated that they air more
often than before renovation. This may have contributed to the lower AER in the retrofitted
dwellings and the higher occurrence of odors caused mainly by cooking and smoking. In
summer, 47% of the residents changed their airing habits and indicated that they air out more
than before renovation. However, reasons for more frequent airing in the summer were not

reported by the occupants.
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Figure 4.33 Change in the occupants’ airing habits after renovation in winter (left) and summer (right).

4.2.2.5 Sick building syndrome symptoms

The frequencies of sick building syndrome symptoms are shown in Figure 4.34, Figure 4.35,
Figure 4.36, Figure 4.37 and Figure 4.38. Logistic regression was used to look for relationship
between the prevalence of a symptom (not having vs. having the symptom while in the
apartment (both sometimes and often)) and selected independent variables in winter. Multiple
linear, stepwise forward and backward regression analyses were conducted to identify predictor
variables with inclusion criteria of p<0.2. Although the gender and age category of the
occupants was selected by the model (p>0.2), the two variables were kept in the model due to
their known relationship with SBS symptoms. Dry skin and nausea were not significantly
related to any of the characteristics of the investigated dwellings. Positive relationship with
borderline significance was found between CO2 concentration and itchy eyes (OR=2.94,
p=0.07). Positive ORs were found for CO, also for headache (OR=2.18, p=0.20) and fatigue
(OR=2.00; p=0.19).

In spite of the fact that the relationship between SBS symptoms and age groups was not
significant at p<0.05, the occurrence of itchy eyes was more frequent in age groups 41-50, 51-

60 and people older than 70 years old. The odds ratio for headache and fatigue was highest and

57



significant in the age group 41-50 years. More fatigue and headache was reported in all age
categories compared to the reference group of 20-30 years. For all symptoms male gender was
associated with more symptoms, although the relationship was not significant.
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Figure 4.38 Dry skin
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Table 4.9 Logistic regression of the occurrence of SBS symptoms (a-itchy eyes, b-headache, c-fatigue) in the investigated

dwellings in winter.

a) ltchy eyes

Parameter/ltchy Eyes OR Std. Error 95% CI P-value
CO: 2.94 1.71 0.93 9.22 0.07
Gender

Reference: Female (N=54)

Male (N=40) 1.92 0.93 0.74 4.99 0.17
Age

Reference: <30 (N=11)

31-40 (N=19) 0.96 0.86 0.16 5.61 0.96
41-50 (N=15) 3.67 3.37 0.61 22.17 0.15
51-60 (N=12) 2.07 2.02 0.31 14.03 0.45
61-70 (N=22) 0.91 0.83 0.15 5.45 0.92
>70 (N=15) 2.32 2.25 0.35 15.48 0.38

b) Headache

Parameter/Headache OR Std. Error 95% CI P-value

CO2 2.18 1.33 0.66 7.21 0.20

Gender

Reference: Female (N=54)

Male (N=40) 1.19 0.57 0.46 5.88 3.08

Age

Reference: <30 (N=11)

31-40 (N=19) 2.62 2.30 0.47 14.65 0.27

41-50 (N=15) 13.33 16.56 1.16 152.24 0.04

51-60 (N=12) 2.61 2.50 0.40 17.07 0.31

61-70 (N=22) 2.02 1.82 0.35 11.83 0.43

>70 (N=15) 2.57 2.47 0.39 16.93 0.33
C) Fatigue

Parameter/Fatigue OR Std. Error 95% ClI P-value

CO2 2.00 1.18 0.62 6.34 0.19

Gender

Reference: Female (N=54)

Male (N=40) 2.16 1.15 0.77 6.13 0.16

Age

Reference: <30 (N=11)

31-40 (N=19) 2.53 2.19 0.46 13.78 0.28

41-50 (N=15) 13.83 17.22 1.20 158.71 0.04

51-60 (N=12) 2.00 1.81 0.34 11.80 0.35

61-70 (N=22) 2.11 1.82 0.39 11.47 0.36

>70 (N=15) 2.36 2.15 0.39 14.07 0.32
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4.3 Discussion

In the current case study, higher indoor air temperatures were observed in the renovated
dwellings compared to the original buildings in both winter and summer season. The average
indoor temperature was about 1°C higher in the retrofitted dwellings. It is currently unclear
whether more airing was partly responsible for this temperature difference or whether better
insulation lead to internal heat gains being trapped and the occupants aired out more especially,
in the daytime, in order to decrease the indoor temperature. The indoor temperature may have
been also influenced by solar shading and its operation. Although external shadings were
observed in some of the apartments during the building visit, such data was however not
available in this study. In addition, the summer indoor air temperatures in some apartments
were lower than the average temperature of ~26°C. This was the case during one of the
measurement weeks when the outdoor conditions were cooler. Decrease in outdoor temperature
coupled with the occupants” frequent airing habit in summer could be responsible for the

decreased indoor temperature in some of the apartments.

In 18% of the apartments located in the original dwellings under-heating occurred (temperatures
lower than 20°C) in winter. Kotol et al. (34) investigated Greenlandic households built in the
second half of the 20" century. Under-heating was reported in 17% of the 79 investigated
households. In Estonian (111) and Lithuanian (60) dwellings lower temperature than 20°C was
found in about 30-40% of the studied apartments. Occupants may maintain low temperatures
in order to minimize heating costs (112). However, some uninsulated dwellings built in the 20™"
century may have significantly lower temperatures during winter due to colder internal surfaces.
Studies by Howden-Chapman et al (96), Liu et al (4) and Pustayova (76) concluded that fitting
of older dwellings with insulation leads to significant increase of indoor air temperature and
higher level of comfort in winter. In New Zealand households (96) the indoor temperature
increased by 0.6 °C and the relative humidity decreased by 1.4-3.8 % after adding insulation on
building envelope. In a Swedish study, the indoor temperature in retrofitted dwellings ranged
between 21-25°C and in non-retrofitted homes it was between 19.7-21.8°C (4). In Slovak
residential buildings (76) the average winter indoor temperature before implementing of energy

saving measures was also lower (18.3-23.6°C) than in renovated dwellings (22.2°C-25.3°C).

Although under-heating was observed in some of the apartments in the original buildings, the
occupants” thermal acceptability in winter was similar in the original and the renovated

dwellings. Residents in the original buildings indicated to be satisfied with lower average
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temperatures than in the renovated dwellings, where the inhabitants also felt comfortable in
spite of higher obtained temperatures. In Sweden (4) after implementing energy saving
measures neutral and slightly warm thermal sensation was observed and this corresponded to a

relatively high satisfaction (10% dissatisfied).

Although the average indoor temperature in the summer was higher in the renovated dwellings,
a trend towards warmer thermal sensation and significantly higher thermal acceptability was
observed in the renovated buildings. Zhang et al (113) reported that people may indicate high
thermal acceptability even at higher indoor temperatures. According to that study, significant
drop-off below 80% satisfied occurred at 30°C in summer. The satisfaction with the thermal
environment was within 80 and 90% at temperature range 24-29°C. The winter outcomes also
showed fairly high percentage of satisfaction (75-90%) at temperatures between 17-25°C. It
should be noted that the interpretation of our data is limited due to incomplete data on additional
factors that might affect occupants” thermal comfort (e. g. surface temperatures, air velocities,
draft, occupants” activity and their clothing insulation) (114).

In our study the implementation of energy saving measures was not combined with measures
to improve the indoor environmental quality. This explains the lower AERs and higher CO>
concentrations in the renovated buildings in the winter. An association was found between CO>
concentration and building renovation, occupancy of the apartments and bedrooms, and
occupants” smoking habits. Smoking was always bigger portion in renovated buildings.
According to the questionnaire survey higher percentage of occupants were smokers in the
renovated buildings than in the original buildings. That might also contribute to poorer indoor
air quality in the renovated dwellings. However, a stronger model could be achieved with the
availability of additional parameters that influence natural ventilation, such as home location,
orientation, indoor-outdoor temperature difference, wind conditions, position of windows, etc.
(98; 115).

Kotol et al (34) assumed that in Greenlandic dwellings built after 1990 higher CO;
concentrations were caused by tighter envelopes and thus lower ventilation rate due to lower
infiltration. In homes built in the 1990°s the CO> concentration was 1490 ppm while in
dwellings built within 1970-1990 the CO- concentration was lower, about 1245 ppm in average.
The ventilation rate in Danish homes (115) built after 1993 was also significantly lower (0.53
h™1) than in homes built between 1977-1993 (0.73 h). The authors also attributed this to the
fact that older buildings are leakier and newer ones are more air-tight, due to improved

construction techniques and stricter regulations.
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The winter results show similar frequency of airing within the building types, both during day
and night. While the duration of airing during the day was similar in the two building types,
during the night the residents in the original buildings indicated that they air out for longer
periods compared to the occupants in the renovated dwellings. In the present study 22% of the
occupants in the renovated buildings indicated that they air out more often during the winter
than before renovation. However, this percentage did not seem to be adequate enough to achieve
better IAQ. Results of the physical and subjective measurements indicate the need for more
frequent airing in the renovated dwellings. In summer, 44% of the occupants reported that they
ventilate more in their apartments after building renovation. Although they reported less
frequent airing in the renovated buildings during daytime, airing lasted longer both during day
and night, compared to the original buildings. Factors related to occupant behaviour (34; 116;
117) may also explain some of the differences in ventilation rates between the investigated
buildings. People ventilate more often at higher ambient temperature. This contributes to
significantly higher AERs in naturally ventilated buildings during summer (109; 118; 119)

compared to winter.

It should be noted that these data rely on occupant reports. Monitoring of occupant behaviour
related to airing would provide more reliable data. Even if in reality the people aired more in
the renovated buildings, this airing might not have been sufficient to offset the lower infiltration
after renovation. Also, airing in winter mainly occurs in the daytime and your AERs are
determined for the night time. Moreover, Beko et al (103; 115) reported that the position of the
doors to the adjacent rooms may influence the total airflows into the bedrooms. However, in
our study we did not find strong relationship between the AERs and the position of the bedroom
door. This may have been the case because some of the questions related to occupant behaviour
were asked only generally, without specifically referring to the week when the measurements

were carried out.

Low ventilation rates have been linked to perception of poor indoor air quality (35; 120). In
winter the occupants in the original buildings, where the AERs were significantly higher,
perceived the indoor air quality to be better than in the renovated buildings, with lower AERSs.
Air tightness and insufficient ventilation in apartments in the renovated buildings may
negatively impact the perceived indoor air quality. This is especially the case in winter, when
air exchange rates in naturally ventilated dwellings are low. In summer the indoor air quality
was perceived to be better in the renovated buildings. Airing out lasted longer in these

dwellings. Interestingly, more acceptable indoor air quality in the original buildings was found
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in the winter, compared to summer (p<0.05). In the renovated buildings, the trend was opposite,

poorer indoor air was observed in winter (p<0.01).

Earlier studies reported that the PAQ may be affected by renovation and age of the buildings.
Jurelionis et al (95) found higher occurrence of stuffy air (64%) in the Lithuanian multifamily
dwellings after their renovation than in their original condition (18%). The ventilation system
was not refurbished so insulated walls and new windows decreased air infiltration creating more
stuffy conditions. CO- concentrations reached up to 2000 ppm before renovation and 3000 ppm
in the apartments located in the renovated building during regular occupation of the space. In a
Swedish survey (63), occupants in dwellings constructed between 1986 and 2005 reported
problem with perceived air quality. Stuffy air and unpleasant smell was the major concern.
Problems with unpleasant smell were found to have the highest impact on overall satisfaction
for the youngest respondent group (< 35 years). Occupants” perception of indoor air quality was
affected by the number of hours that they spent in their apartments during the weekdays. For
occupants who left the apartment for less than 4 hours, the problems that had the highest impact
on overall satisfaction were problems with unpleasant smell and dust (p<0.01). The
acceptability with indoor air quality slightly increased in those cases where the residents were
away for 5-9 hours and more than 10 (p<0.05). Moreover, occupants who left the apartment for
5-9 h on weekdays were found to be more sensitive to unstable temperature. The analysis also

indicated that people who smoke were more sensitive to air quality.

In the current study higher CO2 concentrations in the apartments were associated with higher
prevalence of itchy eyes, fatigue and headache. The strongest association was found for itchy
eyes. Building tightening followed by insufficient ventilation may explain this observation.
Reducing ventilation rates to improve energy efficiency and lower carbon emissions, without
providing effective ventilation strategy may cause occurrence of symptoms of SBS as well as
long-term impact on human health (114; 120; 121). However, additional indicators of 1AQ,
such as concentrations of TVOC, formaldehyde and particles, together with data on the
occupants’ health and predisposition would be needed to more reliably disentangle the

relationship between the changes in IAQ due to renovation and the observed symptoms.

Lessons can be learned from recent studies comparing IAQ in green or low energy houses with
that in conventional buildings. Colton et al (122) investigated health benefits of green housing
compared to conventional units. Adults living in green units reported fewer SBS symptoms
than those living in conventional homes. Asthmatic children living in green homes experienced
substantially lower risk of asthma symptoms than children living in conventional public

63



housing. The authors concluded that green construction or renovation could simultaneously

reduce harmful indoor exposures, promote resident health, and reduce operational costs.

64



5. INDOOR AIR QUALITY (CASE STUDY I1)

5.1 Materials and methods

5.1.1 Studied buildings

The second case study was performed in one the previously investigated residential buildings
(Chapter 4.), before and after its renovation (Figure 5.1). Taking into account the time aspects
of building renovation process, the non-retrofitted dwelling from building type | was chosen
for further investigation. The selected building was a nine storey residential dwelling with forty
apartments located in the building in total. The renovation of the dwelling included exactly the
same energy saving measures as it was already defined in the previous chapter; envelope and
roof insulation, replacement of old windows for new energy efficient ones and hydraulic

balancing of the heating systems.

The questionnaire survey and the measurement campaign were carried out during two winter
seasons (Figure 5.2). The first round of the measurements was performed in January 2015 when
the building was still in its original condition, and the second round was performed in January
2016 after energy saving measures were implemented. Twenty apartments were selected across
the residential building, equally distributed on the lower, middle and highest storeys of the
building. The same apartments were investigated in both winter seasons during a period of eight

days.
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Figure 5.1 View on the residential building in its original (left) and renovated (right) condition (Source: Author)
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Figure 5.2 Data collection methodology for case study |1
5.1.2 Data collection

5.1.2.1 Physical measurements

During eight days air temperature, relative humidity, concentrations of carbon dioxide (CO>)
nitrogen dioxide (NO-), formaldehyde and volatile organic compounds (VOCs) were measured.
Temperature, relative humidity and CO. concentration were measured in bedrooms of the
apartments using the same methodology as in the Case study | (Chapter 4.). HOBO U12-012
data loggers and CARBOCAP CO. monitors (Figure 5.3) were used for data recording. All the
devices were calibrated before the measurement campaign began. The data were recorded in 5

minutes intervals for eight days in each apartment.
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Figure 5.3 HOBO U12-012 and CARBOCAP CO2 monitors (Source: Author)

A set of passive samplers for NO;, formaldehyde and VOC were placed centrally in living
rooms of each investigated apartment (Figure 5.4). The samplers were always positioned at
least 1.5 m above floor level. Locations near windows and radiators were avoided. One HOBO
logger (temperature, relative humidity) with a CO2 monitor, as well as an NO2 sampler were
placed on one of the balconies located on the third floor of the residential building, in order to

monitor the outdoor conditions.

Figure 5.4 Set of passive samplers placed in one living rooms (Source: Author)

Sampling of NO2 was carried out using IVL’s (Swedish Environmental Research Institute)
diffusive samplers (Figure 5.5) (123; 124). The samplers had cylinder shape with a diameter
of 25 mm and height of 13 mm. They were kept in a plastic semi-transparent container sealed
with a cap during the transport and storage. The containers were also sealed in plastic bags.
When the measurement started the sampler was removed from its storage container. The capped
container unit was saved until it was time to put the exposed sampler back again. The removed
sampler from the container was fixed firmly to the tool holder with the grey net mesh pointing
downwards. The outdoor NO2 sampler was protected by plastic shelter from rain and snow.
Exposure started as soon as the containers became opened. The gas molecules diffused into the
sampler where they were quantitatively collected, which gave a concentration value integrated
over time. The uptake rates were not experimentally determined but they were calculated using
Fick’s first law of diffusion and they were validated against calibrated NO2 monitor. The
obtained results were concentrations integrated over the time of sampling. It was used to
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determine the average concentration of the target pollutant in the air during the measured time
period. NO2 was analysed by wet chemical techniques using a spectrophotometric method. The
sampling and analytical procedures were accredited by the Swedish accreditation agency
SWEDAC. The measurement uncertainty was 10% at 95% confidence level and the
measurement range for one week sampling was 0.4 — 400 pg/m®. The exact start and stop date
and time, average indoor temperature and sampling location were noted on the field protocol.
After the measurements finished the samplers were returned to IVL"s laboratory for analyses.

Figure 5.5 NO2 sampler (Source: Author)

Formaldehyde was sampled using DSD-DNPH UmeX-100 (SKC Inc., Eighty Four, PA, USA).
The sampling period and the analytical technique followed the ISO 16000-4 (125). The samplers
(Figure 5.6, Figure 5.7) comprised of a porous polyethylene tube, which acts as the diffusive
membrane, to which is attached a small polypropylene syringe used for the elution of the
analyses from the adsorbent. Because the diffusive membrane is round, it permits exposure
from all sides, making it unique compared to other diffusive samplers. Silica gel coated with
2.4-dinitrophenylhydrazine (DNPH) acts as the adsorbent and moves from the diffusive end
during sample collection to the syringe end for sample extraction, by inverting the device. The
limit of detections were 0.03 pg/m® and 0.05 pg/m?® for formaldehyde and acetaldehyde,

respectively.

