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Highlights:

* Indoor environmental quality (IEQ) in energy-efficient houses was studied over time

* |EQ was generally acceptable over time except when ventilation systems were shut
down

* More quiet, user-friendly and robust ventilation systems have to be developed

* Inspection of ventilation systems and frequent maintenance by professional should be
mandatory

* Information should be provide to the user to avoid some behaviour leading to poor

IEQ



Abstract

In order to improve the knowledge of the indoor environment quality of energy-efficient
buildings, a 3-year follow-up study was carried out in two wooden-framed low-energy single-
family houses in France. Several indoor air indicators and indoor environmental parameters
were measured during seven weeks in total from the pre-occupancy stage up to three years of
occupancy. Questionnaires were used for each investigation to record the family activities and
perceived comfort of occupants. The ventilation systems presented some shortcomings,
including the failure to reach the designed exhaust air flow rate and induced occupant
dissatisfaction. Regarding the measured pollutants, both houses didn't present any specific
indoor air pollution. The variability of indoor air quality over time was explained by the high
emissions from the new building materials, products, and paints during the first months after
completion and then more episodically by human activities during occupancy. Regarding the
thermal comfort and even if occupants were globally satisfied, overheating and underheating
were observed. According to our results and in order to guarantee the health and the wellbeing
of occupants in these buildings, it would be useful to integrate the solar shadings at the very
first stage of the building design, to design more quiet, user-friendly and robust ventilation
systems and to implement mandatory inspection as well as frequent maintenance by
professionals and finally to promote the labelling of low-emitting construction and decoration

products, furniture and consumer products.

Key words: aldehyde, volatile organic compound, particle, thermal comfort, mechanical

ventilation, wooden detached house



1. Introduction

The impact of global warming due to anthropogenic greenhouse gas emissions has promoted
energy efficiency and support for renewable products around the world. In France, the
government has pledged to cut its greenhouse gas emissions by four-fold from the 1990
baseline by 2050. For the existing buildings, the government has committed an extensive
program to reducing their energy consumption by 38% between 2009 and 2020 [1]. For the
new buildings (built after January'12013), the enforcement of the 2012 Thermal Regulation
(RT 2012) aims to generalize energy-efficient buildings with a reinforced airtight envelope
[2]. Following the reinforcement of the Thermal Regulation, especially between 2000 and
2012, the required primary conventional energy consumption of the new buildings was
divided by about four: from 190 kWh/m? per year to less than 50 kWh/mz per year. Over the
same period, the required air leakage rate of the envelope was divided by two: from about 4
ACH at 50 Pa to less than 2 ACH at 50 Pa for single-family houses. Buildings are now built
with much higher airtightness requirements in order to prevent uncontrolled ventilation heat
losses. In order to satisfy energy performance and ventilation requirements, the mechanical
ventilation systems are increasingly used. Moving from buildings with infiltration rate by air
leakage to airtight buildings mainly mechanically ventilated is a large step change in terms of
culture. There are increasing concerns regarding the impact of the airtight construction on
health and well-being of the occupants such as the possible degradation of the indoor
environment quality (IEQ), the effectiveness of the mechanical ventilation system in
maintaining healthy indoor environment, the potential impact of occupants behaviour on the
operation of the equipment (ventilation, heating, cooling,etc). To date few data on indoor air
quality (IAQ) in energy-efficient buildings is available. A first review on IAQ in energy
efficient buildings concluded that further researches are needed [3]. More recently, a review

of the background information regarding low-carbon housing in the United Kingdom [4] cited



just one study conducted in four energy-efficient houses [5]. Some authors [6] reported in a
review of case studies published between 2008 and 2013 in ASHRAE's “High Performing
Buildings” magazine that most of these studies mentioned IAQ design construction but
generally did not provide measured IAQ data. In the same year, research priorities focusing
on IAQ in highly energy-efficient buildings were proposed to fill the gap of knowledge and
take into account the health and comfort of the occupants of these future buildings [7]. In
conclusion, data relative to IAQ and more generally to IEQ in energy efficient buildings are
urgently needed to have an overview of any possible problems in such buildings to rapidly
adjust the building practices and/or occupants’ habits.

In this context, the French Indoor Air Quality Observatory (OQAI) has launched a specific
research program dedicated to IAQ and comfort in energy efficient buildings. A first study
was carried out in seven energy-efficient newly built houses (house “A” to house G”) before
and during the houses’ first year of occupancy [8]. It provided the indoor concentrations of
some pollutants such as volatile organic compounds, aldehydes and particles and made
possible to find some hypotheses concerning the pollutants sources. Although the ventilation
systems allowed an air exchange rate of 0-&d higher, some shortcomings were reported

and occupants complained about noise annoyances and complexity of use. No conclusions
were drawn on the potential changes of the IEQ over time because the measurements and
observations were carried out in a relatively short period of time and were not repeated. The
monitoring was extended by two supplementary years in two of these houses (house “B” and
house “E”) to study the potential changes over time of ventilation conditions and IEQ
parameters and to consolidate the first results.

This three-year follow-up study aims specifically to:



- follow the operation of the ventilation system over time and to collect regularly the
feedbacks of occupants relating to the acoustic comfort, the use and the maintenance
of this system,

- describe the time trends in indoor concentrations over a long period,

- describe the thermal comfort during repeated seasons in these buildings in which
heating and cooling energy use are reduced.

In addition this three-year follow-up study completes, with additional parameters and over a
longer period, the results provided by the rare previous longitudinal studies of IAQ in energy-

efficient houses [5, 9, 10, 11, 12].

2. Materialsand methods

2.1. Description of the measurement sites

Two single-family detached houses (house “B” and house “E”) located in the western area of
France (Pays-de-la-Loire) were investigated in this study (Table 1). They were built in 2009
within the requirements of the former French 2005 Thermal Regulation (RT 2005) but can be
considered as highly energy-efficient homes as defined by the RT 2012, in particular because
of their high airtightness levels and their low theoretical energy consumption. These houses
were part of the earliest energy-efficient houses built in France. Their inhabitants (architects
of the building) were aware of IAQ and have chosen low-emission building products to avoid

indoor air pollution.

Table 1 - Main characteristics, occupation description of both single-family detached houses

(n.e.: not estimated)

2.2. Measurement protocol



The IAQ was monitored immediately after the completion of the houses, from June/July 2009
to January 2012 (Table 2). Seven weeks of measurements were performed for each house: one
week in the pre-occupancy stage and six weeks over 3 years in the occupancy stage during
summer (2009, 2010, and 2011) and in winter (2009-2010, 2010-2011, and 2011-2012). The
thermal comfort parameters were measured in the occupancy stage during each weekly
investigation and, in addition, the temperature was measured continuously until December
2012. The exhaust air flow rate was measured in the pre-occupancy stage and twice in the
occupancy stage (winter 2010-2011 and winter 2011-2012). The sound pressure level
generated by the mechanical ventilation with heat recovery (MVHR) was measured one time

during the occupancy stage (winter 2011-2012).

