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PREFACE 

This thesis is a result of a Ph.D. study carried out at the Section of Building Physics at the Department 
of Civil Engineering at the Technical University of Denmark (DTU). The Ph.D. was financed by a 
scholarship from DTU. Professor Carsten Rode, Ph.D. has been the main supervisor of the project 
while Associate Professor Geo Clausen, Ph.D. and Associate Professor Toke Rammer Nielsen, Ph.D. 
acted as co-supervisors.  

Majority of the experimental work was performed in the town of Sisimiut, Greenland. In 2012 Jack 
Hébert hosted an 8 months external research stay at Cold Climate Housing Research Centre (CCHRC) 
in Fairbanks, Alaska in connection with the study.  

The work is based on scientific papers that are enclosed in the end of the thesis. 

 

Lyngby, January 2014 

Martin Kotol 
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SUMMARY  

Buildings in Arctic climates require large amounts of heat to provide their occupants with a 
comfortable indoor environment. In recent years the intention to conserve energy has caused 
buildings in the Arctic (and worldwide) to become more insulated and airtight. The natural infiltration 
of buildings is being reduced to avoid heat loss and unpleasant air drafts, often without proper 
compensation. Many studies have shown that living in insufficiently ventilated spaces increases the 
risk for asthma and allergy symptoms. However, the indoor environment in Arctic dwellings has 
seldom been investigated.  

For energy and indoor environmental reasons it is advisable that new airtight buildings be equipped 
with mechanical ventilation systems with heat recovery. Nevertheless, these systems when exposed 
to the Arctic winter climate face the risk of frost formation, which may put the ventilation system out 
of order for long periods or potentially damage it. 

The main objectives of the work described in this thesis have been: A) to provide new knowledge 
about optimal operation and performance of low energy technologies in the Arctic and B) to map the 
indoor environmental quality in dwellings in the Arctic. 

The first part of this thesis provides an overview of three case studies undertaken in newly built 
residential buildings in Greenland and Alaska. It was found that ventilation systems in these buildings 
are either under or oversized which has a significant negative effect on their indoor air quality or 
energy use respectively. One of the evaluated buildings in Greenland had ventilation units that were 
not equipped with the frost protection and as a result, serious ice buildups appeared inside the heat 
exchangers. The prototype heat exchanger developed at the Technical University of Denmark and 
installed in the Low Energy House in Sisimiut had experienced an unnoticed malfunction for the first 
3 years of operation. However, after repairing the heat exchanger it was capable of continuous 
operation without freezing and reached an average thermal effectiveness of 69 %. In Alaska, three 
out of four ventilation systems studied in new homes used recirculation as a method of frost 
protection. This strategy allowed a continuous operation of the ventilation system; however, the 
fresh air supply was reduced significantly during winter months. 

The second part of the thesis presents a cross sectional study on indoor air quality performed in 
Sisimiut, Greenland. A questionnaire as part of the study found that over 30 % of respondents 
experience cold discomfort during winter months (i.e. cold floors, cold draft or too low indoor 
temperature), 35 % of the respondents reported frequent condensation on windows. Despite the 
cool summers 40 % of the respondents complained about summer overheating. It was also found 
that 34 % of the respondents smoke inside their homes. Additionally it was revealed that ventilation 
equipment is typically limited to fresh air openings on walls, mechanical exhausts from bathrooms 
(present in 63 % of the dwellings) and kitchen range hoods (installed in 82 % of the dwellings). 
Presence of balanced mechanical ventilation was not reported by any of the respondents.  

The questionnaire study was followed by summer and winter measurements in bedrooms of 79 
dwellings selected among dwellings inhabited by the questionnaire respondents. The winter 
measurements indicate that 73 % of the monitored bedrooms experienced average additional 
moisture higher than 2.5 g/kg or average night CO2 concentration above 1000 ppm and 59 % of 
bedrooms had experienced both. This indicates that the majority of the monitored bedrooms were 
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insufficiently ventilated. The problems with poor ventilation were more severe in newer buildings 
(build after 1990) due to tighter envelopes and unchanged ventilation strategies.  