The formaldehyde tubes were sealed in aluminium laminated bags and stored in refrigerator at
4°C before the measurement started. Sampling started as soon as the tubes were taken out from
the aluminium bag and the plastic tube shelter was removed. The absorbent from the PP
reservoir was moved to the connected diffusion filter by orienting the PSP tube vertically. The
vertically oriented tubes were hanged on the same tool holder as the NO, samplers. Aldehydes

in gases were trapped in the diffusive sampling device by reacting with DNPH in the sampler
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to form stable hydrazine derivatives. After the measurement period, exposure was ended by
inverting the sampling tubes to return the absorbent from the sampler holder to the plastic
shelter and packed to the aluminium bags. The start and stop date and time, and sampling
location were noted on the field protocols situated on the front side of the aluminium bags. High
performance liquid chromatography analyses of the samplers were carried out in laboratory of
IVL.

B
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Figure 5.6 Identification of parts of the DSD-DNPH formaldehyde tubes (Source: www.sigmaaldrich.com)

Figure 5.7 Formaldehyde tube (Source: Author)

Perkin-Elmer adsorption tubes (Figure 5.8) filled with 200 mg Tenax TA, were used for passive
sampling of VOC, and their analyses was carried out in compliance with 1SO 16017-2 (126). This
tube is characterised by its chemical inertness, capacity to trap compounds with a large range
of volatility and highly hydrophobic nature. It consists of a 90 mm long stainless steel tube with
outside diameter of 6.3 mm, within which the adsorbent is retained. The tubes were plugged
on both ends with plastic or brass swagelock caps with PTFE ferrules. They were thermally
desorbed at 275 °C for 7 minutes and calibrated by application of microliter amounts of solution
of toluene in diethyl ether on Tenax tubes, before their shipping to Slovakia. The tubes were
wrapped in aluminium folia and stored at room temperature until the measurement started. The
sampling started after the cap was removed. The tube was hanged on the tool holder and
oriented to vertically position with its opened edge pointing to the direction of the floor. After

the measurement ended the sampler was closed by its cap. The time details of the measurement
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were noted in the time protocol. After the Tenax tubes were shipped back to Sweden, a gas
chromatography/mass spectrometry analysis of the tubes was carried out. The gas
chromatogpraph oven temperature program was started at 60 °C, held for 2 minutes then
increased to 100 ‘C at 4 °C/min, then increased to 280 °C at 6 °C/min, with hold time 15
minutes. The limit of detection for the individual VOC was 0.2 pug/m® based on 3 times the

signal-to-noise ratio.

Figure 5.8 VOC Tenax tube (Source: Author)

5.1.2.2 Questionnaire survey

The questionnaire survey was carried out concurrently with the physical measurements before
and after the renovation of the building. The questionnaire was nearly identical to that used in
the first case study (Chapter 4.). However minor modifications were implemented in some of

the questions.

5.1.2.3 Air exchange rate calculation

The air exchange rate calculation followed the methodology presented in Chapter 4. Briefly,
the CO2 concentration build-up period was used to estimate the air exchange rates for each
respective night in the occupants” bedrooms across the twenty investigated apartments. Decays
of the CO- concentration were used when the CO- level began to fall towards the background
level in the air, i.e. when the room was already occupied in the evening and the occupants
indicated to ventilate before falling asleep. However, this case occurred rarely. Sometimes, the
build-up or decay was not clearly defined within the selected data. In such a situation the air
exchange rate was determined using a mass balance model applied on the estimated steady-
state CO2 concentration. CO2 concentrations obtained between 20:30 and 6:30 each
measurement night, occupants” body weight and height and room volume were used in the

calculation.

5.1.2.4 Data analysis
STATA statistical tool was used for data analyses. Pearson’s correlation coefficient (r) and the

corresponding significance (p-value) was used to look for correlations between variables. When
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the data followed a normal distribution, paired t-test was used to compare the obtained results
from the investigated apartments before and after renovation. P-value lower than 0.05 was
considered statistically significant. P-value between 0.05 and 0.1 was considered moderately
significant. The nonparametric Wilcoxon signed rank test was used to compare two sets of not
normally distributed data that was obtained from the same participants. Logistic regression was
used to look for associations between the symptoms of sick building syndrome and a variety of
variables. More detailed description of the regression test is presented in Chapter 4.

5.2 Results

5.2.1 Temperature and relative humidity

Table 5.1 presents the descriptive statistics for indoor air temperature and relative humidity.
Both, the data of temperature and the relative humidity were lognormally distributed. The
overall average air temperature was significantly higher in the dwelling after renovation
(p<0.01). The average temperature was 20.9 °C before the renovation and it increased to 22.2

°C after renovation (Figure 5.9, left).

Although, the grand mean air temperature met the thermal comfort criteria during the heating
season (110) under both the original and the renovated condition, the average temperatures in
25% of the apartments before renovation did not fulfil the criterion of the optional range (20-
24°C) (Figure 5.10, left). Under-heating occurred in these particular apartments, where the
mean temperature ranged between 18.3 °C and 19.7 °C. Similar finding was observed in Case
study I (Chapter 4). After renovation all the twenty apartments met the required range of the
thermal comfort criteria. The average temperature was within 20.6 °C and 24 °C in the

bedrooms.

Table 5.1 Descriptive statistics of the indoor air temperature and relative humidity

Before Renovation (N=20) After Renovation (N=20)

Descriptive statistics | Temperature Relative Temperature Relative
(°C) Humidity (%) (°C) Humidity (%)

Grand Mean 20.9 46 22.2 48
(Min.-Max.) (18.7-23.9) (34-61) (20.6-24.0) (39-59)
Geometric Mean 20.8 46 22.2 48
Median 20.8 45 22.3 48
Std. Dev. 15 7.8 0.9 5.8
Std. Err. 0.32 1.74 0.20 1.29
95% CI 20.3-21.6 43-50 21.8-22.7 45-51
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Figure 5.9 Grand average of indoor air temperature (left) and relative humidity (right) before and after renovation of the

residential building in winter. The whiskers represent the minimum and maximum average values.
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Figure 5.10 Cumulative frequency distribution of the average indoor air temperature (left) and relative humidity (right) in the

bedrooms before and after renovation of the residential building in winter.
The grand mean of relative humidity was slightly lower before renovation (46%) than after
renovation (48%), (Figure 5.9, right). The difference in relative humidity between the two
conditions was not statistically significant (p>0.1). Before the renovation, the average relative
humidity in one of the apartments exceeded the maximum recommended limit. In the post-
renovated condition all the apartments were within the recommended comfort range (Figure
5.10, right), (110).

The average outdoor temperature was slightly higher during the first round of measurements

(3.3 °C; ranged between -2.0 and 8.0°C) than within the period of the second round of the
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experiments (2.8 °C; ranged between -5.9 and 11.3°C). The lowest values were measured
during the night-time. The outdoor relative humidity was similar between the two periods. 80%
average humidity was observed during the first period of experiments (ranged from 58 to 89
%), and it was 77% (ranged within 49 and 86%) one year later when the measurements were

repeated.

5.2.2 CO2z concentration

Figure 5.11 presents boxplots of the indoor CO, concentration before and after renovation of
the buildings. The obtained data were log-normally distributed. In the boxplots, the bottom and
the top of the boxes represent the 25" and 75" percentiles and the line near the middle of the
box is the median. The ends of the whiskers indicate the 10th and 90th percentiles. The grand
averages are presented by empty circles in the middle of the boxes. The difference in CO>
concentration between the pre-retrofit and post-retrofit condition of the dwelling showed to be
statistically significant (p<0.05). The grand average was 1205 ppm, and the median was 1190
ppm before renovation. After implementing energy saving measures the CO, concentration
visibly increased. The mean was 1570 ppm and the median was 1510 ppm. The day and night-
time division of the data presented in Table 5.2 also showed to be statistically significant
(p<0.05).

The overall means obtained for each of the apartment were compared before and after the
building renovation. Figure 5.12 shows the average CO> concentration during the day-time
across the investigated apartments. In 70% of the apartments the CO2 concentration increased
after renovation. The ratio of CO- concentration after renovation to that before ranged between
1.09 and 3.2 (average ratio was 1.52). In the rest of the apartments the CO> concentration during
the day-time did not change significantly after renovation. The ratio range was from 0.73 to
0.93 (average ratio was 0.85). It should be noted however, that the day-time occupancy between
the two measurement weeks a year apart may have been different. However, the measured

bedrooms were likely unoccupied during most of the day-time periods.

Night-time occupancy is more likely unchanged between the two measurement periods. During
night-time increase of CO2 concentration was observed in each of the investigated apartments
(Figure 5.13). The ratios presenting the changes in CO2 concentration before and after
renovation were between 1.03 and 3.6 (average ratio after-to-before was 1.49). According to
the questionnaire survey, no obvious changes were observed in occupancy of bedrooms during

the two weeks measurement periods which were a year apart.

73



Table 5.2 Descriptive statistics of the CO2 concentrations (ppm)

o o Before Renovation (N=20) After Renovation (N=20)
Descriptive statistics . :

Day Night Day Night
Grand Mean 1040 1410 1320 1925
(Min.-Max.) (595-1550) (750-2665) (790-2210) (865-3575)
Geometric Mean 1005 1325 1265 1825
Median 1030 1300 1300 1870
Std. Dev. 280 515 400 660
Std. Err. 62.6 114.7 89.7 146.8
95% CI 910-1170 1170-1650 1130-1510 1620-2235

C0O2 concentration (pprm)
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Figure 5.11 Boxplots showing the CO2 concentration before and after renovation of the residential building.
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Figure 5.12 Average CO2 concentration in each of the apartments during the day before and after renovation of the residential

building.
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Figure 5.13 Average CO2 concentration in each of the apartments during the night-time before and after renovation of the

residential building.

The frequency distribution of the average CO, concentrations is shown in Figure 5.14. The
fractions of the apartments where the average CO. concentration exceeded 1000, 1500, 2000,
2500 and 3000 ppm, both for day and night-time, are presented in Table 5.3. Higher number of
the apartments exceeded 1500 ppm and upper concentrations during both, day and night time

after renovation than before renovation.
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Figure 5.14 Cumulative frequency distribution of the average CO2 concentration in the bedrooms during the day and night-

time before and after renovation of the residential buildings.
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Table 5.3 Number of average day and night-time CO2 concentrations above four cut-off values in the residential building before

and after its renovation

Day Night
; C%Ut'Off va![uei_ Before After Before After
0 2concentrations Renovation Renovation Renovation Renovation
(N=20) (N=20) (N=20) (N=20)
CO, >1000 ppm 12 (60%) 15 (75%) 15 (75%) 19 (95%)
CO, >1500 ppm 2 (10%) 6 (30%) 8 (40%) 14 (70%)
CO, >2000 ppm 0 2 (10%) 2 (10%) 8 (40%)
CO; >2500 ppm 0 0 1 (5%) 3 (15%)
CO, >3000 ppm 0 0 0 2 (10%)

5.2.3 Air exchange rate (AER)

The AER across the investigated apartments were log-normally distributed, and showed

significant difference between the values obtained before and after renovation (p<0.5). Lower

CO. concentration before renovation resulted in higher AERs in the apartments (average 0.61

h). After renovation the mean AER (0.44 h') dropped below the recommended minimum (0.5

h™) (Figure 5.15, Table 5.4). The correlation between the one week average night-time CO;

concentrations and AERs is presented in Figure 5.17. The values obtained before and after

renovation are presented together, and each dot characterises one apartment.

Table 5.4 Descriptive statistics of the air exchange rate (h%).

Descriptive statistics Before Renovation (N=20) After Renovation (N=20)
Grand Mean 0.61 0.44
(Min.-Max.) (0.32-1.15) (0.21-0.76)
Geometric Mean 0.58 0.42
Median 0.59 0.45
Std. Dev. 0.20 0.13
Std. Err. 0.04 0.03
95% ClI 0.51-0.70 0.38-0.50
p-value 0.001
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Figure 5.15 Boxplots showing the AER before and after renovation of the residential building

The cumulative frequency of AERs (Figure 5.16) and the distribution of average AER by
apartments ( Figure 5.18) show that the AER was lower than 0.5 h' in 40% of the apartments
before renovation (ranged from 0.32 to 0.49 h1). The rest of the apartments met the criterion
(ranged from 0.54 to 1.15 h™Y). After renovation in 85% of the apartments (ranged from 0.21 to
0.49 h') lower AER than 0.5 h™t was observed. In the rest of the apartments the AER also
dropped, but the values still were above the minimum requested criterion (ranged from 0.50 to
0.76 h'Y). AERs dropped after renovation in 19 apartments (95%). Ratios showing by how much
the changes occurred in AERs across those apartments where the AER dropped after renovation
(N=19) was within 0.04 to 0.77.
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Figure 5.16 Cumulative frequency distribution of the Figure 5.17 Correlation between AER rate and
average air exchange rates in the bedrooms before and night-time CO2 concentration. One dot
after renovation of the residential building. represents one apartment (N=40).
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Figure 5.18 Average AERs in each of the apartments before and after renovation of the residential building.

5.2.4 NO2z concentration

The NO2 concentration was characterised by log-normal distribution. According to the WHO
Guidelines for Indoor Air Quality the recommended maximum value of NO2 concentrations
indoors is 40 pg/m?3 (127). The average concentrations across all apartments were lower than
the maximum recommended limit in both conditions of the dwelling (Table 5.5 Descriptive
statistics of the indoor NO2 concentration (ug/m?)Table 5.5). The maximum recommended limit
of NO- concentration was exceeded in only one apartment, where the NO2 was slightly above
the maximum recommended value (42.1 pug/m3) before renovation (Figure 5.20 and 5.21).
Lower average NO2 concentration was observed in the apartments before renovation (Figure
5.19). However, the difference between the two conditions was not statistically significant
(p>0.1). In half of the apartments an increase of NO- after renovation was observed. The ratios
of after-to-before concentrations were between 1.03 and 4.36 (average ratio was 2.08). In the

rest of the apartments a decrease was seen (ratio from 0.35 to 0.85; average 0.66).

Table 5.5 Descriptive statistics of the indoor NO2 concentration (g/m3).

Descriptive statistics Before Renovation (N=20) After Renovation (N=20)
Grand Mean (Min.-Max.) 15.4 (6.1-42.1) 16.5 (4.5-36.2)
Geometric Mean 13.4 14.5
Median 135 16.3
Std. Dev. 8.9 8.3
Std. Err. 1.9 1.8
95% ClI 11.2-19.6 12.6-20.3
p-value 0.68
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Figure 5.19 Boxplots showing the NO2 Figure 5.20 Cumulative frequency distribution of
concentration before and after the renovation the NO2 concentration in the apartments before
of the residential building. and after renovation of the residential building.
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Figure 5.21 NO2 concentration in each of the apartments before and after renovation of the residential building. The circles

present the ratio between the obtained concentrations (after/before renovation).
The outdoor concentration of NO2> was 10.1 and 14.6 pg/m?3 during the first round of the
measurements. During the second round of measurements the outdoor concentration was 12
pg/m3. The ratios between the indoor and outdoor concentration showed that in many
apartments the indoor NO> was higher than the outdoor concentration (Figure 5.22). Higher
indoor NO concentrations compared to outdoors indicate the presence of indoor sources (32;
98).
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Figure 5.22 Ratios between indoor and outdoor NO2 concentration before and after renovation of the residential building

5.2.5 Formaldehyde

Figure 5.23 shows boxplots of the formaldehyde concentrations before and after renovation of
the building. In both cases the data were log-normally distributed. The difference between
results before and after renovation were statistically significant (p<0.05). The concentrations
ranged between 15 and 54 pg/m3 before renovation and between 23 and 67 pg/m? after
renovation (Table 5.6). The World Health Organisation recommends a maximum
formaldehyde concentration of 100 pg/m?3 (127). Although the concentrations of formaldehyde
were below this limit in all apartments, an increase in the formaldehyde concentration was
observed in 75% of the apartments after renovation (Figure 5.24). Among these apartments,
the ratio of formaldehyde concentrations after and before renovation was between 1.09 and 2.5
(average range was 1.62); (Figure 5.25). In the rest of the apartments only slight decrease was

observed in formaldehyde concentrations (ratio between 0.82 to 0.94; average 0.89).

Table 5.6 Descriptive statistics of the formaldehyde concentration (ug/m3)

Descriptive statistics Before Renovation (N=20) After Renovation (N=20)
Grand Mean 32 43
(Min.-Max.) (15-54) (23-67)
Geometric Mean 30 41
Median 30 42
Std. Dev. 9.4 12.9
Std. Err. 2.1 2.9
95% ClI 27-36 37-49
p-value 0.002
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Figure 5.23 Boxplots showing the Figure 5.24 Cumulative frequency distribution of
formaldehyde concentration before and after formaldehyde concentration in the apartments before
the renovation of the residential building. and after renovation of the residential building.
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Figure 5.25 Formaldehyde concentration in each of the apartments before and after renovation of the residential building. The
circles present the ratio between the obtained concentrations (after/before renovation).

5.2.6 Individual and total volatile organic compounds (VOCs and TVOCs)

In total fifty individual VOCs were identified in the investigated residential building before and
after renovation. The majority occurred very rarely. Table 5.7 summarizes the concentration of
the most abundant individual VOCs in the TVOC’s samples and number of apartments above
the limit of detection (LOD) 0.2 pg/m3. Significant difference was observed between heptane,
limonene, benzene, hexanoic acid, haxanal and isobutanol before and after renovation of the
building. The average concentration of benzene decreased after renovation. The rest of the

individual VOCs were higher in the renovated building.
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Table 5.7 Concentrations of the most abundant individual VOCs (ug/md) in the samples with TVOC above the LOD.