Table 2 - Weekly mean outdoor temperature (°C) xstandard deviation, moving dates and
weekly investigation dates of the IAQ and thermal comfort parameters in the pre-occupancy

stage and in the occupancy stage of both houses (n.a.: not available)

The measurement protocols for assessing IAQ and thermal comfort have been previously
presented in detail [8, 13]. Briefly, the IAQ parameters were measured weekly on-line as
follows: 1) the total volatile organic compounds (TVOC in ub/toluene equivalent;
uncertainty of + 38 pg/f) were measured every 10 minutes with a photoionisation detector
(PGM 7240 — RAE Systems); 2) the carbon dioxide {@Oppm; uncertainty of +3% of
reading +50 ppm) was measured every 10 minutes by a non-dispersive infrared probe (TSI Q-
Trak 8552); 3) the number of particlesftidiameter: 0.3-20 pum) was measured every 10
minutes by an optical portable aerosol spectrometer (dust monitor 1.108 — Grimm,); and 4)
the carbon monoxide (CO in ppm; uncertainty of £3 ppm) was measured every 5 minutes with

an electrochemical sensor (gas monitor Draeger Pac Ill). The target volatile organic



compounds (VOCs) and aldehydes were sampled by diffusive samplers over 7 days
(Radielld®®) and were analysed and quantified in pub/hy gas chromatography, mass
spectrometry and flame ionisation, and high-performance liquid chromatography with
detection by UV absorption respectively. The analytical uncertainties were estimated to be
15% for the VOCs and 10% for the aldehydes. These compounds were measured following
the same protocols as those implemented in the national survey on IAQ in French dwellings
conducted by OQAI [14]. All the analytical methods and the detection limits for each
compound have been previously detailed [15]. All other organic compounds whose
concentrations exceededudi/m’® were identified and quantified ag/m® toluene equivalent.

For the statistical calculation, each concentration of these organic compounds below the limit
of quantification (LOQ) was replaced by LOQ/2, and each value below the limit of detection
(LOD) was replaced by zero. The mass concentrations efRMy/nT) were sampled with a
sampling system (Chempass, Model. 3400, Thermo Fisher Scientific) coupled to an air
sampler (Microvol 1100, Ecotech) on Teflon filters at 1.8 I/min from 5 pm to 8 am on
weekdays and for 24 hours per day on weekends and then weighed in the laboratory
(uncertainty of +13 pg/f). The outdoor mass concentrations of 2Mere collected from

the continuous measurements made by the air quality monitoring network of the Pays-de-la-
Loire region (Air Pays-de-la-Loire). The indoor temperature (T in °C) and relative humidity
(RH in %) were measured during occupancy during each week of investigation with Hydrolog
sensors (Rotronic, uncertainty of £ 0.3°C and £ 1.5% RH at 23°C). Outdoor and indoor
temperatures were continuously measured from January 2010 to December 2012 with
wireless temperature sensors. Because MVHR systems are not often checked during/after the
completion of the building, we decided to measure the exhaust air flow rate in order to
compare it with the designed exhaust air flow rate and to determine the noise level generated

by the ventilation systems. The exhaust air flow rate (I/s) and the sound pressure level (LAeq



in dB(A)) were occasionally measured for each fan speed of the MVHR system, respectively,
by an array of hot wires (Swemaflow 233, Admi Industries, uncertainty of 4% of the
measured value with a minimum of 1 I/s) and by a type 1 integrating-averaging sound level
meter (Bruel & Kjaer, Type 2250, uncertainty of £0.3 dB).

The main bedroom and the open kitchen to the living room (called kitchen/living room) of
each house were investigated. The passive sampling systems (VOCs and aldehydes) were
installed in the main bedroom, while other noisy and bulky measurement devices (TVOC,
PM. s, and particle number) were placed in the kitchen/living room. The CO concentrations
were measured only during the heating season in each room equipped with combustion
equipment. The air temperature, relative humidity, and €Dcentrations were measured in

both rooms during each weekly investigation. Additional continuous measurements of the air
temperature were made in a second bedroom, in the office, and outdoors from January 2010
(April 2010 for house E) to December 2012. The exhaust air flow rate and the sound pressure
level were measured, respectively, for each accessible outlet and in each room.

The MVHR systems were switched on at the medium fan speed during the pre-occupancy
investigations and then in manual or automatic mode during occupancy. For house E, these
instructions were not followed correctly during the pre-occupancy stage because the
occupants were present during the first 24 h, and they switched off the MVHR system before
leaving their house. MVHR system adjustments were performed before the pre-occupancy
stage for house B and immediately before the first week of the occupancy stage (summer

2009) for house E.

2.3. Survey questionnaires
Concurrent with sampling and measuring, two questionnaires were developed based on the

national survey on indoor air quality in French dwellings [16]. They were fulfilled by



occupants at the end of each investigation. The first questionnaire recorded the occupancy, the
use and the maintenance of the ventilation system, the use of the heating system, the window
opening all day long, the presence of smokers, the installation of new furniture, the
arrangement or decoration works, and the use of products known as sources of indoor air
pollutants such as incense, candles, air fresheners, fragrances, pesticides, cleaning products,
etc. The second questionnaire provided the perceived comfort of occupants on air stuffiness,

thermal comfort and acoustic comfort and the reasons of the discomfort if any.

3. Results

3.1. Ventilation systems: air flow rate, use, and maintenance

Table 3 presents the measured exhaust air flow rate for each house in different service rooms.
The decrease in the time of the air flow rate for two rooms of hous& Bgthroom and the
kitchen/living room) during winter 2010-2011 was linked to the outlet filters not being
cleaned since the installation of the ventilation system (1.5 years prior). After cleaning,
second measurements were made in the kitchen/living room, and, as expected, the air flow
rate increased. The measured air flow rates were compared to the preliminary design values
given by the consulting firm. The designed air flow rate was reached for house B, except for

in the kitchen/living room, but never for house E, despite adjusting the MVHR system.

Table 3 - Measured air exhaust rate (I/s) per room as a function of the fan speed of the MVHR
system and comparison to the designed air exhaust rate for the medium fan speed for both

houses (n.m.: not measured)

The continuous A-weighted sound pressure level was measured during the winter 2011-2012

stage in different rooms for each house (Table 4). The sound pressure levels were lower for

10



house E than for house B. In both houses, the sound pressure level measured in each room
increased according to the fan speed of the MVHR system. The utility room where the
MVHR system was located was the noisiest room as expected. In house B and for the high fan

speed, the sound pressure level exceeded 30 dB(A) and more than 35 dB(A) in the bedrooms.