In conclusion, it is possible to provide dwellings in the Arctic with good indoor environment. 
However, this is largely dependent on the design of buildings and their ventilation systems. The 
ventilation should not rely on simple wall openings as they prove to be inefficient in providing 
continuous air change at a sufficient rate without creating thermal discomfort. 
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DANSK RESUMÉ 

Bygninger i arktiske klimaer kræver meget varme for at sikre et komfortabelt indeklima for brugerne. 
Som følge af de senere års intentioner om at spare energi er bygninger i arktiske områder (og resten 
af verden) blevet bedre isoleret og mere lufttætte, og den naturlige infiltration i bygningerne er 
blevet reduceret for at undgå varmetab og trækproblemer, ofte uden tilstrækkelig kompensation. 
Mange studier har vist, at ved at leve i utilstrækkeligt ventilerede bygninger øges risikoen for astma 
og allergi symptomer, men indeklimaet i arktiske huse er sjældent blevet undersøgt. 

Med hensyn til energi og indeklima er det en god idé at installere mekaniske ventilationssystemer i 
nye lufttætte bygninger, også selvom ventilationssystemer opsat i arktiske egne har risiko for at blive 
udsat for frost, der kan sætte ventilationssystemet ud af drift i længere perioder eller ligefrem 
beskadige det.  

Hovedmålet med arbejdet beskrevet i denne afhandling er: A) At give ny viden om optimal drift og 
ydeevne af lavenergi teknologier i arktiske egne, og B) At anskueliggøre kvaliteten af indeklimaet i 
boliger i arktiske egne. 

Den første del af afhandlingen giver et overblik over tre cases af nybyggede boliger i Grønland og 
Alaska. Det viste sig at ventilationssystemerne i disse boliger var enten under- eller 
overdimensioneret, hvilket har en stor negativ effekt på hhv. indeklimaet eller energiforbruget. En af 
case bygningerne havde ventilationsenheder som ikke var udstyret med frostsikring, hvilket 
resulterede i alvorlige isdannelser inden i varmevekslerne. I en anden case så man at den prototype 
varmeveksler der blev udviklet på DTU og installeret i Lav Energi Huse i Grønland havde en fejl der 
ikke var blevet opdaget de første 3 år den var i drift. Efter fejlen var fundet og repareret var 
varmeveksleren i stand til at fungere uden at fryse til og nåede en gennemsnitlig effektivitet på 69 %. 
I Alaska brugte tre ud af fire undersøgte ventilationssystemer recirkulation som frostsikring. Denne 
strategi gør det muligt for ventilationssystemet at fungere hele året, men mængden af frisk luft der 
bliver blæst ind i vintermånederne er stærkt reduceret.  

Den anden del af afhandlingen omhandler et studie af luftkvalitet i bygninger foretaget i Sisimiut, 
Grønland. Et spørgeskema, der var en del af studiet, viste at over 30 % af respondenterne oplevede 
at der var for koldt gennem vinter månederne (f.eks. kolde gulve, træk eller for lav inde temperatur), 
og 35 % oplevede ofte kondens på vinduerne. På trods af kolde somre, så svarede 40 % at de 
oplevede overophedning om sommeren. Ydermere fandt man at 34 % af beboerne ryger inde i deres 
hjem. Derudover blev det kortlagt at ventilationsudstyr ofte kun består af simple friskluftåbninger i 
vægge, mekanisk udsugning fra badeværelset (i 63 % af boligerne) og køkkenudsugning i form af 
emhætte (installeret i 82 % af boligerne). Der var ingen balancerede ventilationssystemer blandt 
besvarelserne. 