Before Renovation (N=20) After Renovation (N=20
Compound AM . AM .
N>LOD (Min-Max) GM | Median | N>LOD (Min-Max) GM | Median
dkk 3-2 12-4
Heptane 20 (0.9-9.1) 2.5 2.6 18 (0-137.8) 6.8 55
. - 29.6 162.9
Limonene 20 (4.6-90.7) 19.8 | 19.17 20 (10.9-810.3) 85.15| 88.9
. 4.2 7.2
a-pinene 20 (0.4-14.1) 2.5 2.4 20 (1.0-51.4) 3.73 2.6
3-carene 15 18 38 | 09 19 52 26 | 17
(0-8.3) ' ' (0-48.9) ' '
. 3.9 2
Benzene 20 (0.4-11.4) 3.1 3.1 19 (0-3.3) 21 2
Ethyl 3.9 6.4
Benzene 20 (1.2-13.5) 3.2 3.1 20 (1.4-38.2) 4.4 4.5
6.9 9.3
Mp-Xylene 20 (1.9-24.9) 5.2 5.3 20 (2.5-48.2) 6.9 6.3
16.2 14.6
Toluene 20 (4.2-57 5) 121 111 20 (4.1-53.8) 11.9 11.6
Hexanal™ | 18 7S 56 | 45 20 10 85 | 86
(0-31.9) ' ‘ (2.3-28.1) ' '
Nonanal 19 6.7 6.4 6.1 20 4.7 3.7 3.92
(0-50.8) ' ' (0.4-13.7) ' '
12 12.7
1-Butanol 20 (3.3-24.8) 105| 115 20 (2.7-25.4) 11 11.7
*% 2-0 3-5
Isobutanol 20 (0.4-7.4) 16 15 18 (0-11.1) 3.1 2.8
1.6 1.8
1-Pentanol 17 (0-5.5) 1.2 1.3 20 (0.7-6.7) 1.4 1.2
Hexanoic 5 0.8
acid” 20 (1.4-15.7) 3.9 4.2 16 (0-2.3) 091 | 0.76

*p<0.001, ~p<0.05, ™, 0.05<p<0.1; AM Arithmetic mean, GM Geometric mean.

The pre- and post-retrofit data of the TVOC were log-normally distributed. Although the
difference between the two conditions were not statistically significant (p>0.1), the overall
mean of TVOC was higher after renovation (772 pg/m3) than before (569 pg/m3), (Table 5.8,
Figure 5.27). Over 80% of apartments had a TVOC concentration above the limit
recommended by the WHO (300 pg/m?) (127), (Figure 5.28, Table 5.9).

The TVOC concentration exceeded 1000 pg/m3 in one apartment before renovation and in five
apartments after renovation (Figure 5.26). After renovation, in three apartment a slight increase
of TVOC concentration was observed. The ratios were 1.00, 1.01 and 1.3. In another seven
apartments a more substantial increase was seen, with ratios from 1.4 to 8.4. Out of these seven
apartments, three apartments were characterized by extremely high ratios. The TVOC was 7.6
times higher after then before renovation in apartment ““12”, 6.2 times higher in apartment “13”,

and 8.4 times higher in apartment “19”.
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Table 5.8 Descriptive statistics of the TVOC concentration (ug/ms3)

Descriptive statistics Before Renovation (N=20) After Renovation (N=20)
?I\;I?Edm;f;‘ 569 (179-1805) 773 (185-2362)
Geometric mean 489 623
Median 500 575
Std. Dev. 357.4 568
Std. Err. 79.9 127.1
95% CI 402-736 507-1039
p-value

Table 5.9 Number of apartments with TVOC concentrations above four cut-off values in the investigated building before and

after its renovation

Cut-off values . _ . _

of TVOC concentrations Before Renovation (N=20) | After Renovation (N=20)
TVOC > 300 pg/m?3 16 (80%) 17 (85%)
TVOC > 500 pg/m3 10 (50%) 12 (60%)
TVOC > 1000 pg/m?3 1 (5%) 5 (25%)

TVOC > 2000 pg/m?3 0 1 (5%)
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Figure 5.26 TVOC concentration in each of the apartments before and after renovation of the residential building. The dots

present the ratio between the obtained concentrations before and after renovation.
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Figure 5.27 Boxplots showing the TVOC Figure 5.28 Cumulative frequency distribution
concentrations before and after the of the TVOC in the apartments before and after
renovation of the residential building. renovation of the residential building.

5.2.7 Perceived air quality (PAQ)

The following figures present the occupants” perception and acceptability with indoor air
quality in the living rooms and bedrooms before and after renovation of the residential building.
Most of the occupants did not indicate any problems with the indoor air quality before

renovation, while after renovation their satisfaction decreased (Figure 5.29).
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Figure 5.29 Summary of answers to the questions “How unpleasant do you think the indoor air quality is in your living
room”(left), and “How unpleasant do you think the indoor air quality is in your bedroom?”(right). Possible answers were
from 1 to 6, where number 1 represented “perceived air quality was not a problem” and number 6 presented “unpleasant

indoor air quality”.
Acceptability of indoor air quality was assessed using the continuous acceptability scale,

ranging from “clearly unacceptable” (coded as -1) to “clearly acceptable” (coded as 1); (Figure
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5.30). Higher acceptability with PAQ was observed before renovation of the building (p<0.01).
The average acceptability with indoor air quality was similar in the living rooms (0.64) and the
bedrooms (0.60) before renovation. After renovation the average acceptability in the two rooms

was again similar. However, it decreased to 0.38 in the living rooms and 0.37 in the bedrooms.
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Figure 5.30 Acceptability with indoor air quality in the living rooms and bedrooms before and after renovation

5.2.8 Occupants” airing habits

Characteristics of the occupants” airing habits are presented in Table 5.10. The percentage of
occupants who indicated to ventilate more than once per day in their bedrooms before
renovation (40%) slightly dropped after renovation (30%). This indicates a slightly lower
frequency of airing out in the bedroom after renovation. Additionally, the duration of daily
airing, as reported by the occupants, somewhat decreased after renovation. While 30% of the
occupants aired out for about 20 minutes and 35% aired out for about 30 minutes per day before

renovation, after renovation 40% aired out for 20 minutes but only 25% for 30 minutes.

No information was obtained about the frequency and duration of airing in the living rooms in
the pre-retrofit condition of the building. However, residents shared information about their
airing habits in the apartments in general. We assumed that, those data might partly identify
their routine of airing in living rooms before the building renovation. The summary of the

responses is shown in Table 5.10.
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Table 5.10 Frequency and duration of airing in the residential building

Airing Before Renovation (N=20) After Renovation (N=20)
Apartment” Bedroom Living Room” Bedroom

Frequency
More than 1x per day 70 40 60 30
Daily or almost daily 30 60 40 70
Duration
(Average per day)
3.5min 25 15 15 15
7.5 min 35 20 40 20
20 min 15 30 20 40
30 min 25 35 25 25

*Questions were asked generally for the whole apartment before renovation, specifically for living room after renovation.

1.2

| il

4|
_{
-

AER (h-1)

0.6
0.4

Acceptability (

1

0.2

= % T 3 —

35min 7.5 min 20 min 30 min 35mn 75mn 20 min 30 min

Average duration of vertilation Average duration of ventilation

Figure 5.31 Relationship between AER (left) and occupants” acceptability of indoor air quality (right) and the reported
average duration of daily airing in bedrooms. The figures are based on data before and after renovation together (N=40).
Figure 5.31 shows the relationship between the average duration of daily airing and AER (left)
and acceptability of the indoor air quality (right) in bedrooms. The results indicate that longer
airing resulted in higher AERs across the apartments. Although some residents indicated poor
indoor air quality along with longer airing, the overall trend shows an increase in the occupants”

satisfaction with indoor air quality with longer airing.

5.2.9 Sick building syndrome symptoms

The frequency of selected symptoms occurring among the occupants (those filling the
questionnaire) before and after the renovation is shown in Figure 5.32. Multivariate logistic,
stepwise forward and backward regression analyses were conducted to identify predictor
variables with inclusion criteria of p<0.2 and look for associations between symptoms and

selected variables (Table 5.11). Each of the symptoms were investigated by statistical analyses.
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However the results are presented only for itchy eyes and headache. The evaluation of the rest

of symptoms did not show any significance among the selected variables. Renovation may have

impact on occurrence of itchy eyes (OR=7.12, p=0.05). Higher risk of headache was found after
renovation (OR=1.38, p=0.19).
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Figure 5.32 Frequency of sick building syndrome symptoms before and after renovation. The results are based on answers to

the question: “Do you feel fatigue, headache, nausea, itchy eyes and dry skin during your stay in your apartment?”.

Table 5.11 Logistic regression of occurrence of SBS symptoms (a-itchy eyes, b-headache) in the investigated residential

building.

a)

Itchy eyes

Parameter

OR

Std. Error

95% ClI

P-value

Building type
Reference: Before renov.
After renovation

7.12

7.29

52.94

0.05

Gender
Reference: Female
Male

2.32

2.33

16.59

0.40

Age

Reference: 20-40
41-60

>60

1151
6.38

15.55
6.61

0.81
0.84

162.8
48.59

0.07
0.07
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b) Headache

Parameter OR Std. Error 959% ClI P-value
Building type

Reference: Before renov.

After renovation 1.38 1.11 0.28 6.71 0.19
Gender

Reference: Female

Male 0.55 0.47 0.10 2.99 0.35
Age

Reference: 20-40

41-60 0.71 0.69 0.11 4.81 0.73
>60 4,73 5.05 0.57 38.39 0.14

5.3 Relationships between the measured variables

No correlation was observed between NO> concentrations and the measured air quality
parameters and pollutants. However, significant correlation was found between formaldehyde
and AER, CO; concentration, and relative humidity (Table 5.12). The results indicate that at
higher CO. concentration (r=0.57, p<0.01); and lower AERs (r=-0.59, p<0.01) the
formaldehyde levels increase (Figure 5.33). Higher relative humidity also led to higher
formaldehyde concentration (r=0.48, p<0.01). Formaldehyde concentrations seemed to be
slightly higher at higher temperatures, but the correlation was weak (r=0.14, p>0.1); (Figure
5.34). The TVOC was higher at higher formaldehyde concentrations (r=0.27, 0.05<p<0.1) and
slightly higher at lower AER, but the correlation was weak and not statistically significant (r=-
0.21, p>0.01); (Table 5.12).

Positive correlation was observed between AERs and acceptability of air quality (r=0.79,
p<0.01), and negative between formaldehyde concentrations and acceptability (r=-0.53,
p<0.01).

Table 5.12 Correlation coefficients between the measured parameters and concentrations of pollutants.

Parameter NO. | Formaldehyde | TVOC | CO; T RH AER
NO, - - - - - - -
Formaldehyde | -0.09 - - - - - -
TVOC -0.09 0.277" - - - - -
CO, 0.2 0.57" 0.16 - - - -
T -0.12 0.14 0.09 0.06 - - -
RH -0.05 0.48" 03" | 057 0.56" - -
AER -0.19 -0.59" -0.21 | 087" | -0.16 -0.51" -

*p<0.01, *p<0.05, *"p<0.1
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The association of formaldehyde with AER, temperature and relative humidity was confirmed
by regression analysis (Table 5.13 and Figure 5.36). It indicated significant association
between formaldehyde and AER (p<0.05) and relative humidity (p<0.05). The association
between formaldehyde and indoor air temperature was borderline significant (0.05<p<0.1). The
model’s coefficient of determination was R?=0.48. This exercise was not done for NO, and
TVOC from reason of week correlations between the concentration of pollutants and measured
parameters.

Table 5.13 Linear regression of logarithmically transformed formaldehyde concentrations. Model created after identifying

predictor variables with inclusion criteria of p < 0.2, R? = 0.48.

Parameter Factor Std. Error 959% CI P-value
AER -0.32 0.15 -0.630 -0.004 0.04
Temperature 1.44 0.78 -0.140 3.027 0.07
Relative humidity 1.07 0.41 0.246 1.895 0.01
Constant -5.21 3.47 -12.25 1.82 0.14
4.3
— 4.1 o}
S 39 ) o
oG 3.7
o ® [
1 .
& H—Ei 31 0/' S ¢ °
2 29 L y = 0.4831x + 1.8392 —
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Figure 5.36 Logarithm of the measured formaldehyde plotted against the predicted values from regression model created after
identifying predictor variables with inclusion criteria of p < 0.2.

The results suggest that both the concentration of pollutants and occupants” perception of IAQ

may be affected by low AERs. However, multivariate models did not produce significant p-

values for these associations. This may in part be due to the low number of observations. Further

analyses of the relationship between SBS symptoms and AER in larger number of dwellings

and apartments are warranted.

5.4 Discussion

Indoor air quality is a dominant contributor to total personal exposure because most people
spend a majority of their time indoors. The findings presented in this measurement campaign
further support the conclusions of the precious chapter that deterioration of the indoor air quality

followed the energy renovation.
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There was no clear pattern in the change of NO concentrations, nor in the change of
indoor/outdoor ratios from before renovation to after renovation. The average NO:2
concentration in the current study was well below the 40 pg/m3. The obtained values were
similar to what were measured in Finland (14.7 pg/m3) (128) and England (12.1 pg/m?) (129).
Higher NO concentration was observed in Czech Republic (37.7 pg/m3) and Switzerland (23.8
pg/m3) (128). Indoor-to-outdoor ratios of NO> varied between apartments and measurement
years, may indicate the presence of indoor combustion sources in some of the apartments where
higher concentrations were sampled indoors than outdoors. However, none of the apartments
in the present study had gas stoves and other combustion devices. Candle burning is however
common during the winter seasons, especially during Christmas holiday period (98).
Measurements of longer duration and detailed identification of the sources of NO2 would

validate the current results.

The TVOC concentrations exceeded 300 pg/m3 in a large fraction of the apartments already
before renovation. Slight increase of TVOC after renovation was observed in 25% of the
apartments (after/before ratio between 1.01 and 1.36). In another 20% of apartments this ratio
was even higher (1.57-2.25). More than 100% increase of TVOC was observed in 15% of the
apartments (apartments No: 12, 13, and 19). In these three apartments furniture replacement
was reported after the first round of measurements. In “apartment 12” carpet was added to the
living room, in “apartment 13” old carpet was replaced for new one, and in “apartment 19”
there was a new sofa. These activities could have caused an increase in TVOC levels. This is
in agreement with similar observations in studies where new materials, furniture, paints may
have led to increased TVOC concentrations (130; 131). Park et al. (132) reported increased

levels of organic compounds in older homes after renovation (from 250 pg/m3 to 400 pg/m3).

Formaldehyde is one of the most common VOCs indoors. Construction materials may strongly
influence the indoor air quality due to their large surface area (133). An earlier review of
formaldehyde in indoor environment reported that insulation materials could be one of the
major sources of formaldehyde (134). The report indicates that high emissions may be caused
by using foam board materials. The same type of material was used for envelope insulation in
the current case study. The combination of the selected insulation material potentially acting as
a source of pollutants that could explain the increased formaldehyde concentrations in most of
the apartments. However, additional experiments on the presence on foam board materials as
source of pollutants would strengthen the hypothesis about the impact of this specific material
on indoor concentration of formaldehyde.
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Moreover, fitting of the residential building with the given insulation resulted in a tighter
building construction and decreased ventilation in the apartments after renovation. The
significant negative correlation between AER and formaldehyde concentration (r=-0.59,
p<0.01) reflects the fact that decreased ventilation contributed to increased formaldehyde
concentrations. Furthermore, significant correlation was found between relative humidity and
formaldehyde (r=0.48, p<0.01), which is in line with expectations (135). Formaldehyde
concentrations seemed to be slightly higher at higher temperatures, but the correlation was weak
(r=0.14, p>0.1). This may be explained by moderate changes in temperature levels and

acceptable temperature ranges in the apartments.

The effect of ventilation on indoor formaldehyde concentrations has been shown in several
earlier studies (32; 136). In the Swedish housing stock negative correlation coefficient was
observed between AERs and formaldehyde levels (r=-0.31, p<0.01) (32), indicating that
increased ventilation would decrease the concentrations of formaldehyde originating from
indoor sources. Salthammer et al (136) reported similar results in German residences. A
negative correlation was observed between formaldehyde and AER (r=-0.21, p<0.01). In
addition, a weak not strong but statistically significant correlation was found between
formaldehyde and relative humidity (r=0.23, p<0.01), and weak correlation was observed
between formaldehyde and temperature. The authors concluded, that in many cases low AER,
which supports the accumulation of volatile organics in indoor air, contributes to higher
formaldehyde levels. In a Japanese study the highest formaldehyde concentrations were
associated with insulated houses without an active ventilation system (ranged from 45 to 95
pg/m3) (137). Those houses that were built within the last five years were equipped with
ventilation systems, and had lower formaldehyde concentrations than older dwellings. A
negative relationship between dwelling age and formaldehyde concentration was also found in
Australia (138). The study indicated that regulations aimed at reducing demand controlled
ventilation for energy efficiency had a negative effect on indoor air quality in dwellings built

in recent decades and resulted in increased indoor concentrations of formaldehyde and TVOC.

The results of the subjective evaluation of indoor air quality before and after renovation of the
selected building were similar to those presented in Case study I. The occupants indicated to be
more satisfied with the IAQ before renovation. Positive correlation was found between AERs
and acceptability of the indoor air quality (r=0.79, p<0.01), and negative correlation was
observed between formaldehyde concentrations and acceptability of IAQ (r=-0.53, p<0.01).
Similar results were reported by Maddalena et al (139). Low acceptability with PAQ was
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observed when the concentration of pollutants increased, which was the case at lower
ventilation rates. Wolkoff (140) reported that with specific focus on poorly perceived IAQ
hexanal (linseed oil in building materials and human debris, e.g. skin oils), hexanoic acid (an
oxidative degradation products from linseed oil and skin oils) and limonene (a common
fragrance used in numerous consumer products) may be some of the most important
compounds. These three individual VOCs occurred significantly in our study as well. Higher
concentration of hexanal and limonene was observed after renovation, while the concentration
hexanoic acid was higher in the original state of the dwelling. It should be recognized that a
large number of other VOCs may be present and adversely impact the IAQ (140). The literature
on the impact of various physical and subjective factors, such as building renovation, air-
tightness (61; 62; 95) , building age (63), occupant age, occupancy time and smoking habits

(63), on PAQ is summarized in more detail in Chapter 1 and discussed in Chapter 4.