Table 4 - Measured continuous A-weighted sound pressure level or LAeq (dB(A)) between 50
and 1000 Hz per room as a function of the fan speed of the MVHR system for both houses

during winter 2011-2012 (n.m.: not measured)

At the beginning of the survey, the occupants complained about the complexity of use of the
MVHR system (even with the manual) and about the weekly programmed timer because the
clock-switched speed changes did not match their lifestyle. The manufacturer of the MVHR
system proposed to use the low fan speed during inoccupancy or during the night, the
medium, most of the day and the high, during intense cooking or party. At the end of the
survey, the inhabitants of house B mainly used the MVHR system in the manual mode
because they were still unable to change the program. They reported that a re-adjustment of
the MVHR system was necessary. The inhabitants of house E used the default program mode
until summer 2011 and then succeeded in matching the program mode with their own
lifestyle. In terms of maintenance, the occupants of both houses were used to changing the
heat recovery filters every 6 months, but only the occupants of house E cleaned or changed

the kitchen and bathrooms extract filters.

3.2. Air stuffinessand indoor air quality
During occupancy, the weekly median £@vels were lower than 840 ppm in the main
bedroom and in the kitchen/living room and showed a seasonal variation (Figure 1) in both

houses. These levels were approximately 300 ppm higher in winter than in summer. The

11



median CQ concentration was similar in both rooms, taking into account the measurement

uncertainties, except for in winter 2010-2011 in house B.

Figure 1 - Weekly median G@oncentration (ppm) measured in the main bedroom (black
columns) and in the kitchen/living room (grey columns) of each occupied house season (n.a.:

not available).

The median level of TVOCs and the concentration of sixteen VOCs and six aldehydes most
frequently detected in at least 50% of the samples are presented in Table 5. Nine organic
compounds were always quantified (quantification frequency = 100%) in the occupancy
phase (from high to low concentrations: hexaldehyde, formaldehyde, acetaldehyde, alpha-
pinene, limonene, toluene, 1,2,4-trimethylbenzene, m-p xylenes, and acrolein). Among these
nine most frequently quantified organic compounds, the three aldehydes and the two terpenes
presented the highest median concentrations in both occupied houses. The concentrations of
the majority of these VOCs and aldehydes were higher before occupancy than after for both
houses, most likely because these compounds were off-gassed from various brand new indoor
structural and interior materials, whose emission intensity is highest just after house
completion. The highest concentrations of TVOC, VOCs, and aldehydes were measured
during the pre-occupancy stage in house E, possibly because the MVHR system was
accidentally switched off during the main part of the measurement period. The air renewal
was low without the ventilation system and while the windows were closed because of the

absence of occupants.

Table 5 - Indoor TVOC, VOC and aldehyde levels ((fyimeasured weekly in the main

bedroom of each house at the pre-occupancy stage and during occupancy by season. LOD:

12



limit of detection; LOI: limit of identification (<1 pg/m3); LOQ: limit of quantification; n.a.:

not available

The CO concentrations measured in winter near the wood stove located in the kitchen/living
room of each house were quasi-systematically equal to zero ppm. A few peaks of
concentrations less than 20 ppm were episodically measured in winter 2010-2011 and winter
2011-2012 for house B and in winter 2011-2012 for house E, early in the morning
(approximately 7 am) or late in the evening (after 9 pm).

The PM s mass concentration and the median number of particles measured during the pre-
occupancy stage and during occupancy are shown in Table 6. The measured values were
higher during occupancy than before, except for the number of particles in house E when the
ventilation system was switched off during the pre-occupancy stage. During occupancy, the
measured values were higher in winter than in summer, although all the data were not

available for both houses.

Table 6 - Weekly PMs mass concentration (Lgfjrand median number of particles
(particle/cnf) measured in the kitchen/living room at each house at the pre-occupancy stage

and during occupancy by season. (n.a.: not available)

3.3. Indoor climate conditions

During each week of investigation, the indoor air temperature and the relative humidity were
measured in the main bedroom and the kitchen/living room of each house. The absolute
humidity, expressed as the ratio of water vapour-to-unit mass of dry air (g/kg), was calculated
according to these parameters. Table 7 shows that the mean indoor air temperature was higher
in house B than in house E regardless of the season. The mean values were higher than 23°C

for house B and 21°C for house E in the summer period and lower than 22°C for house B and

13



19°C for house E in the winter period. The absolute humidity was higher than 8 g vapour/kg

dry air in the summer period and lower than this in the winter period.

Table 7 - Weekly mean indoor temperature (°C) and absolute humidity (g/kg) + standard
deviation measured in the main bedroom and in the kitchen/living room at each house during

occupancy by season. (n.a.: not available)

To assess the thermal comfort conditions, the indoor air temperature measured in both houses
over 2 years was compared to two threshold temperatures. These threshold temperatures were
set based on human thermal comfort temperature range: a “hot” threshold temperature being
at 27°C and a “cold” threshold temperature being at 16°C. This range refers to advisory
values from energy providers, shifted in economic mode, in the “worst case” type of room.
The percentage of time above 27°C or below 16°C was calculated for each month only during
occupancy. Figure 2, relative to the indoor temperature measured in the kitchen/living room
where the wood stove was located, shows that thermal discomfort was observed in winter and
in summer for both houses. During the heating season (between October and April), the
percentage of time with indoor temperatures below 16°C was lower and occurred more
sporadically for house B than for house E. Overheating was observed in the summer months
(between May and September) regularly in house B and only occasionally in summer 2010 in

house E.

Figure 2 - Percentage of time per month when the indoor temperature measured in the

kitchen/living room of house B (upper) and house E (lower) was below 16°C (black columns)

or above 27°C (grey columns) over 2 years.
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3.4. Perceived comfort by occupants

According to the perception questionnaire, the occupants of both houses were “rather
satisfied” with the thermal comfort but highlighted some dissatisfaction. In winter, they
complained of cool mornings when the heating system was turned off during the night and
was not functioning when they woke up. They complained about the inhomogeneous heat
distribution in the house leading to higher temperature in the room containing the stove and
temperature default in coldest rooms (bedrooms, office). In summer, only the occupants of
house B complained of having high temperature in the living/room and in the bedrooms
especially at the end of afternoon. With regard to the acoustic comfort, they were from
« rather satisfied » to « highly satisfied» most of the time; the occupants of house B

complained about noise annoyance when the ventilation system operated with high fan speed.