Spørgeskemaundersøgelsen blev fulgt op af målinger foretaget i sommer og vinter i soveværelser i 79 
boliger, udvalgt blandt spørgeskemabesvarelserne. Vinter målingerne indikerede at 73 % af de 
undersøgte soveværelser havde en gennemsnitlig fugt differens mellem ude og inde på over 2,5 g/kg, 
eller en gennemsnitlig CO2 koncentration på over 1000 ppm om natten, i 59 % af soveværelserne 
oplevede man begge dele. Dette indikerer at størstedelen af de undersøgte soveværelser ikke var 
ventileret ordenligt. Problemerne med dårlig ventilation var værst i nyere bygninger (bygget efter 
1990) pga. deres tætte klimaskærm og uændrede ventilationsstrategi.  
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Konklusionen er at det er muligt at give boliger i Arktiske egne et godt indeklima. Dog er det meget 
afhængigt af designfasen af bygninger og dertilhørende ventilationssystemer. Ventilation bør ikke 
være afhængig af simple åbninger i vægge, da de har vist sig at være ineffektive i forhold til at kunne 
levere et kontinuerligt luftskifte, med en tilstrækkelig luftmængde, der ikke skaber termisk ubehag. 
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1 INTRODUCTION 

The Arctic climate is rather cold and dry, so living inside heated buildings results in significant energy 
consumption. In Greenland (which was the main region of interest of this PhD study) households 
account for 25 % (of which 85 % is heat and 15 % electricity) of the total energy consumption [2]. For 
comparison, in EU-27 households are responsible for 24 % of energy use [3]. Given the fact that 
another 25 % of the Greenlandic energy is used to actually deliver energy and water to the consumer 
(including households), the real contribution of households to the overall energy use is higher than 
25 %.  

 Relatively small amounts of insulation have been used in the exterior envelope of buildings until 
recently [1]. These constructions have been rather drafty which further decreases the interior 
surface temperature towards the dew point. Consequently, structural damages and indoor moisture 
and mold problems are not uncommon in this otherwise “dry climate”. Although the thermal indoor 
climate has not been satisfactory, the energy consumption for heating has been rather high; 
Greenlandic average heat consumption was 387 kWh/m2 in 2009 [2] which is 141 % more than the 
Danish average heat consumption [4,5].  

Obvious solutions to decrease the heat consumption while maintaining good indoor air quality (IAQ) 
are (i) to improve the building envelope by tightening and increasing the insulation thickness, and (ii) 
to install ventilation systems that can provide the dwelling with sufficient air change. The ventilation 
systems can be equipped with heat recovery to reduce the energy needed for heating the fresh air 
supply. Nonetheless, the cold and dry outdoor climate renders a challenge for using mechanical 
ventilation systems. In efficient heat recovery units where warm and humid indoor air meets the cold 
outdoor air, condensation and subsequent frost formation may arise and eventually turn the entire 
device into a block of ice. Note that preheating of supply air may be applied to cope with this issue. 
However, such a solution is energy consuming. Alternatively, smarter heat recovery units may be 
used, but it must be kept in mind that availability of skilled labor is limited and fixing a broken unit 
may take months.  

Insufficient ventilation leads to increased humidity levels and poor IAQ which may have negative 
effects on health and comfort of occupants [6-10]. This can be dealt with by applying proper air 
change which would (besides removing unwanted pollutants) remove a fraction of the moisture. 
Nevertheless, improperly managed air change during extremely cold and thus dry weather may lead 
to low indoor humidity which is also unacceptable since it may cause problems such as skin irritation, 
mucous membranes irritation or sensation of dryness [11]. 

Overall, there is a significant challenge in providing the inhabitants of buildings in Arctic climates (i.e. 
not only in Greenland) with good indoor environment, provided this should be completed in an 
energy efficient manner. The problem is relevant in relation to an assessment of the standard of 
current buildings, and their possible renovations. The problem is also relevant for assessing the 
performance of new buildings such as the Low Energy House in Sisimiut and the new dormitory for 
engineering students Apisseq [II]. Experience from the Low Energy House [I] (now nine years old) has 
shown that direct application of low energy technologies used in milder climate to conditions 
prevailing in the Artic is not straightforward and may be quite challenging [12]. 
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The aim of the present PhD project has been to evaluate the technical solutions of new state of the 
art residential buildings in the Arctic with respect to IAQ and energy use. Particular focus has been 
put on ventilation systems and their performance in these buildings. Furthermore, user behavior, 
energy use and IAQ have been investigated in existing Greenlandic dwellings. 