The current results indicated higher prevalence of most SBS symptoms after renovation of the
apartment building. No significant association was observed between these symptoms and the
concentration of the measured indoor air pollutants. However, it must be noted that chemical
substances emitted from building materials, including formaldehyde and other organic
compounds (136; 138), may be associated with SBS symptoms (136). In our case the number
of observations may have been insufficient to produce statistically significant associations. In
order to more thoroughly address the potential impacts of indoor pollutants on human health
and well-being following similar energy renovation without considering its impact on 1AQ,
more research is warranted. It is important to mention, however, that numerous studies have
reported decrease in SBS symptoms and improvement of occupant health after moving into
green buildings, both new and newly renovated (141; 142). These findings are consistent with
exposure assessments that measured lower levels of several key pollutants, such as particles,
NO2, VOCs and allergens in green buildings (97; 141; 142). The study presenting the health
benefits of green public housing in Boston (122) reported fewer SBS symptoms, lower risk of
asthma symptoms and hospital visits among people living in green buildings compared to those
in conventional public houses. These studies could provide some lessons to be learned on the
utilization of the opportunity to improve indoor air quality, when planning energy retrofitting
of existing buildings.
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6. ENERGY EFFICIENCY OF BUILDINGS

6.1 Materials and methods
6.1.1 Studied buildings

Buildings investigated in this work were selected specifically for this project. The detailed
description of the building selection methodology and the investigated buildings are presented
in Chapter 4.

6.1.2 Energy investigation

The detailed methodology of comparing energy efficiency of the original and renovated
buildings followed in this work is shown in Figure 6.1. It consists of two parts. One of the
methods was based on energy calculation using national standards and building code to classify
buildings into energy classes. The second method used for energy performance assessment was
based on the real energy consumption in the original and the renovated buildings. The input
data (Table 4.1, Table 6.1) used in calculations as well as the measured data of the actual

energy consumption for space heating were provided for this study by the housing association
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Figure 6.1 Conceptual outline of the energy investigation methodology
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Table 6.1 Calculated U-values of main building constructions compared to the normalized requirements (W/m?K); (Source:

Housing association institutes).

Building pair I Il. I1.
Building condition Original | Renovated | Original | Renovated | Original | Renovated Current
requirements
U-values Calculated by standard
Average” 1.28 0.32 0.72 0.30 0.92 0.28
1.59 0.36 0.75 0.30 0.98 0.29
External walls 0.32
1.60 0.37 0.63 0.28 0.95 0.27
Roof 0.80 0.22 0.62 0.21 0.63 0.18 0.20
Ceiling above the 1.12 0.33 0.88 0.41 1.10 0.39 0.85
basement
Transparent constr. 1.20 1.20 1.20 1.20 1.20 1.20 1.40

*Averages were including U-values of constructions except windows. The total averages were 0.97 W/m?K for the original
constructions and 0.30 W/m?k for the renovated ones.

6.1.2.1 Heat demand determination and its comparison with energy criteria

Calculation of heat demand reflects characteristics of indoor and outdoor environment, the
requirements of thermal protection of buildings as well as the thermal properties of building
constructions and used building materials. The heat demand is specified theoretically for
comparative standardized conditions and represents a comparative value of buildings

assessments (77).

Determination of the heat demand was calculated according to STN EN 1SO 13 790 (143)|
Seasonal method of calculation was carried out with consideration of the heating season

duration. The general mathematical formula is defined as:

Q= Qnt—1gn . Qgn (kWh) (6.1)
Where:

Qnt  total energy losses during the heating season (kWh),

ngn  heat gain utilization factor (-),

Qgn  total heat gains during the heating season (kWh).

The heat demand was calculated using normalized number of heating degree days (3422 K.day).
20 °C requested indoor temperature, 3.68 °C average outdoor temperature, and 212 days
(duration of the heating season) were used as the input parameters for buildings with steady
heating. According to the National building code presented by the Ministry of Transport,
Construction and Regional Development of Slovak Republic (144), in the heat demand
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calculation minimal air infiltration rate of 0.5 h'! has to be used. If the calculated air infiltration
rate is higher than 0.5 h%, then the heat demand is determined for the calculated value of the air

infiltration rate.

Buildings meet the energy criteria, if their specific heat demand is lower than the required
(normalized and recommended) values of specific heat demand (77). The specific heat demand
is calculated as a ratio of the total heat demand per year (kWh/year) and the building area (m?).
The required specific heat demand is defined by the building shape factor. It is a ratio between
the total area of the building envelope elements and the building (converted) area. The required
values for intermediate values of the building are determined by linear interpolation of table
values presented in STN 73 0540:2-2012; (31).

6.1.2.2 Determination of total energy need for classification of the buildings into energy
classes

In Slovakia, the responsibility of the energy performance and certification system as well as the
energy database falls under the jurisdiction of the Ministry of Transport, Construction and
Regional Development. Slovakia has had a national database since 2010 and has taken
significant steps in the direction of developing a functional database with open content. The
Slovak National Building Code is determined by Executive Regulation of MTCRD SR
364/2012 (144), based on European Parliament, Directive 2010/31/EU (6) and the Codex of
Laws No. 300/2012 (145). It defines that new and renovated buildings constructed by 2016,
have to meet minimum criteria, determined by upper limit of B class for total energy need.
Energy efficiency of buildings is expressed by energy classification of buildings into energy
classes according to the National Building Code (144). The process of energy classification is
based on calculation of heat demand presented above as well as on calculation of energy need
for space heating and DHW preparation using standardised conditions for determination of

building energy efficiency

A) Energy demand for space heating
Energy demand for space heating is determined as sum of heat demand and heat losses from
subsystems of the heating system. According to STN EN 15 316-1 (146) the energy need for

space heating is defined as listed below:

QHEAT = QH + Qem,ls + QH,dis,Is,an + WH,dis, aux,am (kWh) (6.2)
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Where:

QH heat demand (kWh)
Qem,ls heat loss of the system via heat transfer (kWh)
QHdis Is,an heat losses via distribution system (kWh)

Whdis, auxam  annual actual energy consumption of circulation pumps (kWh).

B) Energy demand for DHW preparation
Energy demand for DHW preparation was determined as sum of heat demand needed for DHW
and heat losses from the subsystems of DHW with consideration all heat losses from

distribution system, transmission and regulation (144; 147).

Qrw = Qw + Qw,d + Ww,d,pump (kWh) (6.3)
Where:

Qw heat demand needed for DHW (kWh)

Qw.d heat losses via distributions system (kWh)

Ww,d,pump energy needed for operation of circulating pumps (kWh).

C) Building classification into energy classes

The investigated residential buildings were classified into energy classes (Table 6.2) based on
the calculated energy demand for space heating, energy demand for DHW and total energy
demand presented as a sum of calculated energy demand for space heating and DHW (144).
The primary energy and CO; emissions were determined according to given factors presented
in the National Building Code MTCRD SR 364/2012 (144).

Table 6.2 Energy classes of space heating, DHW, total and primary energy need for building category of residential buildings,
in kWh/m?year (144).

Energy classes

Category a0 A B C D E F G
ﬁpa‘?e ) <42 43-86 87-129 | 130-172 | 173-215 | 216-258 | > 258
eating
DHW - <12 13-24 25-36 37-48 49-60 61-72 | >72
Total energy | - <54 | 55-110 | 111-165 | 166-220 | 221-275 | 276-330 | >330
demand
Z;LT;;V <54 | 55-108 | 109-216 | 217-324 | 325-432 | 433-540 | 541-648 | > 648
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6.1.2.3 Real energy consumption data gathering

Data on the actual energy consumption of the examined buildings were provided by the
respective housing associations. The obtained values represent the overall average energy
consumption calculated from monthly monitored energy consumption for heating for each
building from September until April next year. This eight month period represents the heating
season, when the buildings were supplied by heat. The data were provided for five years (2010-
2014). However, some data were not available for some of the studied buildings due to
personnel changes in the housing association companies and contract modifications between

the residential buildings and the responsible housing management.

6.2 Results

6.2.1 Annual heat demand for space heating

The heat losses due to heat transfer via building constructions and ventilation for building pair
I. are shown in Figure 26. The results for the other building pairs are presented in Appendix C.
10 kWh/m2.year heat gains were produced by solar gains and 24 kWh/m?.year generated by
internal heat sources, in both the original and renovated building. However, the difference
between heat losses due to heat transfer via building facade was still clear. 64 KWh/m?.year was
transmitted thru the building envelope of the original building compared to 15 kWh/m?2.year in
the renovated building. Heat losses due to ventilation and transparent constructions were

defined as the second more dominant factor influencing the total annual heat demand.
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Figure 6.2 Calculated annual values of heat losses due to heat transfer via building constructions and ventilation as
well as of produced heat gains for building pair I: the original building (left), the renovated building (right).
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Table 6.3 presents the calculated annual heat demands for all the investigated buildings. The
annual values were converted to heat demand per unit of floor area, defined as specific heat
demand. The original buildings are compared against the retrofitted ones. The results well
illustrate the impact of the energy saving measures on the heat demand. The differences
between the original and renovated buildings were higher than 40% in each case of the building
pairs. The calculated specific heat demands were compared to energy criteria specified by STN
73 0540:2-2012 (31). The heat demand in the renovated buildings met the criteria of the
normalized values, but did not fulfil the conditions given by requested values. The standard
considers the requested values more strict than the normalized. However, the specific heat

demand in the original buildings did not fulfil the normalized criteria.

Table 6.3 Calculated annual (specific) heat demand for the investigated residential buildings compared to the standardized

values.

Heat demand (Qn) Specific heat demand
Building | Building Sifterence Cal(tg:ulated No(rgmallzed quuested
pairs | condition | kWh/year |GJlyear %) Hnd HadN Had N
kWh/mZyear | kWh/mZyear | kKWh/m?.year

Original 366385 | 1319 108

I 63 56 27
Renovated | 136 543 492 40
Original 182 293 656 97

I 49 50 25
Renovated 94 836 341 49
Original 254 582 916 117

" 60 53 26
Renovated | 99 660 359 45

6.2.2 Energy demand and classification into energy classes

Table 6.4 shows the calculated annual energy demand for space heating and DHW preparation
as well as the final total energy need, per unit of floor area. Based on these results energy
classification of the investigated building was carried out. The final values were used for energy
classification according to the criteria presented in the Slovak Nation Building Code. The total
energy demand is defined as a sum of annual energy demand for space heating and DHW per
unit of floor area. According to the required maximum total energy demands for the various
categories (Table 6.2), the original buildings were classified into energy class D, and the
renovated dwellings were categorized into energy classes C (building pair 11.) and B (building
pair I. and Ill.) (Table 6.4). The energy demand for space heating was visibly lower in the
renovated buildings due to implementing energy saving measures on building constructions and

systems of building services. The higher total energy demand was followed by higher annual
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primary energy (Figure 6.4) and CO2 emissions (Figure 6.3) in the original buildings compared
to the renovated dwellings.

Table 6.4 Classification of the residential buildings into energy classes based on their annual energy demand for space heating

and DHW preparation and total energy demand

Energy demand for space heating Energy demand for DHW
Build. | Buildin Total energy demand
pairs. conditio% kWh/year | KWh/m2.year Eggg%y kWh/year | KWh/m2.year E;er%y Ener
kWh/m2.year 9y
class
| Original | 462 585 136 D 119 280 35 C 171 D
Renovated | 198 543 58 B 62 083 18 B 76 B
" Original | 271875 145 D 69 376 37 D 182 D
Renovated | 168750 90 C 42 088 22 B 112 C
" Original | 301556 139 D 69 571 32 C 171 D
Renovated | 156 678 71 B 44 341 20 B 91 B
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Figure 6.4 Calculated annual primary energy

need per floor area in the original and

renovated residential buildings

Figure 6.3 Calculated annual CO2 emissions
per floor area in the original and renovated

apartment buildings.

6.2.3 Measured energy consumption for space heating

The data of the real heat consumptions used for space heating are shown in Table 6.5.

Reduction of the heat consumption was achieved in the reconstructed buildings compared to

the values before the building renovation as well as to the values representing the corresponding

original buildings. Lower heat consumptions were measured in 2014 compared to the previous

years in all cases of the residential buildings. This significant decrease might be explained by
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the outdoor weather conditions during the winter season. According to the Slovak Hydro-
meteorological Institution (148), during the last heating season higher average outdoor
temperature was measured (4.5°C) than during the previous winters, when the average outdoor

temperature ranged between -0.8 and 2 °C.

Table 6.5 Heat consumption for space heating for heating seasons 2010-2014; (Source: Housing association companies).

o o Heat consumption
Bwlgjlng Bml(_jl_ng KWhyear
pairs condition
2010 2011 2012 2013 2014
| Original NA 322 140 322 780 328 170 174 100
Renovated NA NA NA 151 590 115 210
I Original NA NA NA 194 310 146 470
Renovated 200 220 177 310 145 195 101 130 NA
i Original NA NA NA 218 840 165 140
Renovated NA 196 148 197 962 136 449 106 960

The numbers in the purple boxes are the heat consumption in the renovated building before the energy saving measures were
implemented. The numbers in the red boxes represents the energy consumption of the renovated building, after retrofit.

Figure 6.5 presents the annual measured energy consumption compared to the calculated
energy need for space heating. The results show that real energy consumption was always lower
than the calculated values that indicates reserves in the calculation outcomes compared to the

measured values.
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Figure 6.5 Comparison of the measured heat consumption (2013) and the calculated energy need and heat demand for space

heating in the investigated residential buildings

6.3 Discussion
According to the European Parliament, Directive 2010/31/EU (7) and the Slovak National
Building Code (144) there is a national obligation to implement various energy conservation

measures in all energy end-use sectors, including residential buildings, in order to achieve at
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least B class for total energy demand by 2016. The key task in the implementation of the
renovation strategy is to achieve in the very short period (2015-2020) energy efficiency of
existing buildings by gradually of the building constructions. Implementation of energy saving
measures could lead to significant reduction in the annual heat demand for space heating and
the energy consumption during the heating seasons. A disappointing fact is that none of the

original buildings fulfilled the criteria of the national standards and building code.

This study demonstrates that the energy performance of the investigated multifamily residential
buildings can be significantly improved by added external thermal insulation of the envelope
and reduced heat losses of the heating system. The highest energy savings were attributable to
improved building envelope. By implementing energy saving measures and taking into account
requirements of the national standards and directives, it is possible to significantly reduce
energy demand, primary energy as well as CO2 emissions and reach energy class B for existing

buildings.

The averages of the heat consumption in the examined buildings were compared with the
average consumption levels for buildings of the Slovak building stock built in different periods
(Figure 6.6), according to BPIE and Eurostat inspections (1; 25). The average heat consumption
in the original buildings (101 kWh/m?.year) was equal to values characterised period between
1981 and 2010. The mean energy consumption for space heating representing the renovated
buildings (53 kWh/m?2.year) was lower by 48% compared to the non-renovated dwellings. The

renovated buildings matched the heat consumption of buildings built after 2011.
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Figure 6.6 : Consumption levels of space heating in the Slovak residential sector by age of apartment buildings (1; 15)

compared to the average heat consumption (2013) in the original and the renovated buildings.
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7. SIMULATIONS

The results presented in the previous chapters showed that renovation reduced energy
consumption, but aggravated indoor air quality. From our list of the dwellings one building was
chosen to create a simulation model of its original and renovated state. Indoor environmental
quality parameters with main focus on CO2 concentration were simulated using different
alternatives of ventilation systems. The aim of the simulations was to recommend solutions for
improvement of indoor air quality in originally naturally ventilated retrofitted dwellings in
Slovakia. Finally, the most efficient control principle of the ventilation system was chosen from
three examined alternatives, taking into account the system’s energy performance and

installation’s simplicity.
7.1 Methodology

7.1.1 IDA Indoor Climate and Energy software

IDA ICE - Indoor Climate and Energy simulation tool is a dynamic multi-zone simulation
application for accurate study of the thermal environment and indoor climate of individual
zones in relation to the energy consumption of a buildings (149). As a whole-building simulator,
it can perform assessments of all issues fundamental to a successful building design: form,
fabric, glazing, HVAC systems, controls, light, indoor air quality, comfort, etc. for advanced
energy and indoor climate analysis. The version used in the current work is IDA ICE 4.6.2,
released in 2014.

7.1.2 One zone simulation model

The geometry of the Building type | was used for creating the simulation model. The dwelling
consisted of nine identical floors. On each of the storeys four apartments were located. To
avoid repetition of the results and for smooth run of the simulations only one representative
floor (located on the fourth storey) was constructed (Figure 7.1) and used for further
assessments. Although the work focuses on one zone, also one floor zone-model needed to be
created, to ensure the indoor climate conditions in the neighbouring zones as in real. The floor
model was divided into twenty-nine zones in total. Each apartment consisted of seven zones:
two bedrooms, one living room, one corridor, one kitchen, one bathroom and one toilet. In

addition separate zone was created for the staircase (Figure 7.2).

In order to validate the model by comparison to the measured data, the final model was created

for one bedroom (Bedroom 1) located in one of the selected apartments (Apartment 4); (Figure
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7.3). The examined apartment was oriented to South-East and the bedroom had Eastern

orientation. The total area of the apartment was about 68 m?, and the bedroom had 13.5 m?.
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Figure 7.2 The floorplan of the typical floor
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Figure 7.3 The floorplan of Apartment 4 selected for the simulation study

7.1.3 Input parameters

A) Weather data

The simulation model was created for the period of the heating season when the measurements
took place, between 10" and 18" December 2013. All necessary weather data for this period
were retrieved from the Slovak Hydrometeorological Institute (SHMI). The obtained hourly

weather data (outdoor temperature and humidity, wind speed, direct and diffusive solar
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radiation) were used in the weather file that we implemented in IDA ICE model for the required
simulations. The hourly data for outdoor air temperature and relative humidity are presented in
Figure 7.4 and Figure 7.5.
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Figure 7.4 The hourly outdoor temperature data for December 2013. The red arrow represents the measurement period.
(Source: SHMI)
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Figure 7.5 The hourly outdoor humidity data for December 2013. The red arrow represents the measurement period.
(Source: SHMI)

B) Building constructions and building services

The building envelope components and constructions details as well as the heating and domestic
hot water systems were designed as in reality. The original blue prints and corresponding
information for the changes due to renovation provided the necessary data about the building
materials and their physical characteristics used in the construction and the building retrofit
process. The heat transfer coefficients of the building constructions that were used in the
simulation model are presented in Chapter 6. The characteristics of building services are

described in Chapter 4.
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Based on the technical report of the renovation project, we assumed that the infiltration
coefficient was 0.6 h™ before renovation, and 0.4 h*! after renovation. According to the
predefined conditions in IDA, the thermal bridges were considered as “poor” in the non-
renovated dwelling and “good” in the retrofitted building. District heating with radiators was
used for space heating. In average 40 L/(occupant and day) hot water was assumed for the
domestic hot water use. According to information obtained during the building inspection, the
distribution system losses of the domestic hot water circuit and the heating system were
considered as “poor” in case of the non-retrofitted dwelling and “good” in the retrofitted
building. The actual building model was built according to the fact that natural ventilation was
used across the apartment and exhaust system was installed only in the bathrooms and toilets.
This state is based strictly on the blueprints, which describe the building as it was originally

designed.