4. Discussion

4.1. Operation and use of ventilation systems

Some of the shortcomings of the MVHR systems highlighted in this study were consistent
with those reported in recently built Dutch homes [17, 18] and in zero-carbon homes [10, 19]
equipped with these systems. Regarding the noise annoyance generated by the ventilation
system, the high sound levels measured were consistent with the occupants’ dissatisfaction.
Some authors reported that noise from the ventilation system was a nuisance when the
systems operated with higher air flows [20]. Moreover, more user-friendly and robust
ventilation systems are needed, as reported in another study [21], and their maintenance
should be assured by qualified professionals rather than by the occupants, who are not always

motivated or able to correctly maintain the system.
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4.2. Comparison of IAQ with other studiesin newly built ener gy-efficient wooden frame

houses
Before describing in detail the time trends of indoor pollutants concentrations, it appears
useful to compare our results with those reported from previous studies carried out in similar
airtight homes i.e. newly built, wooden frame energy-efficient dwellings [5, 9, 10, 11, 12, 22].
For this purpose, the arithmetic means and the standard deviations of the most frequently
measured VOCs and aldehydes in both occupied houses were calculated. As shown in the
Table 8, our results are consistent with previous studies: most of the measured VOCs and
aldehydes showed concentrations in the range of those measured in other studies. The
concentrations of benzene, ethylbenzene, alpha-pinene, and beta-pinene reported here were,
however, lower, while the 1,2,4-trimethylbenzene, acrolein, and n-butylacetate concentrations

were higher in comparison to previous works.

Table 8 - Concentrations of the most frequent VOCs and aldehydes measured in this study for
each occupied house compared with the results of previous studies conducted in newly built,

wooden framed, energy-efficient dwellings (n.m.: not measured)

4.3. Indoor air quality over time: change and causes of variability

Five main time trends in temporal evolution of IAQ were identified. By comparing our results
to those of other longitudinal studies and with the collected informations by questionnaires,
the reasons of the observed variability of these concentrations were proposed.

4.3.1. Stability of aldehyde concentrations

The concentrations of formaldehyde, hexaldehyde, and benzaldehyde during occupancy were

relatively stable over time.
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No seasonal variations were observed for formaldehyde, although higher concentrations have
been measured by other authors [5, 23] in summer in new buildings. Our results are consistent
with previous study [24] where the authors observed that the emission rates of formaldehyde
were generally similar at the beginning and the end of the 9.5 month study period in new
manufactured houses. Other author [25] demonstrated over the course of 8 months after
construction in a new dwelling that formaldehyde showed an initial decay constant similar to
that of TVOCs and a later decay three orders of magnitude slower, predicting that
formaldehyde emissions would persist for many years. An another study [26] noticed that
formaldehyde did not follow the decrease in VOC levels within the initial months after
completion but rather continued to decrease slowly over 2 years, especially in new, wooden-
framed homes. These authors suggested that wooden materials require a longer flushing
period than other materials in new homes.

The concentration of hexaldehyde was relatively stable in both occupied houses over time,
similar to a previous study [24]. In two of the four newly manufactured houses, the authors
reported that the temporal change in the emission rate of hexaldehyde was low over 2 and 9.5
months following installation. In a newly built house, high formaldehyde, pentanal, and
hexaldehyde concentrations were ascribed to primary emissions from the plywood subfloor,
passage doors, and cabinetry [27]. Other authors found that the most prevalent aldehydes
emitted from commonly used building materials, such as particle board and medium-density
fiboreboard, were hexaldehyde, pentanal, benzaldehyde, and heptanal [28]. Hexaldehyde has
also been found to be emitted from wood-based furniture coatings and alkyl paints during the
air-drying period [29, 30]. Recent particle board furniture and wood-pressed products also
contributed to the high levels of hexaldehyde and pentanal, but when more than one year old,
these materials don’t have any influence on both aldehyde levels [31].

4.3.2. Seasonal variation of CO,, PM ;s and acetaldehyde concentrations

17



A seasonal variation of concentrations was noticed during occupancy fofla@@r level in
summer than in winter), and for BMand acetaldehyde (both presented mean concentrations
higher in winter than in summer).

As proposed by others authors [32], the seasonal variation of theddCentration could be
related to the increased rate of air exchange in these houses in summer possibly due to the
opening of windows. Opening windows produces the greatest increase in air change rates
compared to temperature differences and wind effects [33]. The occupants of both houses
reported in the questionnaire to open the windows for longer times during the day in summer
(more than one half hour per day) than in winter (rarely or never) and used the free night-time
cooling in summer.

The seasonal variation of the PMmass concentration was also previously [34, 35] and
appears to be partially linked to different ventilation practices in summer and in winter. The
highest particulate matter infiltration was observed in summer, and the lowest infiltration was
observed in winter [26]. Because of the window opening in summer, the indoor PM
concentrations were highly correlated with the outdoor PM concentrations, whereas in winter,
the PM concentrations were more strongly influenced by indoor activities. This finding was
confirmed in this study, as the indoor and outdoor; PEbncentrations showed a strong
positive correlation in summer (r = 0.78) and a weak positive correlation in winter (r = 0.14).
In winter, the perfect superposition of the CO concentrations attributable to incomplete
combustion processes with the particle number concentrations illustrated for house B in
winter 2009-2011 (Figure 3) indicated the emission of particles from the wood heating
system. According to recent studies [37, 38], these emissions of particles occur at the time of

lighting the fire or when opening the fire chamber door to put in firewood.
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Figure 3 - Variations in particle number (particle’fgrey line) and CO concentration
(ppm) (black line) measured every ten minutes in the kitchen/living room of house B during

the week of investigation in winter 2010-2011.

The higher level of acetaldehyde observed in winter could be due to the use of a wood-
burning stove for space heating reported in the questionnaire. This hypothesis is in line with
previous studies, which have shown that high emissions of aldehydes, most frequently
formaldehyde and acetaldehyde, were induced by conventional wood stoves and fireplaces
[39, 40, 41, 42, 43].

4.3.3. Gradual decrease of aliphatic hydrocarbons concentrations

The gradual decreases in the concentrationsnalecane andn-undecane to near
disappearance observed in this study during occupancy were consistent with the declining
time trend over time observed for these compounds by other authors [5, 9, 23, 25,44] but the
reasons are not well known.