The entire project has been divided into two major parts. In the first part three case studies were 
conducted on three residential building projects: 1) The Low Energy House in Sisimiut, Greenland [I]; 
2) the engineering dormitory Apisseq in Sisimiut, Greenland [II] and finally 3) The Sustainable Village 
in Fairbanks, Alaska [III]. Results from these studies were presented in separate papers I, II and III. 

The second part was dedicated to the studies of user behavior, energy use and IAQ in existing 
dwellings in Greenland. It started with the cross sectional questionnaire study performed in Sisimiut, 
Greenland (presented in paper IV) and was followed up with a cross sectional study in 79 dwellings 
selected from the respondents of the questionnaire study (presented in paper V).  
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2 OBJECTIVES AND HYPOTHESIS 

The main objectives of this work have been: 

A. To provide new knowledge about actual operation and performance of low energy 
technologies in the Arctic; and 
 

B. To map the IAQ, energy consumption and occupant behavior in Greenland. 
 

The first objective was addressed in the following publications which are referred to in the thesis by 
their roman numerals:  

I. Low-Energy House in Arctic Climate: Five Years of Experience 
Vladykova P., Rode C., Kragh J., Kotol M. 
 Journal of Cold Regions Engineering 2012, (26), p. 79-100.  

II. Energy performance and Indoor Air Quality in Modern Buildings in Greenland 
Kotol M., Rode C., Vahala J. 
Accepted to HVAC&R Research (in January 2014) 

III. Survey of Indoor Air Quality in the University of Alaska, Fairbanks - Sustainable Village 
Kotol M., Craven C., Rode C. 
Submitted to Nordic Symposium of Building Physics 2014, Lund-Sweden 
 

Similarly, the second objective was addressed in the following publications: 

IV. Survey of occupant behaviour, energy use and indoor air quality in Greenlandic dwellings 
Kotol M. 
Part of proceedings: International Building Physics Conference 2012, Kyoto-Japan 

V. Indoor Environment in Bedrooms in 79 Greenlandic Households 
Kotol M., Rode C., Nielsen T.R., Clausen G. 
Submitted to Building and Environment (in January 2014) 

The hypotheses of this work have been: 

A. It is possible to install mechanical ventilation systems with heat recovery into 
dwellings in the Arctic while ensuring their continuous operation in harsh Arctic 
conditions and keeping them simple enough in order to be installed and maintained 
by local craftsmen thus providing the Arctic dwellings with good IAQ and 
substantially reducing the energy consumption. 

 
B. In Greenland, the development of ventilation techniques of homes has not been 

following the development of airtightness of the building envelopes and 
requirements on IAQ which has led to poorer air change and consequently poorer 
IAQ in new dwellings.  
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3 STRUCTURE 

This PhD project studied the indoor environment of residential buildings in cold climates, and 
systems providing these buildings with good indoor air quality in the Arctic. Throughout the duration 
of the project three case studies and one cross sectional study were conducted.  

The thesis is divided into two main parts. 

Part I. addresses the first objective. Three case studies are presented here:  

The case study Low Energy House in Sisimiut, Greenland (article I), was conducted at the beginning of 
this PhD project. In this study the performance of a ventilation system with prototype heat 
exchanger developed for cold climates was studied.  

The second case study was on the engineering dormitory Apisseq (article II). It is an ongoing project 
co-financed by DTU. This recently built dormitory in Sisimiut was equipped with a complex 
monitoring system in order to study its performance and IAQ. Energy performance of the entire 
building, performance of the ventilation system and IAQ are studied.  

The third case study was undertaken in Fairbanks, Alaska. IAQ in the new Sustainable Village (which 
is a group of four residential homes constructed using state of the art technology) was performed. 
This case study is presented in article III. 