C) Supplementary input data
Additional information, such as internal heat gains, data about the heating units, and window
and door opening were obtained from questionnaire survey and home inspection. The

supplementary data are presented in Table 7.1.

Table 7.1 Supplementary input data of the bedroom

Internal gains

Number of occupants (Occupancy period: 20.30 - 06.30) 2
Equipment W
Installed lighting 60 W
Window shading No shading
Daylight 200/500 Ix
Heating unit
Temperature set-point 20/25 °C
Radiator power 1500 W
Supply/Return temperature at the max. power 90/70 °C
Controller Proportional
Sensor Operative temperature
Relative humidity set-point 30/60%
Window/Door opening
Door to the bedroom Partly opened
Window Opened between 7:00-7:30 and
19:00-19:30.

7.1.4 Data calibration

The calibration methodology encompasses the analysis of the actual and the theoretical building
model performance in terms of indoor climate. The actual building model (original and
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renovated) was created and later calibrated using measured data (Figure 7.6). This data set
consists of two values, the theoretical (simulated) and the actual (measured), which reflect the
value of the same parameter in the actual and in the theoretical state of the residential building,
correspondingly. Detailed investigation of the indoor environment parameters (temperature,
relative humidity and CO> concentration) with comparative-iterations in zone level (bedroom)

was performed. The main calibration was carried out for one day period.

The simulated and the measured parameters were compared within the same time interval. For
accuracy reason, the comparison was performed on hourly basis. In order to calculate the
deviations between the simulated and measured data, two separate statistical indices were used.
The first was the Root Mean Square Error (RMSE) (150) that is defined as the deviation
between the predicted and observed values in each hour of the examining period (Equation
7.1). Itis calculated as follows:

\/‘Z?(Xobs,i_ Xpred,i )2
n

RMSE = (7.1)

Where:
Xobs,i 1S the observed value in each particular hour of the calibration period
Xpred,i 1S the predicted value in each particular hour of the calibration period

n is number of examined hours

The second index was the coefficient of variation of Root Mean Square Error (CV(RMSE)). It
expresses the ratio of the root mean square deviation and the mean observed values (Equation
7.2). The coefficient of variation is a measure of how data points disperse around the mean of
a data series and expresses the degree of variation between two data series (simulation and

measurement outcome); (150).

RMSE
(CV)RMSE = —

(7.2)

obs
Where:

X,ps 1S the average of the observed values in the whole calibration period.

In total four separate iterations in the theoretical building model were needed to calibrate the
model. One modification was related to temperature settings and three were related to CO>
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concentration. The iterative process of calibration was performed manually and the results of
each iteration were used as input for the following iteration, until each examined parameter
matched closely the measured data. Table 7.2 presents all the input variations in the model and

the outcome of each applied adjustment.

Table 7.2 Summary of modifications in the IDA ICE model

R Adjustments in theoretical Outcome after each
eason - ;
building model alteration
1. T (simulated) > T (measured) Adjust.room thermostat CV(RMSE) of T < 5%
set-point to 22°C/25°C
2. CO; (simulated) < CO, (measured) Set internal dlooréo bealways | c\/(RMSE) of CO, >20%
close

3. CO; (simulated) <CO; (measured) Increase occupancy by 1 person CV(RMSE) of CO2 > 20%

4. CO, (simulated) < CO; (measured) Add occupancy CV(RMSE) of CO; < 20%
period: 16:30-17:00

After the deviation between the measured and simulated data reached the requested coefficient
of variation of Root Mean Square Error, by using the same settings the calibrated model was
run for a one week period. The model was considered calibrated when deviation between the
measured and simulated data, expressed by coefficient of variation of Root Mean Square Error
(CV(RMSE)) was less than 5% for air temperature and 20% for relative humidity and CO>

concentration (150).
Updated
model

Theoretical
building model

Actual
Building
Measurement
results

Initial
dynamic
simulations

Dynamic
simulations

[ Identify the causes

oo = o o o = —
Data-set analysis and match H Detection of divergences
Theoretical vs. Actual performance |
1
Indoor Environment: Temperature, 1 I “No”
| Relative Humidity, CO, concentration

Lo ——————-——-—————————2 1 Calibrated
model

Figure 7.6 Description of methodology steps
7.1.5 Implementation of various alternatives of ventilation systems in the IDA ICE model

The calibrated model was used for further modelling of three alternatives of ventilation systems,
presented for the renovated condition of the dwelling: natural ventilation (original state),
demand controlled ventilation and constant air volume system (Table 7.3).
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Table 7.3 Description of the simulated additional ventilation systems

Ventilation system Description

Used in whole apartment, except bathroom and toilet, where
exhaust system (CAV) was installed. The return air for CAV
was 21.3 L/s (5.89 h'l). The fans were operated only during the
occupancy period (6:30-7:30 and 19:00-20:30).

1. Original state

2. Standard air handling unit (AHU)
System type:

Used in whole apartment, except bathroom and toilet where
exhaust system (CAV) was installed. The supply and the return
air flow in the AHU was 15.4 L/s (1.66 h'*). The return air for
CAV was 21.3 L/s (5.89 h'%) in the sanitary rooms. Operated 24
hours.

a) VAV, COzand T control

b) VAV, CO; control

Natural ventilation in the rooms. Exhaust system installed in the
bathroom, toilet and kitchen. The return air for CAV was 21.3
L/s (5.89 hl) in the sanitary rooms and 16.95 L/s (4.96 h') in
the kitchen. The system was operated only during the occupancy
period of the zones (Kitchen: 6:30-7:00; 17:00-18:30; Sanitary
rooms: 6:30-7:00; 19:00-20:30). Internal doors were always
open.

3. Modified Constant Air VVolume
(CAV)

Two system types of the demand controlled ventilation with variable air volume system (VAV)
were applied in the study, separately. In one of the models “Temperature and CO2 control” was
used, while in another model ventilation system with “CO2 control” was realized. Figure 7.7
illustrates the way the demand controlled AHU was modelled in IDA ICE. This system consists
of supply fan with pressure control, cooling and heating coil with liquid mass-flow control, air
to air heat exchanger with control, supply air source, return fan with pressure control and
exhaust air sink. The components of the AHU in the bedroom-zone Figure 7.8 include supply
inlet, supply terminal for VAV with “Temperature and CO2 control” or just “COz2 control”,
exhaust inlet, and exhaust terminal for VAV. Sanitary room and kitchens are the prime sources
of indoor odour and moisture pollutants. Therefore as the last alternative, using an exhaust
systems (CAV) in the kitchen and sanitary rooms, and at the same time keeping the internal

doors open was applied. The schematic presentation of the system is shown in Figure 7.9.
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Figure 7.7 Schematic of the AHU in IDA ICE: 1-Supply schedule, 2-Supply air temperature set-point, 3-Air supply strategy,
4-Supply switch, 5-Heat exchanger operation, 6-Fan operation, 7-Supply fan with pressure control, 8-Cooling coil, 9-Heating
coil, 10-Air to air heat exchanger, 11-Return air with pressure control, 12-Air supply and air exhaust.

Figure 7.8 Components of “CO2 and T control” (left) and “CO2 control” (right) system types in bedroom: 1-ldealized
exhaust terminal for VAV, 2-ldealized supply terminal for VAV temperature set-point, 3-CO2 and temperature control,

4-Investigated zone (Bedroom), 5-Air control.
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Figure 7.9 Schematic of the CAV system in the kitchen: 1-Fan operation, 2-Exhaust, 3-ldealized exhaust terminal for natural

ventilation, 4-Kitchen, 5-Constatly opened doors
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7.1.6 Systems” energy performance

As the operation of the selected ventilation systems requires energy, each of the investigated
alternatives was assessed from energy point of view. The energy performance of the ventilation
alternatives were simulated for the whole building from January 2013 to December 2013. The
final annual values were presented in unit of kWh/m?. Due to missing weather data for some
periods of the year, the simulated energy models were run by using the ASHRAE weather files
for weather station of “Bratislava Airport” applied by the IDA ICE tool. Although this fact may
cause inaccuracy in the results, we assume that the final values could give a general overview

of the annual energy use for each of the proposed ventilation systems.

7.2 Results
7.2.1 Calibration

The coefficients of variation for the calibration model for the one day and the one week periods
are presented separately in Table 7.4 Coefficients of variation of Root Mean Square Error for one-
day and one-week periods. After implementing the adjustments in the theoretical building model
using natural ventilation, the one day coefficient of variation of Root Mean Square Error was
sufficient. However, using the same adjustments for the one week calibration showed slightly
higher coefficient of (CV) RMSE than the required value in CO2 concentration. This deviation
might be caused by lack of survey information, as well as we also assumed that inaccuracy may
be affected by the mathematical model. Despite these facts, the one week model was still
considered as adequate. The one-day and one-week calibration of the temperature and relative

humidity data met the required limits of the coefficient of variation of Root Mean Square.

Table 7.4 Coefficients of variation of Root Mean Square Error for one-day and one-week periods

Calibration outcome
((CV) RMSE in %)
Building condition CO: (ppm) Tair (°C) RH (%)
1-day 1-week 1-day 1-week 1-day 1-week
Original condition 18 21 1.4 1.7 6 7.2
Renovated condition 19 23 15 1.7 7.5 7.8
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7.2.2 Indoor environmental quality

Since the simulation study focused on finding solutions for improvement of the air quality in
the renovated dwelling, the presented results are shown only for the renovated condition of the
building. Higher temperatures were observed in the model with natural ventilation (Figure
7.10). There was no significant difference in temperature between the demand controlled
ventilation with “CO2 and T control” and “CO2 control”. That is why on the figures presented
below the grey line is hidden behind the yellow one. Very similar results were obtained with
the CAV system with open doors compared to the. When demand controlled ventilation or
exhaust systems were used and the zone was not occupied, the air temperature dropped to 19.7-
19.9 °C. The relative humidity was acceptable in all cases of the investigated alternatives
(Figure 7.11).
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Figure 7.10 Hourly simulated versus measured values of air temperature in the “Bedroom 17 located in the renovated

residential building. Data for “Simulated COz2 Control” is invisible due to overlap with “Simulated_CO2 and T control”.

60
55
50
45
40
35
30

Relative humidity (%)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (Hours)

—8— Measured_NV —@— Simulated_NV Simulated_CO2 Control
—8—Simulated_CO2 & T Control —@— Simulated_CAV & opened doors

Figure 7.11 Hourly simulated versus measured values of relative humidity in the “Bedroom 1” located in the renovated

residential building. Data for “Simulated_CO2 Control” is invisible due to overlap with “Simulated_CO2 and T control”.
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When natural ventilation was used, the CO. concentration was higher than 1000 ppm during
the majority of the day time in the simulated (70%) and the actual building model (87.5%) as
well (Figure 7.12). During occupied periods, especially overnight, the CO2 concentration was
above 2000 ppm. Using demand controlled ventilation or constant air volume ventilation lead
to significantly lower CO> levels during the occupied periods. The CO> concentration with
demand controlled ventilation ranged between 510 and 855 ppm during the occupancy period.
When the room was not occupied, the CO. level dropped even lower, in some periods reaching
the outdoor level (~400 ppm). Using a CAV exhaust system in the sanitary rooms and the
kitchen and at the same time keeping the internal doors opened resulted in CO2 concentrations
between 770 and 1130 ppm during the occupancy period. In the unoccupied period the CO>
level dropped to 500 ppm.
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Figure 7.12 Hourly simulated versus measured values of CO2 concentration in the Bedroom 1 located in the renovated
residential building. Data for “Simulated CO2 Control” is invisible due to overlap with “Simulated_CO2 and T control”.
Table 7.5 compares the one week night-time averages of the CO> concentrations obtained from
physical measurements and simulations in the selected bedroom. The one-week averages of the
airflows for each of the ventilation alternatives are also shown. The outflow and inflow through
external walls was higher in the original condition of the dwelling than after the building
envelope tightening. Using air handling unit showed mechanical in- and outflows 12.80 L/s
(3.54 h'Y) by using “CO; and Temperature control” and 12.89 L/s (3.57 h') when “CO2 control”
was used. In case of the exhaust system, high airflow was observed through the internal
constructions. The average outflow through internal walls was 35.88 L/s (9.93 AER) and the

inflow was 38.44 L/s (10.64 h™Y).
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Table 7.5 Measured and simulated CO2 averages, and simulated average airflows representing the one week measurement

period in the selected bedroom

Average Airflow (L/s)
Average CO, (ppm) (Simulated results)
Building Ventilation Outflow Inflow Inflow
condition . through through Outflow through through Mechanical Mechanical
Meas. Sim. . . :
external external internal walls internal inflow outflow
walls walls walls
Original Natural vent 1490 1290 6.22 10.70 0 0 0 0
Renovated Natural vent 1930 1805 4.06 7.40 0 0 0 0
Renovated (COT) 780 4.10 7.60 4.10 0 12.80 12.80
Renovated AHU (CO,) 775 3.80 8.60 5.50 0 12.89 12.89
Renovated 961 4.00 9.1 38.55 38.48 0 0
(Exhaust)

7.2.3 Energy consumption

The energy consumption of the investigated ventilation strategies was assessed. The use of an

air handling unit requires more energy than the operation of system of exhaust fans. The

monthly distribution of energy consumption of the demand controlled systems was similar in

both cases of selected systems.

The annual energy consumption of the air handling unit with “CO and temperature control”

was 27 kWh/m? (Figure 7.13). The energy consumption of the AHU using “CO2 control” was

29 kWh/m? (Figure 7.14). The annual energy consumption for the operation of the exhaust fans

(CAV system) was 3.2 kWh/m?. There was no monthly variation in this value.
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Figure 7.13 Monthly energy consumption of the AHU with “CO2 and temperature control” presented for one year period
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Figure 7.14 Monthly energy consumption of the AHU with “COz control” presented for one year period

7.3 Discussion

The demand controlled systems with constant mechanical inflow and outflow resulted in a CO>
concentration below 800 ppm in the zone. Using exhaust fans in the apartment caused a higher
airflow through the internal constructions and ensured an average CO2 concentration of 960
ppm in the investigated zone. Since the internal doors were open in the apartment, the air
movement was likely influenced by the increased airflow towards the rooms where the fans
were operating. Although the two alternatives of the demand controlled system resulted in an
acceptable level of the CO2 concentration, the annual energy consumption of these systems was
much higher than that of the exhaust systems. The relationship between the energy required to
provide sufficient ventilation and the associated benefits in terms of health and comfort is a
topic of wide discussion. Further research is needed to identify practical methods to increase

ventilation rates without increasing energy consumption (35).

The present modelling exercise revealed possible solutions to reduce CO2 concentration and
increase air exchange rates in originally naturally ventilated residential buildings characterized
by tight building constructions. Using exhaust systems in kitchens and sanitary rooms, and at
the same time keeping doors of the rooms open may be one of the a low-cost ventilation
strategies, which is able to provide improved indoor air quality in energy-retrofitted buildings

with minimal additional energy penalty.
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8. OVERALL DISCUSION

The energy use in the existing residential sector that was built in the second half of 20" century
is considered a serious problem across the European Union (1; 19; 28; 151). The current focus
on building energy retrofit provides an opportunity to simultaneously reduce energy use and
CO. emissions of existing buildings (66; 4; 73; 76). Minimizing energy consumption with
energy efficient building design is reasonable. However, the current national legislations and
energy performance requirements are not complemented with appropriate requirements and
recommendations to secure good 1AQ. This dissertation thesis assessed the differences in IAQ
and occupants” well-being and behaviour between original and renovated multifamily
residential buildings. The results indicated that renovation of apartment buildings in Slovakia
may reduce the quality of the indoor environment in the apartments, especially in the winter

season.

A number of physical and subjective indicators of IAQ were investigated in the study. The
average air temperature was higher in the renovated dwellings in both winter and summer
season. We found under-heating in several apartments in the original buildings in winter.
Although earlier studies (3; 151) indicated that adding insulation to exterior walls or replacing
single pane windows with efficient windows improves thermal comfort after renovation by
decreasing drafts and reducing thermal radiation to cold walls and windows, the current study
showed similar thermal sensation in both, original and renovated dwellings in winter. However,
while the average acceptability of the thermal environment was similar in the original and the
renovated dwellings, a greater fraction of occupants (95%) reported positive acceptability in
the original buildings than in the renovated ones (43%). In summer, the results were opposite.
Surprisingly, the residents in the renovated buildings preferred higher temperatures during the
summertime. Zhang et al (113) reported that people may indicate high thermal acceptability
even at higher indoor temperatures that may partly explain the current outcomes. Since the
current work did not investigate the factors of local thermal discomfort that may have affected
the occupants” subjective evaluation (76; 110) especially in winter season, further research is

needed to support the current results.