4.3.4. Gradual increase of acetic acid concentrations

The gradual increase in the concentration of the acetic acid over time observed in this study
during occupancy was also observed approximately 10 months after the completion of newly
manufactured and site-built houses [24], who identified plywood as one of the main possible
sources. Acetic acid is known to be emitted from wood-based products [45] and is derived
from the degradation of the acetyl groups in hemicellulose [46]. Substantial emissions of
acetic acid and/or furfural acid have been observed for heat-treated wood-based building
products [47]. According to these authors, the thermal degradation of the hemicelluloses in
wood is auto-catalysed by the amounts of acetic acid generated, which could explain the

increasing time trend observed for this acid over time.
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4.3.5. Occasional concentrations peaksfor aromatic hydrocarbons, ter penes and other
compounds
During occupancy, the concentrations of all aromatic hydrocarbon compounds
(alkylbenzenes, 1,2,4-trimethylbenzene, benzene, ethylbenzene, styrene, toluene and xylenes),
all terpenes (alpha-pinene, beta-pinene, camphene, and limonene), acrolein, isovaleraldehyde
andn-butylacetate were relatively stable over time, except for a few periods of investigation
when they increased drastically. These temporary increases in concentration, regardless of the
season, seemed to be induced by the occupants’ activities affecting the strength of
discontinuous indoor sources, which outweighs any influence that the air change rate and the
continuous indoor sources could have on the IAQ. During the week of investigation in winter
2009-2010, the simultaneous peaks of xylenespf{rytene ando-xylene) with occasional
alkylbenzenes and ethylbenzene for both houses were associated with a strong odour of paint
sensed by our technical team arriving in each house. Xylenes are widely used in the chemical
industry as solvents for products (paints, inks, dyes, adhesives, etc.) and are also emitted by
cigarette smoking [48]. According to the questionnaire, touch-up paint was used before the
beginning of the sampling period on new wood furniture introduced in house B and during the
installation of the wood stove in house E. Cigarette smoking did not seem to be a potential
source of xylenes in our case study because. The simultaneous presence of peak
concentrations of alpha-pinene and limonene were noticed during the last two weeks of the
investigation (summer 2011 and winter 2011-2012) for both houses as well as in winter 2009-
2010 for house B and in summer 2009 for house E. The alpha-pinene concentrations were
always higher than those of limonene, except for in house B during summer 2011. Alpha-
pinene is a naturally occurring terpene emitted by wood-based products and is contained in
aerosol paint concentrates, cleaning and sanitation products, paints and varnish removers,

waterproofing compound solvents, and flavouring [48]. Limonene is also a natural component
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of fruits and vegetables and may also be applied as a flavour and fragrance additive in food, in
cleaning or polishing products, and in personal care products or solvents. The installation of
new wood-based furniture reported during the weeks of sampling (summer 2009 and summer
2011) by the homeowners of house E reported in the questionnaire could explain the high
levels of alpha-pinene and limonene. Others authors [49] noted that after the introduction of
new wood-based furniture into a closed room, the indoor concentrations of monoterpenes
increased (15 times for alpha-pinene and 4 times for limonene), with much higher
concentrations of alpha-pinene. The emissions of limonene were the lowest and decreased
with time, while the alpha-pinene emissions increased fromshe the §' days, decreased

after 9 days and reached an equilibrium state after theld$ The other peak concentrations

of terpenes could not be explained by reported activities. As reported previousty [8],
butylacetate was quantified at high concentrations of 548 }ig/minter 2009-2010 in house

B and of 108 in pg/min the pre-occupancy stage in house E. This compound was related to
the daily use of perfume and hairspray in the main bedroom where VOC sampling was carried
out in house B and the increase of all pollutants concentrations linked to the switched off
MVHR system for house E. After the presentation of these results to the occupants of house B
at the beginning of the next period of measurement (summer 2010), they changed their
behaviour which impacted the IAQ. Because they decided to use their cosmetics only in the
main bathroom separated from their bedroom, the level of this compound decreased sharply
and ranged consistently from below the limit of identification to less than 8ugime
guestionnaire did not reveal any activity that might explain the peak concentrations of
acrolein (winter 2009-2011 for house B), known as a combustion product, or of

isovaleraldehyde (summer 2011 for house E).

4.4. Thermal comfort and causes of the thermal discomfort
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Based on the comparison of the air temperature with two threshold temperature, the under-
heating was noticed in the heating season in both houses and the overheating in house B
during summer. These observations were in accordance with the perceptions of the inhabitants
and the reasons of this thermal discomfort were identified. During the heating season, the
higher frequency of temperatures under 16°C in house E was explained by the homeowners,
who preferred to limit their use of firewood because of the cost. The problems were solved in
house B by installing electrical radiators near the dining table in the kitchen/living room. In
contrast, overheating was measured in summer in both houses but more frequently in house B.
The homeowners of house B did not want to install external solar shading simply for
aesthetics and for architectural reasons, while house E was equipped with external solar
shading. The presence of overheating just during the first summer of occupancy in house E
seemed to show that the occupants learned to manage their external solar shading effectively
during the following summers. Our results were in accordance with those in eight passive

houses [20].

5. Conclusions

Two newly built, wooden-framed, energy-efficient houses were investigated from 2009 to
2012 in order to follow up on the IAQ and occupant comfort over time. The investigation
periods started from the completion of houses construction before occupancy and finished
after three years of occupancy. Despite the limited sample size, this study brings new data on
IEQ in energy-efficient and airtight buildings, as well as on temporal variations of indoor air
concentrations that were never described before in such buildings over a long period.
According to our measurements and observations, the IEQ and comfort conditions in these
both houses were generally acceptable over time despite some specific problems. Regarding

IAQ, the comparison with literature data did not show any specificity regarding measured
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indoor air pollutants in these buildings. The change of indoor concentrations over time
appeared to be consistent with previous observations. The use of low emitting construction,
and decoration products, furniture and consumer products would limit the episodic indoor air
pollution events linked to human activities. Because of the ventilation systems play a crucial
role in providing a sufficient air renewal rate to maintain good IAQ especially in buildings
with high airtightness, it would be useful to improve the performance and ventilation system’s
robustness with more quiet, user-friendly and operational effectiveness of ventilation systems
all lifelong in order to avoid the risks of occupants turning them off. In addition, mandatory
inspection of these systems by a qualified professional as well as frequent maintenance would
increase the chance of achieving the designed exhaust air flow rate and maintaining proper
ventilation conditions during occupancy. Thermal discomfort must be avoided by bringing
more attention from the beginning of the design phase and in informing the occupants of their
behaviour’s impact especially in these buildings where heating and cooling energy use are
reduced.