The second objective is addressed in Part II of this thesis. A comprehensive cross sectional study was 
conducted in Sisimiut, to map the IAQ, energy use and habits of people living in the Arctic. It started 
with a cross sectional questionnaire study (article IV) and continued with a follow-up study where 
physical measurements were performed in selected dwellings (article V).  
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4 BACKGROUND 

4.1 Arctic 

The Arctic is a region located close to the North Pole mainly within the Arctic Circle (66° 33’N). It is 
comprised of the Arctic Ocean, parts of Russia, United States, Canada, Norway, Sweden, Finland, 
Iceland and Denmark (Greenland). 

4.1.1 Weather 

The climate in the Arctic is cold. Although it varies across the Arctic and differs from coastal to inland, 
it is characterized by long lasting winters with extremely low temperature and little sunlight. 
Summers are then cool and short with sunlight lasting as long as 24 hours/day (midnight sun). 

4.1.2 People 

There are about 4 million people living in the Arctic [13]. According to available studies, people spend 
around 65 % of their time inside their homes [14,15]. In Canada the time spent indoors is longer in 
winter (69 %) than during summer (58 %), and more time in the case of children under 11 years of 
age than in the case of adults (72.3 % vs. 64.3 %)[15].  

4.1.3 Energy  

Living inside the heated space in such cold climate requires significant amounts of energy. In 
northern Sweden, the average annual use of energy for space heating in 2006 was 174 kWh/m2 in 
multifamily buildings, and 143 kWh/m2 in one- and two-family buildings [16]. The overall average 
energy use in Norwegian households in 2009 was 181 kWh/m2, but the municipalities with the 
coldest climate had an average as high as 223 kWh/m2 [17]. The fact that 18.5 % of households in 
Norway are heated by heat pumps makes it impossible to distinguish between heating and appliance 
energy use. In Finland, the average heating energy in 2012 was 260 kWh/m2 and the electricity use 
for household appliances was 36 kWh/m2 [18]. In Canada 230 kWh/m2 of energy in was used in 2007 
[19]; of which 86 kWh/m2 was electricity in some cases used as a primary heating source. Overall, the 
average energy use for heating and DHW of dwellings in the Arctic (excluding Greenland) ranges 
between 143 kWh/m2 and 260 kWh/m2. 

4.2 Greenland 

Greenland is the world’s largest island located between the Arctic and Atlantic Ocean. 81 % of 
Greenland’s 2,166,086 km2 area is covered permanently by an ice sheet and most of the island lies 
above the Arctic Circle. The population of Greenland is approximately 56,000 people of which most 
are living in cities and settlements along the west coast. 30 % of the population lives in the capital 
Nuuk, which is located on the west coast, 240 km south of the Arctic Circle [2]. 

4.2.1 Weather in Greenland 

The climate in most cities is coastal, but since the sea freezes in the winter time in most cities north 
of the Arctic Circle (Sisimiut 66°55’N being the northernmost ice-free harbor), extreme temperatures 
can be as low as -50 °C. The average February temperature can get as low as -20 °C in some cities 
[20]. The ability of cold air to carry moisture is limited so even though the relative humidity during 
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winter is high, the moisture content is often less than 1 g/kgdry,air. Summers are cool with average 
temperature below 10 °C and with lots of solar radiation due to high latitudes. Weather data for the 
town of Sisimiut lying close to the Arctic Circle is presented in Table 1. 

Table 1. Weather data for Sisimiut [21] 

  Tout [°C]a RH [%]b x [g/kgdry,air]c Isol [W/m2] d 
January -13.1 70 0.9 3 
February -15.8 70 0.7 24 
March -17.3 62 0.5 92 
April -4.2 69 1.8 147 
May -2.8 61 1.8 210 
June 4.2 82 4.2 201 
July 8.5 76 5.2 212 
August 6.7 86 5.2 124 
September 4.5 79 4.1 71 
October -0.3 77 2.8 30 
November -4.2 75 2.0 6 
December -8.1 66 1.2 0 

a) Mean outdoor temperature 
b) Mean relative humidity (averaged) 
c) Mean absolute humidity (calculated from average T and RH) 
d) Mean global irradiance  

4.2.2 Building stock  

Compared to other countries, Greenland has almost no natural building materials. There is no forest 
to provide construction timber and no industry producing bricks, thermal insulation, glass or other 
building components. The only available and used material is stone which is used in concrete 
production. Some experiments were carried out using local clay to produce bricks or shrimp shells 
and sea weed or paper waste to produce thermal insulation. These were however only experimental 
works. All the building components need to be imported to each city by means of sea or air freight 
from abroad. 