In winter, higher CO2 concentration was observed in the renovated buildings, resulting in lower
AERs. The greater fraction of the apartments located in the renovated buildings had lower
AERs than 0.5 h't, while the AERs in the original dwellings met the recommended minimum

level. Generally, when energy renovation, which often results in more airtight buildings, is
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performed, no assessment of its effect on ventilation is made. Therefore, often AERs below the
required values are reported after renovation (32; 98; 115; 152). Older buildings are leakier,
while currently renovated or newly built houses are better sealed due to improved construction
techniques and stricter regulations (115). However, it must be noted that there are many other
factors that can affect the level of AER. Occupants living near heavy trafficked roads trying to
avoid street noise and traffic-related pollutants by keeping their windows closed, may
experience lower AERs (115). Additional parameters that influence ventilation rate in naturally
ventilated buildings are for instance home location, orientation, indoor-outdoor temperature
difference, wind conditions, position of windows, volume and occupancy etc. (8; 98; 115). We
found an association between IAQ and occupancy in the apartments and bedrooms and between
IAQ and the occupants” smoking habits. Higher percentage of occupants indicated to smoke in
the renovated dwellings compared to the original buildings that could contribute to worse I1AQ

in the renovated residential buildings.

Lower AERs indicated increase of formaldehyde concentrations. Strong association was found
also between levels of formaldehyde and relative humidity and TVOCs. Surprisingly greater
fraction of the apartments exceeded the maximum recommended limit of 300 pg/m?3 (127)
already before renovation. However, even higher average TVOC was found in the renovated
dwelling. Some of the individual VOCs, such as heptane, limonene, benzene, hexanoic acid,
haxanal and isobutanol, indicated significant difference in concentrations before and after
renovation. The average concentration of benzene decreased after renovation. High
concentrations are expected to originate from cleaning products, buildings materials and
furnishing (134; 136; 138), but such emissions usually decrease as buildings and materials age
(136; 153). Three apartments reported recent replacement of furniture with new one. Much
higher TVOC concentrations were measured in these particular apartments after renovation. At
the outset of the 20" century there were approximately 50 materials used to construct buildings.
By the end of the century this list had grown to around 55 000, with half of them being synthetic
that may be implicated in indoor air quality toxicity (114). This may explain the increase of
certain indoor pollutant concentrations, including irritating volatile and semivolatile organic
compounds and products of their chemical reactions in the built environment (56; 10; 57), many
of them with potential health implications. According to Salthammer (136) insulation materials,
e. g. polystyrene, can be also one of the primary sources of indoor pollutants. Although the

same type of material was used for envelope insulation in the current case study, additional
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research is needed to substantiate the negative impact of foam based insulation materials on

indoor air quality.

The indoor-to-outdoor ratios of NO> indicated the presence of indoor combustion sources in a
number of apartments. While none of the apartments had a gas burner, candle burning is
common during the winter season (98; 154). Smokers also lived in a number of apartments.
Human activities can affect the timing, location and degree of pollutant exposure, leading to
substantial exposure variations (9). Cooking, tobacco smoking, candle and incense burning, and
the use of gas and electric appliances can strongly affect the levels of NO,, VOC but also
ultrafine particles indoors (154; 155; 156). Measurements of longer duration and identification
of the sources of NO> and other pollutants could improve the characterization of the impact of

renovation on IAQ and the associated exposure assessment.

Lower AERs and higher concentrations of indoor air pollutants in the renovated dwellings were
linked to insufficient airing out in the apartments as well as to the occupants” lower satisfaction
with PAQ. In most of the apartments the occupants ventilated as frequently after renovation as
before renovation. This happened to be inadequate to avoid deterioration of the IAQ. In the first
case study (six buildings), 22% of the occupants in the renovated buildings indicated that they
air out more often during the winter than before renovation. Comparison of the occupants
airing habits before and after renovation in the second case study indicated similar observations.
Longer duration of airing out resulted in higher AERs and more acceptable 1AQ. The results
from the summer further support this observation; 47% of residents indicated that they have
changed their airing habits and air out more often than they did before renovation. People air
out more often at higher ambient temperatures. This leads to higher ventilation rates in summer
than in winter (109; 118; 119).

The first case study indicated a positive association between some of the SBS symptoms such
as itchy eyes, headache and fatigue and CO: concentration. In the second field study,
association was found between itchy eyes and building type (original/renovated) and between
headache and building type (original/renovated) and AER. The associations however lacked
statistical significance. Measurements in a larger number of apartments and including more
occupants may result in stronger associations. Nevertheless, the results indicate the need for
further investigation of the impact of building renovation on occupant health and SBS
symptoms. Earlier studies showed that insufficient ventilation, resulting in high concentration

of CO- and other indoor pollutants in occupied spaces, is associated with adverse effects on
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human health, comfort and productivity, including the occurrence of SBS symptoms (46; 35;
12; 157).

The current work investigated only few selected pollutants indoors. Other indoor pollutants,
such as particles, may also have an impact on occupants” health and well-being. High
concentrations of particles may pose cardiovascular, respiratory, and neurological health
hazards (158; 159). Increasing attention is paid in recent years to ultrafine particle exposure in
residencies. Future studies on the impact of renovation on 1AQ should include measurements

of ultrafine particle concentrations.

In our study, results of the simulations confirmed that energy renovation without considering
additional ventilation, which is often the common practice, may increase CO concentrations in
the apartments. Adding standard AHU in bedrooms, or, at the minimum, exhaust systems in
kitchens and bathrooms while at the same time keeping internal doors open, may significantly
improve IAQ in newly energy renovated residential buildings. Lessons can be also learned from
recent studies comparing IAQ in green or low energy houses with that in conventional buildings
(122). Green (low energy, sustainable) buildings are built with focus on resource-efficiency
both during the building process and throughout the building's life-cycle (160). They are created
using the principles and methodologies of sustainable construction (161), which aim to
construct energy-efficient, healthy, and productive buildings that reduce the significant impact
of buildings on urban life and the global environment (162). Emission source control,
ventilation, and indoor air measurement are the three main pathways used in green building
schemes for IAQ management. Several building certification schemes have been created around the
world, for instance LEED (USA), GREEN MARK (Singapore), BREEAM (UK), GREEN STAR
(Australia), etc. Buildings can only be termed sustainable if they safeguard the interests of future
generations. Certification schemes should thus also strongly emphasize IEQ, which besides reducing
environmental impacts, are also expected to create conditions of health and comfort by advancing IAQ
and as a consequence also improving productivity and reduce sick-leave (163). For an outstanding built
environment, occupants must be prioritized, and placed in the center of the design. Energy efficiency
should not overshadow occupant well-being. Recent schemes as the WELL building standard (164) are

following this human centricity direction.
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9. CONCLUSIONS, RECOMMENDATIONS AND LIMITATIONS

9.1 Conclusions

This thesis presented experimental investigation of the impact of building renovation on I1AQ
and occupant comfort in residential buildings. The link between building energy-renovation
and the quality of the built environment was examined in relation to physical parameters such
as indoor air temperature, relative humidity, CO. concentration, AER, indoor air pollutant
concentrations (NO2, TVOC, individual VOCs and formaldehyde), and subjective parameters

such as occupant satisfaction, airing habits and SBS symptoms.
The main findings of this study can be summarized as follows:
Thermal comfort:

e Although under-heating and lower average indoor temperature was observed in the
original buildings, higher percentage of occupants in the original building than in the

renovated ones indicated the thermal environment to be acceptable.

e Although the average indoor temperature in the summer was higher in the renovated
dwellings, significantly higher thermal acceptability was observed in the renovated

buildings.

e No significant differences were found in relative humidity between the original and
renovated residential buildings.

Indoor air quality:

e Significantly higher CO. concentrations and lower AERs were observed in the
renovated residential buildings. A larger fraction of apartments in the renovated

buildings had lower AERs in winter than the recommended minimum limit (0.5 h%).

e Low AERs resulted in increase of formaldehyde concentrations. At higher values of
relative humidity higher formaldehyde concentrations were observed. Formaldehyde
concentrations seemed to be slightly higher at higher temperatures, but the correlation

was weak.

e Indoor-to-outdoor ratios of NO; varied among the apartments in both original and
renovated buildings, without obvious patterns. Ratios above one in a number of

apartments indicate the presence of indoor combustion sources.
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The TVOC concentrations exceeded 300 pg/m? in a 80% of the apartments before
renovation already. Even higher average concentrations were observed after renovation.
The presence of new furniture seemed to cause significantly elevated levels of TVOCs
in some of the apartments where furniture replacement was reported during the year of

renovation.

The occupants indicated to be more satisfied with the IAQ before renovation. Higher
acceptability with 1AQ was obtained at higher AERs and lower formaldehyde

concentrations.

In the first case study only 22% of the occupants changed their airing habits after
renovation, while in the second case study no significant changes were observed in
residents” airing habits before and after renovation of the residential. This could result
in lower AERs, higher concentrations of pollutants and poorer IAQ. Longer duration of

airing leads to higher AERs and more acceptable 1AQ.

Building renovation resulted in higher prevalence of some of the SBS symptoms, such
as itchy eyes, headache and fatigue.

Computer simulations indicated that using exhaust systems in kitchens and sanitary rooms while
keeping doors of the rooms open may be one of the low-cost ventilation strategies able to
provide improved indoor air quality in energy-retrofitted buildings with minimal additional
energy penalty.

When old, leaky residential buildings are upgraded into more airtight and energy
efficient ones, the retrofitting effort should include improved has to consider aspects of
ventilation in order to ensure sufficient air exchange rates and acceptable and healthy
IAQ.

Recommendations

A key goal of the implementation of energy renovation strategy is to achieve better energy

efficiency of buildings. However, the effect of these programs has not been systematically

assessed. The effects on IAQ and occupant well-being is often neglected. There is an urgent

need to assess the impact of the currently applied building renovation practices on the

residential IAQ on a nationwide scale. The following recommendations can be drawn:
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9.3

When planning refurbishments, requirements for a healthy and pleasant indoor
environment should be included. Such requirements should be reflected in national

renovation strategies.

In national legislation, stricter energy performance requirements should be
complemented with appropriate requirements and recommendations to secure a
comfortable and healthy IAQ for the occupants” well-being. Such requirements should
cover factors such as for example ventilation rates, thermal environment and emission

from building materials.

Potentials for further energy savings, while improving IAQ, should be exploited in
energy-retrofitting programs. Demand-controlled ventilation and heat recovery through
mechanical ventilation systems should be optimized in order to achieve the highest

possible energy savings while providing improved 1AQ.

IAQ indicators should be integrated in the energy certification program of Slovakia.

Limitations

The baseline data collected as a part of this study appear useful for reference purposes, as long

as more representative data do not exists. Reliable reference data are important when assessing

the effects of changes on the population level, for example as a result of new policies and

programs implemented in the housing stock. However, there are several limitations of the study

presented in this work:

More detailed thermal comfort study, including assessment of thermal discomfort

parameters and occupants” clothing habits could strengthen the current findings

The statistical model describing the variation in the CO. concentrations across the
investigated apartments would benefit from additional data on parameters that influence
natural ventilation, such as home location, orientation, indoor-outdoor temperature
difference, wind conditions, position of windows.

The data on occupant behaviour and habits rely on occupant reports. Monitoring of
occupant behaviour related to airing would provide more reliable data. Additionally,
airing in winter mainly occurs in the daytime, while the AERs in this study were
determined for the night-time.
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e Measurements of longer duration, continuous measurement (as opposed to 1-week
averages by passive samplers) and detailed identification of the sources of chemical
pollutants would be recommended in future studies.

e Studies conducted in larger number of residential buildings and apartments of different
types and in various regions would strengthen the validity of the results and provide a
stronger incentive for better strategies to improve the indoor environment along with

the environmental sustainability of existing buildings.

123



RESUME IN SLOVAK LANGUAGE

Uvod

Budovy su zodpovedné za jednu tretinu globalnej spotreby energie. Preto potreba znizit
spotrebu energie a emisie sklenikovych plynov sa stalo narodnou prioritou vo vsetkych
Clenskych krajinach Europskej tnie (1; 2; 3; 4). Velka Cast’ eurdpskej populacie Zije v bytovych
objektoch (1). Z uvedeného dovodu bytovy sektor predstavuje potencialnu ciel'ovu skupinu pre
narodné¢ programy na podporu zlepSenia energetickej néarocnosti existujucich budov a
zmiernenie klimatickych zmien. Slovensko je jednym z europskych krajin, ktoré dobre
reprezentuje stredoeuropsky bytovy fond ako aj velka Cast’ bytovych domov v zapadnej
a severnej Eurdpe. Vicsina bytovych domov bola postavena medzi 1948 az 1990, s najvyssou
intenzitou bytovej vystavby v rokoch 1971 — 1980 (1). Viésina tychto objektov (~70%) nespliia
stcasné poziadavky na energetickt hospodarnost’ budov (5). Celostatne napravné opatrenia boli
prijaté na zlepSenie ich energetickej naro¢nosti a znizenie spotreby energie (6; 7). Avsak, tieto
napravné opatrenia nie su systematicky hodnotené. Najma hodnotenie vplyvu obnovy na
kvalitu vnatorného vzduchu a pohodu obyvatelov je Casto zanedbané. V dosledku toho,
Slovensko, rovnako ako niekol’ko d’alSich vychodoeurdpskych a stredoeurdpskych krajin, v

celoStatnom meradle neprijima opatrenia na zlepSenie kvality vnlitorného prostredia.

Zateplenie obvodového plasta alebo vymena otvorovych konStrukcii za nové plastové
s izolaénym dvoj-sklom prispieva Kk znizeniu spotreby energie a taktiez moze zvysit' tepelnu
pohodu so znizenim vyskytu prievanu a chladu od stien apodldh (3). Avsak, tesnenie
obvodového plasta budovy, bez kompenzacnych opatreni, casto vedie k znizeniu intenzity
vymeny vzduchu, ¢o moze prispiet’ k zvyseniu koncentracii znecist'ujucich latok vo vniitornom
vzduchu (8). Ludia stravia 80% svojho ¢asu doma (9). Nizka intenzita vymeny vzduchu, ktora
je spésobena vysokou vzduchotesnost'ou obvodového plast’a, je spojena s vyskytom mnohymi
dlhodobymi a akutnymi zdravotnymi uc¢inkami, ako st ochorenia dychacich ciest, rakoviny,
alergie, podrazdenie zmyslovych organov a taktiez priznakmi syndrému chorych budov (10;
11; 12). Preto je potrebné zaviest’ opatrenia na hodnotenie vplyvu aktualne pouzivanych
renovaénych praktik, s primarnym zameranim na uspory energie a kvality vnutorného

prostredia, a poskytnut’ odportcania pre tvorcov zakonov, inzinierov a verejnosti.

Této Stadia bola navrhnuté tak, aby na zéklade vyssie uvedenych informacii ukézal suvislost
medzi obnovou bytovych domov, energetickou narocnostou, kvalitou vnitorného prostredia a

zdravim a pohodlim obyvatel'ov.
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Ciele dizerta¢nej prace

Komplexnym zamerom tejto dizertacnej prace bolo objektivne a subjektivne hodnotenie vplyvu
obnovy bytovych domov na kvalitu vnatorného prostredia, a to hlavne na kvalitu vnatorneho

vzduchu, a spravanie sa obyvatel'ov.
Podrobné ciele dizertacnej prace:

- Analyza a hodnotenie v zmien fyzikalnych ukazovatel'ov kvality vnutorného vzduchu

v neobnovenych a obnovenych bytovych domoch.

- Analyza a hodnotenie v zmien vyskytu koncentracii zne€ist'ujacich latok vo vnutornom

vzduchu v neobnovenych a obnovenych bytovych domoch.

- Analyza subjektivneho hodnotenie kvality vnatorného prostredia v neobnovenych
a obnovenych bytovych domoch: analyza a hodnotenie vetracich navykov obyvatel'ov a
hodnotenie pocit'ovanej kvality vzduchu a vyskytu priznakov syndrému chorych budov

v zavislosti od réznych parametrov kvality vnatorného vzduchu.

- Podat’ komplexny pohl'ad na problematiku vzt'ahu obnovy a kvalitu vnutorného vzduchu,
aporovnat vysledky Stadie s vysledkami, ktoré boli prezentované v predoslych

publikaciach.

- Porovnat skuto¢né (namerané) vysledky s vysledkami ziskanych zo simulécii, a na zaklade

kone¢nych vysledkov zadefinovat rieSenia a odporucania pre prax a verejnost’.

Vseobecny pohl'ad na kvalitu vnttorného prostredia v neobnovenych a obnovenych bytovych
domoch podava kapitola ¢. 4. Podrobna analyza a hodnotenie kvality vnatorného vzduchu je
popisand v kapitole ¢. 5. Kapitola ¢. 6 podava komplexny pohl'ad na energeticki naro¢nost’

hodnotenych dvojic bytovych domov. Vystupy simula¢nej Studie st spracované v kapitole €. 7.
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Kvalita vnutorného prostredia (Pripadové Studia 1.)

i. Metodika

Prva pripadova §tadia bola vykonana v troch dvojiciach bytovych domov (Tab.1). Dvojicu
bytovych domov tvorili domy postavené v rovnakej stavebnej sustave stojace vedla seba
s rovnakou orientaciou na svetové strany, pricom jeden z dvojice objektov bol v pdvodnom
stave a druhy bol obnoveny. Vybrané bytové domy boli vetrané prirodzene. Odsavanie bolo
nain$talované iba v hygienickych miestnostiach. Okna v neobnovenych bytovych domoch boli
vymenené za nové plastové sizolatnym dvojsklom. Ostatné konstrukcie sa nachadzali
v pdvodnom stave. Na obnovenych bytovych domoch boli realizované nasledujuce energeticky
usporné opatrenia: zateplenie obvodového a streSného plasta, hydraulické vyregulovanie
vykurovacej sustavy a vymena okennych konstrukcii v spoloénych miestnostiach bytového
domu. Okenné konstrukcie v jednotlivych bytoch boli vymenené za plastové s izolaénym

dvojsklom este pred zacatim realizdcie obnovy.