For the future, it would be particularly interesting to investigate other energy-efficient houses
occupied by different households in order to study the user behaviour with regard to the IEQ
and energy consumption of a house. The comparison of occupant’'s behaviour could be made
between owners/tenants, high income/low income, more or less ecofriendly people, more or
less motivated people by IAQ, etc. It would also be interesting to study the IEQ in retrofitted
energy-efficient buildings. The study could be extended to other types of buildings with
specific occupation rate and indoor pollution sources, e.g., multi-family dwellings, schools,

and offices.
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Table 1 - Main characteristics, occupation desamptf both single-family detached houses (n.e.: not estimated)

House B House E
Location Region Pays-de-la-Loire (France) Pays-de-la-Loire (France)
Type two storey single detached house one storey single detached house
Floor area (1) 153 116
Construction material timber timber
Average U-value for home (W/C) 0.360 0.299
cellulose / wood fiber / wool cellulose / wood fiber / wool
Characteristic Insulation material
wood wood
of the
natural insulations, mineral
building natural wood walls, natural

paint, formaldehyde-free
Choice of low-emissions building products insulations, formaldehyde-free
plywood, oiled wood floor in
and materials plywood, mineral paint, oiled
factory, gypsum fiberboard with
wood floor in factory
purifying properties

Completion date July 2009 June 2009

Building Measured building airtightness 0.89 0.62




airtightness (ACH at 50 pascals pressure) [0.19] [0.11]

and energy [m*h.nf at 4 pascals pressure]
performance Annual consumption of conventional
46 79
primary energy(kWh/nf/year)
Energy-Efficient building certification BBC-Effinergie (on going) in accordance with Passivhaus

Balanced MVHRwith 3 fan Balanced MVHRwith 3 fan
speeds (low /medium /high) speeds (low /medium/high)

Heat recovery rate : 97-99% Heat recovery rate : 97-99%

Ventilation system Intake air cleaned by a G4 filter Intake air cleaned by a G4 filter
(or F8 filter) (or F8 filter)
Equipments Extract side protected by a G4 Extract side protected by a G4
filter filter
< 0.05 (switched off) < 0.05 (switched off)
Averaged air exchange ratéACH) per
0.3 (low) 0.1 (low)
house according the fan speed of MVHR
0.5 (medium) 0.4 (medium)
system [8]
n.e. (high) 0.2 (high)




Main heating system

(additional heating system)

5 kW wood burning stove with
7kW wood burning stove with an
an air intake from the outside
air intake from the outside
installed in February 2010

(single point heat source with
(single point heat source with

additional electric heaters in
additional electric heaters in

bathrooms)
bathrooms)

Hot water production

Electric hot water tank until May
Solar hot water with electric
2011 then solar hot water with
booster
electric booster

Cooking fuel

electricity electricity

Occupant status

Architect who designed his own Architect who designed his own

house house
Occupation Household composition 2 adults / 2 children 2 adults
Occupation rafe 0.67 0.40
Smoking status No smoker No smoker




%annual consumption of conventional primary energy for heating, cooling, ventilation, auxiliaries, domestic hot water production and lighting
facilities according to the French thermal regulation RT 2005 (k\i/éar). The primary energy conversion factors were 0.6 for wood and 2.58

for electricity.

® mechanical ventilation with heat recovery

¢ averaged air exchange rate derived from the ACH measurements by SF6 tracer gas in two rooms of each house in taking into account the
volume of those rooms and the total volume of the house

4 occupation rate = number of occupants / number of main rooms



Table 2 — Weekly mean outdoor temperature (°C) tstandard deviation, moving dates and
weekly investigation dates of the IAQ and thermal comfort parameters in the pre-occupancy
stage and in the occupancy stage of both houses (n.m.:not measured)

House B House E
July, 15th-22nd , 2009 June, 22nd-29th, 2009

Pre-occupancy

(outdoor temperature : n.m.) (outdoor temperature : n.m.)
Move in date July, 2009 August, 2009

August 25th-September 1st, 2009August 26th-September 2nd, 2009

Summer 2009

(outdoor temperature : n.m.) (outdoor temperature : n.m.)

February, 12th-19th, 2010 February, 12th-19th, 2010

Winter 2009-2010
(outdoor temperature : 2.4 + 3.5) (outdoor temperature : 2.1 + 3.3)

August 31st-September, 7th, 2010  September, 1st-8th, 2010
Summer 2010
(outdoor temperature : 19.9 + 5.1) (outdoor temperature : 19.5 + 4.8)

January, 25th-February 1st, 2011 January, 26th-february'? 2011
Winter 2010-2011
(outdoor temperature : 2.7 + 2.9) (outdoor temperature : 1.7 £ 2.9)

September, 1st-8th, 2011 September, P-9th, 2011
Summer 2011
(outdoor temperature : 18.9 + 3.7) (outdoor temperature : 18.8 + 3.8)

January, 3rd-10th, 2012 January, Z-9th, 2012
Winter 2011-2012
(outdoor temperature : 10.1 + 1.5) (outdoor temperature : 9.2 + 1.9)




Table 3. Measured air exhaust rate (I/s) per room as a function of the fan speed of the MVHR

system and comparison to the designed air exhaust rate for the medium fan speed for both
houses (n.m.: not measured)

House B House E
Fan
speed Pre- Winter ~ Winter Designed Pre- Winter Winter Designed
Rooms of  occupancy 2010-2011 2011-  air  occupancy* 2010- 2011-  air
MVHR 2012 exhaust 2011 2012 exhaust
rate rate
low 31 2+1 <2 2+1 <2 31
1% bathroom medium 611 6+1 5+1 6+1 4+1 4+1 5+1 8+1
high 7£1 8+1 6+1 7£1 7+1 8+1
low 5+1 <2 5+1 2+1 <2 3+1
2" bathroom medium 11+1 31 10+1 11+1 4+1 4+1 4+1 8+1
high 13+1 4+1 12+1 7+1 7+1 7£1
low n.m. <2 /51 31 n.m. 4+1 4+1
+
kitchen/living medium 1‘;;%1/ 8+l 1441 n.m. 8+1 8+l 14+l
room B
i +
high n.m. 6+1/ 1041 n.m. 13+1 1641
14+1

* measured before the MVHR system’s adjustment

* second measurement after the extract filter’s cleaning



Table 4 - Measured continuous A-weighted sound pressure level or LAeq (dB(A)) between 50
and 1000 Hz per room as a function of the fan speed of the MVHR system for both houses
during winter 2011-2012 (n.m.: not measured)

House B House E

Rooms Fan speed of MVHR

Low Medium High Low Medium High

kitchen/living room 27 29 44 24 25 27
1*' bedroom 29 32 37 18 25 27
2" pedroom 23 32 39 21 25 25

3 bedroom 19 31 38 - - -
1*' bathroom 27 25 33 17 17 20
2" bathroom 27 34 43 21 21 28
office 25 n.m. 29 18 18 20
utility room 20 48 56 24 31 50




Table 5 - Indoor TVOC, VOC and aldehyde levels (L.8)/measured weekly in the main bedroom of each house at the pre-occupancy stage and
during occupancy by season. LOD: limit of detection; LOI: limit of identification (<1 pg/m3); LOQ: limit of quantification; n.a.: not available

House B House E
> = o S > = o S
s o o — 2 o) o —
Chemical Quantification g S tc\)l. S 8. S CC\)J. = S 8. =) 8. =) 8.
| Compounds ¢ %) & N o) N o N — S N o N o N —
class requency (%) 3 5 8 ] S ] S 3 g 3 © S 3 S
o = « = « c « o c « c « = «
o — — — o — — —
¢ £ & E &g E @ |¢§ E ¢ E &g E g
a N = ) = N = a N = N = ) =
= = = = = =
TVOC? 15 6 128 <LOI <LOI 84 381 | 3087 17 569 17 6 82 228
AIkbeenzene% 79 19.0 <LOI 9.8 <LOI 9.8 7.5 51| 921 <LOI28.0 104 9.1 10.0 8.5
1,2,4- L
. 100 54 47 47 1.7 3.0 6.5 4.5 14 7.8 7.9 3.5 2.1 1.3 5.0
trimethylbenzene
Benzené 64 1.0 1.2 18 <LOQ 3.7 2.3 n.a 10 <LOQ 18 <LOQ 14 3.4 <LOD
Aromatic Ethylbenzen®e 93 3.6 1.7 13.2 <LOQ 1.8 2.1 26| 2224 5.1 6.8 1.8 1.3 6.3 3.7
hydrocarbons
Styrené 86 50 18 40 17 26 45 44 72 02 08 <L@QWQ 21 1.9
Toluené 100 11.0 54 6.2 2.6 4.4 9.0 88 36.7 5.1 5.3 3.0 2.9 15.9 7.1
m-+p-Xylené 100 10.7 3.7 384 25 4.8 3.0 3.8 56%BOQ 220 4.5 4.4 12.3 6.4
o-Xylené 71 54 20 134 16 2.0 <LO®LOQ|163.6 5.4 8.4 n.a n.a 4.8 2.1




Aliphalic n-Decané 71 241 16.0 3.4 <LOXXLOQ 1.9 1.1]101.8140 65 <LD 15 <LOD 2.9
hydrocarbons  _yndecane 57 379 240 3.4 <LOQ 5.1 <LOD<LOD| 934 26.0 57 <LOD<LOQ <LOQ 3.1
Acetaldéhyd® 100 16.1 7.9 221 86 297 100 161 30.8 230 290 183 233 166 553
Acroleirf 100 28 09 24 53 183 12 2p 31 16 29 26 16 24 30
Benzaldehyde 86 36 <LOlI 54 20 22 40 34| 236 <LOI20 29 18 102 7.3
Aldehydes
Formaldehyd® 100 483 20.0 311 250 354 285 268 217 17.0 200 245 144 298 19.0
Hexaldehyd® 100 112.0 29.0 36.1 418 67.3 457 639 684.96.0 88.0 1215539 1254 111.7
Isovaleraldehyde 57 6.0 <LOI<LOl 2.8 <LOl <LOl <LOl|131 73 50 51 16 220 <LOI
Alpha-pinen8 100 432 130 90 96 110 195 242 294180 68 86 59 238 250
Beta-pinen& 57 6.8 <LOI<LOI 21 2.2 5.6 3.9 na <LOKLOlI 26 <LOI 5.5 7.4
Terpenes
Camphen 79 82 <LOlI 26 21 33 <LOlI 34 | 237 <LOl 32 24 22 47 43
Limonen& 100 183 6.6 47 47 72 518 186 923 110 92 59 62 157 226
Esters n-butylacetdte 64 6.5 <LOI548.0 43 <LOl 7.1 <LOI[108.2 <LOI 25 35 19 <LOI 87
Acide Acetic acil 64 <LOl <LOI 3.2 39 96 223 450 <LOKLOlI 54 <LOl 44 480 252

#median concentration of TVOC measured by PID

P calibrated afluene equivalent



ACCEPTED MANUSCRIPT

¢ calibrated aspecific calibration
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Table 6 - Weekly PM2.5 mass concentration (ug/m3) and median number of particles
(particle/cm3) measured in the kitchen/living room at each house at the pre-occupancy stage
and during occupancy by season. (n.a.: not available)

House B House E

PM, s mass Median value of particle PM;smass Median value of particle

concentration number [0.3-20] concentration number [0.3-20]
(/) (particle/cnd) (Hg/nT) (particle/cnd)
Pre- 74 335 12.1 408.0
occupancy
Summer 78 150 - 107
2009 ' ' : -
Winter
2009-2010 21.8 n.a. 23.5 137.5
Summer 95 26.8 \a 423
2010 ' ' e -
Winter
2010-2011 4.1 166.1 n.a. 95.1
Summer
2011 7.5 16.3 8.4 n.a.
Winter
2011-2012 25.0 32.7 9.8 n.a.
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Table 7 — Weekly mean indoor temperature (°C) and absolute humidity (g/kg) + standard
deviation measured in the main bedroom and in the kitchen/living room at each house during
occupancy by season. (n.a.: not available)

Temperature (°C) Absolute humidity (g/kg)
House B House E House B House E
Main | Kitchen/living| Main | Kitchen/living| Main | Kitchen/living| Main | Kitchen/living
Bedroom room bedroom room Bedroom room Bedroom room

Suzrggger 242+15| 234+19 |21.6+1.1| 227+1.6 | 85+15| 82+15 | 92+15| 90+1.4

Winter n.a n.a n.a n.a n.a n.a n.a n.a
0005010 M a a a a a a a
Sggﬂfr 253+1.6| 24.4+14 |223+0.8 226408 | 86+1.2| 86+1.2 | 92+10| 9.0+0.9

winter | o004 182+411 |15.9+¢1.0| 16.9+1.4 | 6307 | 58406 | 51406 | 5.040.7
2010-2011

Sggﬂer 23.9+1.3| 24.4+13 |[21.740.9] 22.1+12 | 9.9+1.2| 10.0+1.1 | 10.4+#1.0| 10.1+0.9

winter 18401 21.0:08 |17.5¢0.6| 18.8+1.1 | 7.9¢06 | 7.6:04 | 7.7405| 7.5:0.5
2011-2012
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Table 8 — Concentrations of the most frequent VO@kadehydes measured in this study for each occupied house compared with the results of

previous studies conducted in newly built, wooden framed, energy-efficient dwellings (n.m.: not measured)