Tab. 1. Charakteristika dvojic bytovych domov hodnotené v danom $tadiu

Dvojica domov l. Il. 11,
Pévodny Obnoveny Pévodny Obnoveny Povodny Obnoveny

Al /i P '/r
ae

(@)

Zé&kladné parametre

™ S
i~
a3
. )
Iy,
LU
m =

Rok vystavby 1965 | 1970 1970 1972

Orientacia na svetove Vychod Severozapad Sever

strany

Vyska (m) 27.71 30.24 13.05
Objem (m®) 9412 9683 5936 6114 6333 6 523
Plocha (m?) 3408 3449 1875 1913 2174 2217
Pocet podlazi 10 9 4

Pocet bytov na

jednom podlazi 4 2 2

Pocet vchodov 1 1 3

Z tejto Stadie bola ziskand Sirokd databaza udajov charakterizujiica kvalitu vnuatorného
prostredia. V zimnom obdobi merania prebehli v 94 bytoch (45 bytov v pévodnom stave; 49
bytov po obnove). Pocas letnych mesiacoch merania sa uskutocnili v 73 bytoch (35 bytov
v povodnom stave; 38 bytov po obnove). V kazdom byte bol umiestneny jeden pristroj pocas

6smych noci, a to v spaliiach obyvatelov.

Zber dat vnutornej teploty, relativnej vihkosti a koncentracie CO2 sa uskuto¢nil pomocou
HOBO ustredne a VAISALA CO2 vysielaca (Obr. 1). V HOBO zaznamniku je vstavany senzor

126



pre meranie teploty a relativnej vlhkosti. Monitor CO2 bol pripojeny k HOBO Ustredne
s kablom pre prenos signalu. Udaje boli zaznamenavané v intervale kazdych 5 minat. Skimana
oblast’ a umiestnenie pristrojov museli byt starostlivo vybrané. Pristroje boli umiestnené
V reprezentativnom bode skiimanej miestnosti, kde sa ocakdva najvys$Sia moznd ucinnost
mieSania vzduchu (102). Pri tychto typoch merani je nutné sa vyhybat’ umiestneniu pristrojov

v blizkosti okien, stien, podlahy a rohov.

~ NLITAN

a0

Obr. 1. Pristroj na meranie parametrov kvality vnatorného vzduchu

Intenzita vymeny vzduchu bola vypocitana na zaklade no¢nej koncentracie CO2 (od 20:30 do
6:30) nameranej v kazdom posudzovanom byte. Na vypocet bolo potrebné poznat’ aj fyzicky
stav obyvatel'ov (hmotnost’ a vysku) a obsadenost’ izieb po¢as no¢nych hodin (102; 103). Vo
vypocte bola pouzitda metodika zvySujucej a znizujlcej sa koncentracie CO2 a ustaleného stavu
(103).

Na subjektivne hodnotenie kvality vzduchu bol pouZzity dotaznikovy prieskum, ktory sa
uskuto¢nil priebezne s fyzikdlnymi meraniami. Dotaznikovy prieskum sa zameriaval na

hodnotenie tepelnej pohody, kvality pocitovaného vzduchu a vetracie navyky obyvatel'ov.
. Vysledky
A) Tepelné pohoda

Rozdiel priemernej vnuatornej teploty v neobnovenych a obnovenych bytovych domoch bol
Statisticky signifikantny aj v zime (p<0.01) aj v lete (p=0.01-0.05). V zime priemerna vnutorna
teplota bola 21.5°C v neobnovenych bytovych domoch, a 22.5°C v obnovenych objektoch.
V lete taktieZ vySSia priemerna teplota bola zaznamenana v obnovenych domoch (26.6°C) ako

v neobnovenych objektoch (25.5 °C). Podrobné vystupy popisnej Statistiky st zhrnuté v Tab.
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2, pre denné aj no¢né obdobie. Denné aj noc¢né vysledky boli Statisticky signifikantné a to aj v

zimnom aj v lethom obdobi.

Tab. 2. Vypis popisnej Statistiky pre vntornd teplotu vzduchu

Zima
o Pévodny (N=45) Obnoveny (N=49)
Popisna Statistika

Deit Noc Deit Noc
Priemer 21.4 21.7 22.2 22.7
(Min.-Max.) (17.6-25.1) (17.9-25.1) (19.2-25.6) (20.4-25.8)
Standardna odchylka 1.9 1.7 15 1.4
Standardna chyba 0.28 0.25 0.21 0.20
95% interval spol. 20.8-21.9 21.3-22.3 21.7-22.6 22.3-23.1

{ J
Y
0.05<p<0.1
\ ]
Y
Leto p<0.01
Povodny (N=35) Obnoveny (N=38)
Popisna Statistika

Deni Noc Den Noc
Priemer 25.7 25.8 26.7 26.6
(Min.-Max.) (22.4-28.7) (22.4-28.5) (23.9-29.6) (23.8-28.6)
Standardna odchylka 1.9 1.9 1.3 1.2
Standardna chyba 0.31 0.31 0.20 0.19
95% interval spol. 25.0-26.3 25.2-26.4 26.3-27.1 26.0-26.8

{ Y J
p<0.01 \ |
Y
0.05<p<0.1

Podla ISO 7730 odportcany rozsah vniitornej teploty v zimnom obdobi je od 20 do 24°C (110).
Tuato poziadavku spinalo 78% bytov nachadzajucich sa v neobnovenych objektoch a 91%
bytov v obnovenych bytovych domoch.. Avsak dlhsia doba s celkovymi priemernymi teplotami
pod 20 °C bola pozorovana v neobnovenych domoch (18%), ako v budovach po rekonstrukcii
(2%). Len vel'mi malé percento bytov prekrocilo maximalnu odporuc¢anti hodnotu 24 °C; 4%

v neobnovenych a 6% v obnovenych bytovych domoch.

V lete optimalny rozsah vnutornej teploty sa pohybuje medzi 23 °C a 26 °C (110). Tuto
poziadavku nespiialo 56% bytov v pdvodnych bytovych domoch. Teploty pod 23 °C malo 11%
spalni a vyssiu celkovl priemernu teplotu ako je odporic¢ané maximum malo 45% spalni.

Vnutorna teplota pod 23 °C bola pozorovana v bytoch nachadzajucich sa vo dvojici budov IlI.
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Podl'a Slovenského hydrometeorologického tistavu, v tom tyzdni ked’ sa meralo v spominanom
bytovom dome, boli zaznamenané nizsie priemerné vonkajsej teploty (17 °C) v porovnani s
ostatnymi letnymi diiami (20 °C). V obnovenych objektoch 69% bytov malo vyss§iu priemernu
teplotu ako 26 °C. NiZSie percento bytov v obnovenych budovach (29%) bolo v odporuc¢anom

rozmedzi tepl6t s porovnani s percentom spalni v pévodnych budovach (44%).

V zime priemerny tepelny pocit obyvatel'ov zijucich v neobnovenych bytovych domoch bol
0.5, ¢o charakterizuje neutralne az mierne teplé tepelné prostredie, zatial' ¢o v obnovenych
bytovych domoch priemerny tepelny pocit bol 1.7, charakterizujici mierne teplé az teplé
prostredie, (p<0.05). Napriek tomu, ze teplejSie prostredie bolo hldsené obyvatelmi
v obnovenych domoch, prijatenost’ s tepelnym prostredim bola podobna v neobnovenych
(ACC=0.42) aobnovenych (ACC=0.31) bytovych domoch, (p<0.05). Je vSak potrebné si
poznamenat’, ze vicSie percento obyvatelov v rekonStruovanych budovach hlasilo teplotu
prostredia za neprijatel'né, v porovnani s pdvodnymi budovami. V povodnych budovach iba 5%
obyvatel'ov bolo nespokojnych teplotou prostredia (prijatelnosti pod nulou), zatial kym v

rekonstruovanych bytov viac ako polovica respondentov (57%) hlésilo negativnu prijatelnost’.

V lete, tepelny pocit sa zvysil az na Groveil medzi mierne teplé ateplé prostredie
vV neobnovenych bytovych domoch (TS = 1.7). V rekons$truovanych budovach obyvatelia mali
podobny priemerny tepelny pocit (TS = 1.6, p>0.1) ako v zime, hoci vyskyt pocitu neutradlneho
alebo teplého prostredia bolo cCastejSie. So zvySujicim sa tepelnym pocitom v poévodnych
budovach zo zimy do leta, prijatel'nost’ s tepelnym prostredim sa znizila medzi obyvate'mi
(ACC=0.27). Naopak, to bolo v rekonStruovanych objektoch, kde sa mierne zvysila prijate'nost’
(ACC = 0.53; p <0.05), a to napriek nemenenému tepelnému pocitu zo zimy do leta a vy$§im

priemernym teplotam s porovnani s pévodnymi budovami.
B) Kvalita vnatorného vzduchu

Rozdiel v priemernych koncentracidch CO2 medzi pdvodnymi a obnovenymi budovami bol
Statisticky signifikantny v zime (0.05 <p <0.1). V neobnovenych bytovych domoch mediéan bol
1110 ppm a celkovy priemer bol 1180 ppm. V obnovenych bytovych domoch aj stredna
hodnota (1290 ppm) aj celkovy priemer (1380 ppm) boli mierne vyssie ako v neobnovenych
objektoch. V letnych mesiacoch vysledky neboli $tatisticky vyznamné (p> 0.1), a aj v bytovych
domoch v pévodnom aj obnovenom stave koncentracie CO- boli podobné (~800-900 ppm).
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Model regresnej analyzy ukazal suvislost medzi koncentraciou CO2 a obnovou objektu,

obsadenostou bytu aspalni, a fajéiarskymi navykmi obyvatelov. Koeficient korelacie

Statistického modelu bol R?=0.29.
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Obr. 2. Model regresnej analyzy ako vzt'ah medzi nameranou a predpokladanou koncentraciou CO2

V zimnom obdobi priemerna intenzita vymeny vzduchu v pévodnych bytovych domoch bola

vyrazne vySSia ako v obnovenych budovach (p<0.01). V zime v neobnovenych bytovych

domoch celkovy priemer intenzity vymeny vzduchu bol 0.79 h™. Intenzity vymeny vzduchu
pre jednotlivé byty boli v rozmedzi od 0.22 do 3.69 h. V obnovenych objektoch celkova

priemerna intenzita vymeny vzduchu (0.48 h) bola mierne niZ§ia, ako je odporicané

hygienické minimum (0.5 h'%). V tychto budovach intenzita vymeny vzduchu sa pohybovala od
0.06 do 1.33 h. V lete intenzity vymeny vzduchu boli podobné v oboch typoch bytovych
domoch (p>0.05). V pbvodnych bytovych domoch celkova priemerna intenzita vymeny

vzduchu bola 7.88 h'* a v obnovenych objektoch 8.80 h. V niektorej zo spalni intenzita

vymeny vzduchu dosiahla aj 19 h.

Tab. 3. Vypis popisne;j $tatistiky pre intenzitu vymeny vzduchu

Zima Leto
Popisna Statistika Povodny Obnoveny Povodny Obnoveny
(N=43) (N=44) (N=34) (N=38)
Priemer 0.79 0.48 7.88 8.80
(Min.-Max.) (0.22-3.69) (0.06-1.33) (0.32-19.84) (0.39-19.82)
Standardna odchylka 0.69 0.31 7.32 7.67
Standardné chyba 0.11 0.05 1.26 1.24
95% interval spol. 0.58-1.01 0.39-0.58 5.33-10.44 6.28-11.32
p-hodnota 0.007 0.607
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C) Pocit'ovana kvalita vzduchu a vetracie navyky obyvatelov

Respondenti boli poZiadani aby odpovedali na otazku ,,Podl'a Vas v akej miere mate neprijemny
(opotrebovany) vzduch vo Vasom byte?* a aby ich odpovede oznacili na 6-bodovej stupnici,
kde ¢islo 1 znamenalo najlepsie hodnotenie a ¢islo 6 najhorsie. Ich odpovede st zndzornené na
Obr. 3a a 3b tak pre zimné, ako aj letné obdobie. Odpovede obyvatel'ov jasne ukazuju, Ze pocas
zimnych mesiacov prevladala vac¢sia spokojnost” s pocitovanou kvalitou vzduchu medzi
obyvatel'mi neobnovenych objektoch (Obr. 3a), kym v lete boli opac¢né vysledky. Podla
respondentov obnovenych bytovych domov, troven opotrebovaného vzduchu bol menej
neprijemny, ako podl'a obyvatel'ov bytovych domov nachadzajuce sa v pdvodnom stave (Obr.
3b).
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5 3 5 3
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=——BD v pbvodnom stave (N=45)  ===BD po obnove (N=49) ——BD v pévodnom stave (N=35)  ———BD po obnove (N=38)

Obr. 3 Uroved neprijemného (opotrebovaného) vzduchu v jednotlivych bytoch nachadzajdce sa v hodnotenych bytovych
domoch (1-nie je problém, 6-vel’ky problém) v zime (vl'avo) a v lete (vpravo).
Na zéklade vyplnenych dotaznikov v obnovenych bytovych domoch bolo mozné uréit, Ze
V tejto pripadove;j stadii iba 22% obyvatel'ov vetré CastejSie ako to robili pred rekonstrukciou
objektov. Nedostato¢né vetranie objektov moZe prispiet’ k zvySeniu koncentracie CO2 a taktieZ
horsej kvalite vnttorného prostredia (34; 116; 117). Vysledky letného prieskumu ukazuju, Ze
47% obyvatel'ov obnovenych domov zmenilo svoje vetracie ndvyky a vetraju Castejsie ako pred
komplexnou obnovou objektu. Bolo zistené, ze l'udia vetraji CastejSia pri vySsich okolitych
teplotach (109; 118; 119). Tento fakt potvrdzuje vySSiu intenzitu vetrania pocas letnych
mesiacoch oproti zimnému obdobiu. VacSie percento obyvatelov v rekonStruovanych
bytovych domoch, ktoré si zmenili vetracie navyky a vetraji Castejsie v letnom obdobi (47%)
oproti vysledkom zo zimného prieskumu (22%), mdze Ciastocne vysvetlit' nizSiu koncentraciu
CO2 a vicsiu spokojnost’ s vnimanou kvalitou vzduchu v obnovenych objektoch pocas letnych

mesiacov, na rozdiel od vysledkov zo zimnych merani.
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Kvalita vnutorného vzduchu (Pripadové Studia I1.)

i. Metodika

Druha pripadova studia bola vykonana v jednom predosle hodnotenom bytovom dome, a to
pred apo jeho obnove (Obr. 4). Z hl'adiska ¢asovych aspektov obnovy bytového domu,
neobnovena budova z dvojice ¢. 1. bola zvolena na d’al$ie hodnotenie. Vybrany objekt bol devét’
podlazi bytovy dom. V budove sa nachadzalo celkovo Styridsat’ bytov. Rekonstrukcia bytu
zahinala realizaciu rovnakych energeticky uspornych opatreni ako to bolo zadefinovana pri

predchadzajtce;j stadii.

Obr. 4 Posudzovany bytovy dom v pdvodnom stave a po obnove

Dotaznikovy prieskum a objektivne merania kvality vnatorného vzduchu boli vykonané v
priebehu dvoch zimnych obdobi. Prvé kolo merani bolo vykonané v januari 2015, kedy objekt
bol este v povodnom stave. Druhé kolo sa uskutoénilo v januari 2016 po obnove bytového
domu. Obe kola merani sa realizovali v tych istych dvadsiatich vybranych bytoch, a to pocas

doby 6smich dni.

Boli merané nasledovné ukazovatele: teplota vzduchu, relativna vlhkost’, koncentracia CO»,
oxid dusicitého (NOz), formaldehydu a prchavych organickych latok. Teplota, relativna vlhkost’
a koncentracie CO2 boli merané v spaliiach bytov s pouzitim rovnakej metodologie ako v
pripade prvej Stadie. Na zaznamenavanie dat boli pouzit¢ HOBO ustredna a VAISALA CO:
vysielag. Vetky zariadenia boli kalibrované pred zagiatkom meracej kampane. Udaje boli
zaznamenané v 5 minutovych intervaloch, po dobu 6smich dni v kazdom byte. Sady pasivnych
vzoriek sliziace na odber NO», formaldehydu a prchavych organickych latok (Obr. 5), boli
umiestnené centralne v obyvacich izbach jednotlivych bytov. Tieto vzorky boli vzdy
umiestnené najmenej 1.5 m nad Groviiou podlahy. Pri tychto typoch merani je nutné sa vyhybat

umiestneniu pristrojov v blizkosti okien a radiatorov.
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Dotaznikovy prieskum bol vykonany subezne s fyzikalnymi meraniami pred a po obnove
budovy. Dotazniky boli takmer totozné s tymi, ktoré boli pouzité v prvej pripadovej Stadii.

Avsak drobné tupravy boli realizované v niektorych z otazok.

Obr. 5 Vzorky sluziace na odber koncentracie NOz (vl'avo), formaldehydu (v strede)

a prchavych organickych latok (vpravo)
. Vysledky
A) Objektivne hodnotenie kvality vzduchu

Vyssie koncentracie CO2, NO2, formaldehydu a prchavych organickych latok boli namerané po
obnove bytového domu (Tab. 5). Avsak nie vSetky vysledky boli signifikantné. Vplyv obnovy
bytového domu najviac sa zvyraznil pri koncentréacii CO2 a formaldehydu, a ¢iasto¢ne mala
vplyv na koncentraciu prchavych organickych latok Popritom vyrazne vysSie intenzity vymeny

vzduchu boli vypocitané pre bytovy dom pred obnovou ako po realizacii rekonStrukcie.

Tab. 5. Priemerné hodnoty jednotlivych parametrov kvality vnatorného vzduchu pred a po obnove bytového domu

Parameter Pred obnovou (N=20) Po obnove (N=20)
CO2 (ppm) 1190 1570
Intenzita vymeny vzduchu (h?) 0.61 0.44
NO2 (pg/md) 154 16.5
Prchavé organické latky (ug/md) 569 773
Formaldehyd (pug/md) 32 43

Nebola najdend vyznamna korelacia medzi koncentraciou NO: a ostatnymi parametrami
kvality vnutorného vzduchu. Avsak, vysledky ukazali vyznamny vzt'ah medzi koncentraciou
formaldehydu a intenzitou vymeny vzduchu, koncentraciou CO: a relativnej vihkosti (Tab. 6).
Vysledky naznacujt, ze pri vyssej koncentracii CO2 (r=0.57, p<0.01); a niz$ej intenzity vymeny

vzduchu (r=-0.59, p<0,01) sa zvysi koncentracia formaldehydu (Obr. 6).

Vyssia relativna vlhkost’ tiez malo za nésledok zvySenie koncentracie formaldehydu (r=0.48,
p<0.01). Koncentracia formaldehydu sa zdala byt o nieco vysSia pri vysSich teplotach, ale

korelacia bola slaba (r=0.14, p> 0.1); (Obr. 7). TVOC bola vyssia u vyssich koncentraciach
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formaldehydu (r=0.27, 0.05<p<0.1) a mierne vyssia pri nizSej intenzite vymeny vzduchu, ale

korelacia bola slaba a nebola Statisticky vyznamna (r = -0,21, p>0,01); (Tab. 6).

Tab. 6 Korela¢né koeficienty medzi hodnotenymi parametrami kvality vntorného vzduchu

Prch. Relat Int.
Parameter NO2 Formaldehyd org. CO: | Teplota | vym.
. vlhkost
latky vzd.
NO; - - - - - - -
Formaldehyd -0.09 - - - - - -
Prch. org. .
latky 0.09 0.27
CO; 0.2 0.57" 0.16 - - - -
Teplota -0.12 0.14 0.09 0.06 - - -
Relat. vlhkost’ | -0.05 0.48" 0.3" 0.57" 0.56" - -
Int. vym. vzd. -0.19 -0.59" -0.21 | -0.87" | -0.16 -0.51" -
*p<0.01, ~p<0.05, "*p<0.1
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Obr. 7 Linearny vztah medzi koncentraciou formaldehydu a relativnou vlhkostou a teplotou vnutorného vzduchu
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B) Subjektivne hodnotenie kvality vnutorného vzduchu a vetracie navyky obyvatelov

Pred rekonstrukciou bytového domu prijatel'nost’ s pocitovanou kvalitou vzduchu bola znacne
vysSia ako po obnove objektu (p<0.01). Priemernd prijatelnost s kvalitou vzduchu bola
podobna v obyvackach (0.64) a spaliach (0.60) pred rekonstrukciou. Po rekonstrukcii v oboch
typoch miestnostiach priemernd prijatelnost’ s kvalitou vzduchu bola opit’ podobnd. Avsak,

priemerné hodnoty sa znizili na 0.38 v obyvackach a na 0.37 v spaliach (Obr. 8).

Il

06

Prijatelnost (-)
02 0 02
1

0.6

Pred obnovou (N=20) Po obnove (N=20)
| BN Obyvacka [ENNN Spalna |

Obr. 8 Prijatelnost’ pocitovanej kvality vzduchu v obyvackach a spaliiach pred a po obnove bytového domu
Intenzita vymeny vzduchu a koncentracie formaldehydu mala dopad aj na vnimanie
pocitovanej kvality vzduchu. So znizujlicou sa intenzitou vymeny vzduchu (r=0.79, p<0.01)
a zvySujucou koncentraciou formaldehydu (r =-0,53, p<0.01) sa zniZila spokojnost’ obyvatel'ov

s kvalitou vnutorného vzduchu (Obr. 9).

Vysledky vo vetracich navykoch obyvatelov naznacuji, Ze obyvatelia domu nezmenili svoje
navyky po obnove objektu (Tab. 7). Vdcésina obyvatel'ov v obyvacke vetra ¢astejsie ako 1x za
deni, pricom priemerna doba vetrania je 7.5 minut. V spalni vicSina obyvatelov vetra denne
alebo skoro denne, a nie kazdy den. Pred obnovou najvyssie percento obyvatelov vetralo 7.5
minut. Po obnove, doba vetrania sa mierne zvysila, a vac¢Sina l'udi sa vyjadrilo k 20 minutam.
Obr. 10 ukazuje vztah medzi dobou vetrania a intenzitou vymeny vzduchu a taktiez vztah
medzi dobou vetrania a prijateI'nostou pocitovanej kvality vzduchu. Vysledky jasne ukazuju,
ze so zvySujucou dobou vetrania sa dosiahne vysSia intenzita vymeny vzduchu a aj vécsia

spokojnost’ obyvatel'ov s pocitovanou kvalitou vnatorného vzduchu.
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Obr. 9 Linearny vzt'ah medzi prijatelnost'ou kvality vzduchu a intenzitou vymeny vzduchu a koncentraciou formaldehydu

Tab. 7 Vetracie navyky obyvatel'ov pred a po obnove bytového domu

Vetranie Pred obnovou (N=20) Po obnove (N=20)
Byt” Spalia Obyvacka” Spalia

Frekvencia
Viac ako 1x za den 70 40 60 30
Denne alebo skoro 30 60 40 70
denne
Trvanie
(V priemere za den)
3.5 min 25 15 15 15
7.5 min 35 20 40 20
20 min 15 30 20 40
30 min 25 35 25 25

*Otazky boli polozené vieobecne pre cely byt pred rekonstrukciou, konkrétne pre obyvacia izba po rekonstrukcii.
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Obr. 10 Vztah medzi dobou vetrania a intenzitou vymeny vzduchu (vl'avo), a zavislost medzi dobou vetrania

a prijatelnost'ou pocit'ovanej kvality vzduchu (vpravo)
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Zavery

Obe studie ako aj vysledky simulacii (prezentované v kapitole ¢. 7) potvrdili, Ze obnova
bytovych domov bez zvazenia dodato¢ného vetrania v bytoch, moéze zvysit’ nielen koncentraciu
CO- ale aj koncentréciu inych znecist'ujucich latok nachadzajice sa vo vnutornom vzduchu.
Pridanie Standardnej vetracej jednotky v spaliiach, alebo pouzitie odsavacich systémov
v kuchyniach a hygienickych miestnostiach, méze vyrazne prispiet k zlepSeniu kvality
vnutorného vzduchu v obnovenych bytovych domoch. Poucenie by sa malo brat’ z nedavno
publikovanych stadii, ktoré porovnavali kvalitu vnutorného prostredia v zelenych a
nizkoenergetickych domov oproti beznym stavbam (122). Zelené budovy su postavené s
dbrazom na efektivne vyuzivanie zdrojov energie a to nie len v priebehu stavebného procesu,
ale po celt dobu Zivotného cyklu budovy (160). Tieto budovy su vytvorené na zéklade zéasad a
metodik udrzateI'ného stavebnictva (161), ktorych cielom je postavit’ energeticky usporné a
zdravé budovy, ktoré vyznamne znizuji vplyv stavby na kazdodenny zivot ich uzivatel'ov a
globalne zivotné prostredie (162). Riadenie zdrojov emisii, vetranie a sledovanie kvality
vnutorného vzduchu st tri hlavné kroky pouzivané v ekologickych stavebnych systémoch pre
spravu kvality vnitorného vzduchu. Boli vytvorené rozne certifikaéné systémy budov po celom
svete, ako napriklad LEED (USA), GREEN MARK (Singapur), BREEAM (UK), GREEN
STAR (Australia), atd. Budovu moZno nazvat’ udrZatenou len vtedy, ak chrania zaujmy
buducich generacii. Certifikacné systémy by mali teda tieZ silne zdoraznit’ kvalitu vnatorného
prostredia, od ktorych sa okrem zniZenia vplyvov na Zivotné prostredie tiez o¢akava vytvorenie
podmienok pre zdravé a pohodIné vnatorné prostredie (163). Kvalitnym vnatornym prostredim
sa nazyva prostredie kde komfort ¢loveka je uprednostneny. Energetickd u¢innost’ budov by
nemala zatienit' pohodu obyvatelov. Schéma neddavno vydanej normy nazyvanou ,,WELL
Building standard* (USA) pristupuje k hodnoteniu certifikacii budov a vnatorného prostredia
z pohl'adu komfortu uzivatela (164).
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APPENDIX A

Questionnaire survey

. BASIC INFORMATION ABOUT OCCUPANTS

. On which cardinal direction is your apartment situated?
. On which floor do you live?
. How long have you been living in this apartment? years

. Do you have any allergic diseases? Yes( ] No()

If yes, please choose from the following options:

(JAsthma (JHay fever  (JSkin inflammation (JFood allergy ~ (Jother

OCoOoO~NOOUTDE WN -

1. BUILDING CONSTRUCTION

10. Are your windows in original condition? Yes(J No(J

If no, when did you replace them (year)

11. What type of glazing do your windows have? Single(J Double(J Triple(J

12. Do you have balcony or loggia? Yes(J Nol(J

13. Is your balcony or loggia glazed? Yes(J) No(J

14. Do you have wet ceilings because of leaky roof? Never(J) Sometimes() Often(]

15. Do you have molds on the ceiling in your apartment? Yes( ] No()

16. Do you have wet walls because of leaky envelope?  Never(] Sometimes( ) Often()
17. Do you have molds on the walls in your apartment? Yes(J) No(J

18. Flooring materials in your apartment:

e Rooms: PVC(J wooden floor(J carpetCJ cork(D) other
e Kitchen: PVC() wooden floor( ) tilesC) cork( ] other
e Bathroom: PVC() wooden floor( ) tilesC) cork( ] other
e Hallway: PVC(J wooden floor(J tilesCJ cork(D) other
19. Do you have damaged floor from reason of leaks or high humidity?
Never( ] Sometimes( ) Often()
20. Types of surface layers on your walls:
e Rooms: wallpaper( ) paint() tilesC ) other
e Kitchen: wallpaper( ) paint(J tilesC ) other
e Bathroom: wallpaper( ) paint( ) tilesC ] other
e Hallway: wallpaper( ) paint(J tilesC ) other

21. Considering energy use, how efficiently do you think your building is performing?

Very efficliently I N(l)t efficiently at all

! ! | ! | !
1 2 3 4 5 6

. How old are you?

. What is your gender? Male() Female()

. What is your education level? University degree(J high school(J other
. How many people live in the apartment? Age of others:

. Floor area of your apartment: m?
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111. BASIC HABBITS OF OCCUPANTS

e Smoking
22. Do you have any smokers in your apartment? YesCJ No(J
23. If yes, where does he/she smoke?
On balcony() In kitchen(J In bathroom() In rooms(J

24. How many cigarettes does he/she smoke per day?
Less than 3 pcs(J) 4 —10pcsC]  More than 10 pes()

e Houseplants

25. Do you have any houseplant in your apartment? YesC) NolJ

26. How many plans do you have in your apartment? 1-5CJ) 6-10CJ) Morethan 100
e Cooking

27. How often do you cook?

Never() 2x — 3x per week( ] Every day( ] Other

28. Which type of stove do you use? Gas (J  ElectricCJ
e Pets

29. Do you have any pets in your apartment?  Yes( ) No(J
30. If yes, which type of pets do you have? CatlJ Dog(J Bird(J Other

» Cleaning
31. How often do you clean up the floor in your apartment?
Every day( ]  1x/week( ] 2X — 3x/week() Other

32. Do you use cleaning detergents? Yes(J) No(J
33. Do you use the following devices in your apartment? If yes, please tick which one.
Vacuum cleaner(] HumidifierC) DehumidifierC) Air cleaners( ) Fans(]

V. SICK BUILDING SYSNDROM

34. Do you feel tired? Never( ) Sometimes() Often(]
If yes, do you think is it caused by indoor environmental quality? Yes( ) No(J

35. Do you have headache?  Never(J Sometimes() Often(
If yes, do you think is it caused by indoor environmental quality? YesCJ No(J

36. Do you feel nausea? Never( ) Sometimes( ) Often()
If yes, do you think is it caused by indoor environmental quality? YesC ) No(J

37. Do you feel itching, burning or irritation of eyes? Never( ] Sometimes( ] Often()
If yes, do you think is it caused by indoor environmental quality? Yes(C ) No(J

38. Do you have dry skin? Never( ) Sometimes( ) Often()
If yes, do you think is it caused by indoor environmental quality? Yes(J No(J

V. EXPERIMENTAL MEASUREMENTS
The next questions are related to PERIOD OF EXPERIMENTAL MEASUREMENTS!!!

A) Basic information about the room, where the exp. measurements will be carried out (bedroom)

39. Dimensions of the room width .......... m xlength .......... m X height .......... m
40. On which cardinal direction is your room situated? ..........cccccoeeverennen.

41. How many people did sleep in the room? (During the measurements)

1.day ... 2.day ... 3.day ....coe.e... 4.day ............. 5.day ..o
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42. Height and weight of people, who slept in the room (During the measurements):

43. Which person(s) did sleep in the room during the following days of the measurements?

1.night: person 1() person 2() person 3() person 4()
2.night: person1 () person2(J  person3 (J person4(]
3.night: person1 ()] person2 ()  person3 ()  person 4()
4.night: person 1 (CJ  person2 ()  person3 (J  person 4
5.night: person 1 (J  person2 (CJ  person3 (J  person 4
6.night: person 1 (J  person2 (CJ  person3 (J  person 4
7.night: person 1 (CJ  person2 (J  person3 (J  person 4
8.night: person1 ()] person2 ()  person3 ()  person 4()

44. How much time do you spend in the room (daily/from-t0)? ........c.ccccceevrnnenn.
45. Position of the door(s) in the room:

Nights:
Daytimes:

Closed(J
Closed(J

B) Airing out/indoor air quality

Partly opened(]
Partly opened(]

Opened(]
Opened(]

46. How unpleasant do you think the indoor air quality is in the room?

Not a problem

1 2 3 4 5 6

Major problem

48. How often do you air out during the day?
(JMore than once per day (JDaily or almost daily (INot every day, but at least once a week

49. How long do you usually keep the windows opened (daytimes)?
(JLess than 2 minutes/day (2 - 5 minutes/day (J 5 - 10 minutes/day
(J10 - 30 minutes/day (J30 - 60 minutes/day  (Jmore than one hour

50. Do you keep opened the windows in your bedroom at night?
Never( ) Sometimes (J Often(J

51. How long do you usually keep the windows opened at night?
(JLess than 2 minutes/day (2 - 5 minutes/day (J 5 - 10 minutes/day
(J10 - 30 minutes/day (J30 - 60 minutes/day  (Jmore than one hour

C) Sleeping quality (during the measurements)

52. Did you have a deep sleep? YesCJ No(J
53. Did you wake up during the night? YesC ) No()
54. Did you have problem to wake up early mornings? YesC ) No()
55. Did your sleeping habits change during the measurements? Yes(J) No(J

56. What time did you go sleep?
1. day............. 2.day ............. 3.day .............
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57. What time did you wake up?
1.day........... 2.day ............ 3.day ............ 4.day ............. 5.day ............

V1. INDOOR AIR QUALITY AND AIRING OUT

The next questions refer to the whole apartment — during the heating season!!!
58. How unpleasant do you think the indoor air quality is in your apartment?

Not a problem Major problem

59. How do you perceive the indoor air quality in your apartment?
You can tick the scale anywhere.

Clearly acceptable

Just acceptable

Just unacceptable

Cleatly unacceptable

60. How often do you air out?
(J More than once per day (J Daily or almost daily () Not every day, but at least once a week

61. How long do you usually keep the windows opened?
(JLess than 2 minutes/day (2 - 5 minutes/day (J 5 - 10 minutes/day
()10 - 30 minutes/day ()30 — 60 minutes/day  ( Jmore than one hour

62. If you feel the indoor air is unpleasant in your apartment, which of the following sources do
you think contribute to the odour?

(JSmoking (_JChemical cleaners

(JPrinter (_JOutdoor sources

(JMeal (JPerfumes
(_JCarpet/Furniture CIOther ...
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VII. THERMAL COMFORT

The next questions refer to the whole apartment — during the heating season!!!

63. Please assess the thermal comfort in your apartment by marking the following scales.

How do you assess the thermal sensation in your apartment? How do you perceive the indoor
temperature in your apartment?

T Bet T Clearly acceptable
T Wam
T Shghtly warm
- Just acceptable
T Neutral
4 Stghtly cool  Just unacceptable
+ Cool
- Cold L Clearly unacceptable
Which thermal sensation would you like to be satisfied?
— Hot Do you want the room temperature?
T Wam Higher -
+ Slightl p—
ghily wem No change )
1 Neutral .
Lower —J
T Slightly cool
4+ Cool
-+ Cold

64. Do you have an ability to control the temperature on your radiators? Yes(J) No(J
65. If yes, do you use this possibility? Never(J Sometimes() Often(]

66. Do you turn lower the temperature in the apartment during the night?

(JYes, | lower the temperature in some rooms, but not throughout the apartment

(JVYes, | lower the temperature throughout the apartment

(No, | do not lower the temperature during the night

(_JDo not know

67. How often do you change the temperature on your radiators?
(_JDaily or almost daily

(_JNot daily but at least once a week

(_JNot more than once or twice the last two weeks

(_JDo not change

If you have any comments, please write them here:

Thank you!
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APPENDIX B

Individuals’ characteristics by percentage distribution of their gender, age, and education level

in the original and the renovated residential buildings in the first case study. The numbers depict

period of winter, as a reference season.

individuals Original Renovated
ndividuals Binary variables (n=45) (n=49)
characteristics
Percentage (%)
Female 51 63
Gender
Male 49 37
<30 10 13
31-40 15 24
41-50 15 17
Age 51-60 12 15
61-70 32 17
71-80 12 9
>80 4 5
University degree 22 25
. High School 24 18
Education level -
Secondary vocational school 26 44
Other 28 13
Smoker 27 38
Health Non-smoker 73 62
ea
Allergic 36 31
Non-allergic 64 69

154



APPENDIX C

Calculated annual values of heat losses due to heat transfer via building constructions and
ventilation as well as of produced heat gains for building pair 1l (a) and Il (b): the original
building (left), the renovated building (right).

a) Building pair Il:
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