Our study Our study [5] [5] [9] [10] [11] [11] [12] [12]
Net Zero
Construction Energy- Energy- Minergie Net Zero
BRE Low- BRE Low- Four Zero Energy Low-energy
type and energy efficient efficient single Energy Near-zero-
energy single| energy single Carbon single single
characteristics single single detached single energy
detached detached houses (1, 2 detached detached
(building’s detached detached house detached apartment
house (T) house (%) 3,4) house house
name) house (B) house (E) (Berne) house (Stow)
(Townsend)
Occupation and occupied occupied unoccupied | unoccupied occupied occupied occupied occupied unoccupied, | unoccupied
furnishing furnished furnished furnished furnished furnished furnished furnished furnished unfurnished | unfurnished
6 weeks of | 28 periods of| 28 periods of 3 3
6 weeks of 4 weeks of
Strategy of passive 28 days of 28 days of 3 periods of | consecutive | consecutive 1 day of 1 week of 12
passive passive
measurement sampling passive passive active one-week one-week active active
sampling samplings
after completion within 3 sampling sampling sampling passive passive sampling samplings
over 3 years over 1 year
years over 2 years| over 2 years sampling sampling
Mean Mean Range of Range of
Indoor Mean Mean Mean Mean Mean
concentration| concentration concentration| concentration
concentrations | concentration| concentration concentration| concentration Measured | concentration
during the during the measured in| measured in
of VOCs and +standard *standard +standard +standard concentration|  +standard
first year/ the| first year/ the main main
aldehydes deviation deviation deviation deviation deviation
second year| second year bedroom bedroom
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according 3 | according 3
ventilation ventilation
rates rates
1,2,4-
4.2+1.6 4.6x2.8 n.m. n.m. n.m. n.m. 0.7-1.1 1.2-1.9 n.m. n.m.
trimethylbenzene
Benzene 1.9+1.2 1.3+¥1.2 2714 5/5 n.m. n.m. 0.0-21.9 2.8-21.6 3.1
Ethylbenzene 3.614.7 4.242.3 n.m. n.m. 23+17 n.m. n.m. n.m. n.m.
Toluene 6.1+2.5 6.6+4.8 19/6 12/6 30423 n.m. 8.6-10.9 12.4-20.6 11.6 13+Z
m+p-Xylene 9.4+14.2 8.4+7.7 81 /%25 64/ 21° n.m. 2.2-3.8 3.5-7.0 20.8
0-Xylene 3.315.0 5.2+2.6 1245 n.m. 2.4-2.7 1.9-35 n.m.
n-Decane 3.846.1 4.2+5.4 n.m. n.m. 2220 n.m. 2.5-33 4.2-7.8 n.m. n.m.
n-Undecane 5.549.3 5.9+10.1 751/18 701717 33+25 n.m. 5.5-7.0 3.9-6.9 n.m. n.m.
Acetaldéhyde 15.7+8.7 27.6+14.3 n.m. n.m. 35154 n.m. 40.6-41.8 23.1-431 n.m. 17+2
Acrolein 5.146.7 2.4+0.6 n.m. n.m. 1+1 n.m. n.m. n.m. n.m. n.m.
Benzaldehyde 3.4+1.4 4.0£3.9 n.m. n.m. 243 6.3-7.0 6.1-6.7 n.m. n.m.
Formaldehyde 27.845.3 20.845.5 59/42 51/ 37 9+6 34+12 25.7-2p.1 38.3-49.6 43x15
Hexaldehyde 47.3+15.3 99.4+26.6 n.m. n.m. 148+94 n.m. 166-177 117-150 48.9 n.m.
Alpha-pinene 14.446.1 14.748.7 n.m. n.m. 168+89 n.m. 52.4-64.4 26.2-41.1 297
Beta-pinene 3.5+1.7 5.242.4 n.m. n.m. 18+17 n.m. n.m. n.m. n.m. 54+10
Limonene 15.6£18.5 11.8+6.4 n.m. n.m. 96+20 n.m. 19.8-26.1 15.8-25.4 64.7
n-butylacetate 186,5+313.1 4.243.1 n.m. n.m. 3+l n.m. n.m. n.m. n.m. n.m.
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&for ethylbenzene and m-xylene
® for xylenes
¢for BTEX

9 for alpha-pinene, beta-pinene, 3-carene and limonene
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Figure 1 - Weekly median GQroncentration (ppm) measured in the main bedroom (black

columns) and in the kitchen/living room (grey columns) of each occupied house by season
(n.a.: not available).

60% - 57%
—54%
50% -
®% of time below 16°C for house B
1%
Q . |
£ 40% 1 0% of time above 27°C for house B
e
=}
[o)
© 30% 21%
g 23%
o 21%
8 20% -
14%
10% 0% 9%
0 0
% - 5% 6% H5% 5% 406 5% 5% 6%
4%
% [
O%J,o‘o‘guo. Ao o i Hnimnzs  BAHUE
SE8E85c5058588888:¢5558R¢888¢8¢8¢858¢88¢88¢88¢
SSSQRRSTTYRNIIVRIRIILRRSITSICIIRIRIQRIRLITRS
£ = > o5 o @ £ = 5 o O £ = > 5 T O
%%gamgggngg.t:%%ga%g%gnggn%%gamgg‘gnggn
:3@@8_1-—%’E9EE:EGQE.E-—QEQEEzem@E.a-—.g’EQEE
S 5 € 200 QS 5 €E s oo ® S 5 € s 0909
S o 20 > 98 3g 20 29 %79 206 > 9
“ ) [SE - D o o “ D o Qo
7] c T » € T 3 c T
60% -
m% of time below 16°C for house E
50% |

0% of time above 27°C for house E

IS

o

ES
L

31%

Per centage of time
w
Q
>

19%

17%

10% -
5%

0% S e e e RN

S'o'o’'c’'o’o =1 e e N R R da'dd g N NN NN o —
Sg2gogdz3gocgdocoogddgdddgd-godoodgdagdgdgaogaos
0o NNJgA N 0O o QNN o220 NN
I e T R R e N R
Palle = >0 7] o O > > = >0 7] o O > > = >0 7] o o
mm8‘5“”:%‘3-‘3389mmga“’cg‘zﬂggﬂmmga“’cg‘zﬂggﬂ
gE“’mE-E'—g‘ggEggE“’mE-E'—QEQEEEEGMEE-—%’EQEE
5§ F T2828c5°F T2828s5°F T28¢g8
-2 o 3o —2 o 5302 Q 2 90
7] c T 7] c T 7] c T

Figure 2 — Percentage of time per month when the indoor temperature measured in the

kitchen/living room of house B (upper) and house E (lower) was below 16°C (black columns)
or above 27°C (grey columns) over 2 years.
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Figure 3 - Variations in particle number (particle?gnigrey line) and CO concentration
(ppm) (black line) measured every ten minutes in the kitchen/living room of house B during
the week of investigation in winter 2010-2011.



Highlights:

Indoor environmental quality (IEQ) in energy-efficient houses was studied over time
IEQ was generally acceptable over time except when ventilation systems were shut
down

More quiet, user-friendly and robust ventilation systems have to be devel oped
Inspection of ventilation systems and frequent maintenance by professional should be
mandatory

Information should be provide to the user to avoid some behaviour leading to poor

IEQ