Originally houses were constructed by their owners, but in 1950’s the government decided that for 
quality assurance houses must be built by professional craftsmen. At the same time the concept of a 
centrally developed standard houses was introduced in Greenland. Different models of homes 
(varying in sizes and layouts) were designed for Greenland. The advantage of the standardized 
approach was that homes could be prefabricated in Denmark, and shipped to any place in Greenland 
where they would be assembled. Almost all detached and semidetached houses in Greenland are 
wood-framed with wooden cladding and sloped wooden roofs with tarred paper. The apartment 
blocks usually have a load bearing structure made of concrete and the envelopes are wooden-
framed. 

According to available statistics [2] in 2010 (1.1.2010), there were 23,112 dwellings in Greenland of 
which approximately 50 % were apartments and 50 % detached or semidetached houses. The 
average floor area of a dwelling was 66 m2. Distribution of dwellings according to construction year is 
shown in Figure 1. 
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Figure 1. Distribution of Greenlandic dwellings according to year of construction [22] 

4.2.3 Energy use and price 

In 2009 the average Greenlandic household used 4,689 kWh (71 kWh/m2) of electricity and 
25.6 MWh (387 kWh/m2) of heat [2]. There is some small portion of electricity used for electric 
heating, but that cannot be separated from the total electricity use. This is by far the highest average 
energy use per square meter of living area from all available statistics for any Arctic country. 

It has been shown in previous studies [23,24] that occupant behavior has a significant impact on the 
energy consumption of buildings. These studies were conducted in milder climates. Nevertheless, it 
can be expected that in an Arctic environment where people spend more time inside their homes 
during winter than in milder climates, the effect of occupant behavior on energy consumption will be 
greater than in milder climates.  

In EU and many other countries a strong driving force for energy savings is the high cost of energy. 
This makes the investment into energy efficient technologies cost-effective in a relatively short time. 
On the other hand, In Greenland the energy is relatively cheap due to low taxation, but the price of 
installation of new technologies is higher than in Europe due to lack of competition and high 
transportation costs. As a result, new energy efficient technologies for better energy performance 
and healthier indoor environment are not commonly used even in new Greenlandic buildings. 
However, with increasing energy prices and demands on healthy indoor environment, it is possible 
that there will be an increasing demand for use of modern energy efficient technologies which will be 
able to operate in harsh arctic conditions. Nevertheless, designers and contractors have either no or 
limited experience with these technologies and that causes hindrance to the adoption and proper 
use of these technologies in Greenland. 
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4.2.5 Summary 

The high heat consumption of Greenlandic dwellings is probably caused by combination of various 
factors of which the major ones are likely a) the extreme climatic conditions, b) an old building stock, 
which is often constructed by unskilled workers or self-builders, c) no or low requirements on 
thermal insulation and airtightness, d) an energy price policy which does not motivate people to save 
energy, and e) occupant behavior. 

Paradoxically the high heat consumption does not necessarily result in a good indoor climate. If a 
building is constructed in accordance with the actual ventilation requirements, the ventilation 
equipment can be limited to simple air vents in walls. Therefore, all the ventilation elements can be 
easily blocked by occupants to avoid cold draft during winter months. This will result in a reduction of 
air exchange and consequently in poor IAQ. Even though there is not yet a requirement on 
airtightness in the Greenlandic building code, the construction techniques have improved over the 
years and building envelopes have become more airtight. Consequently, newer dwellings may in fact 
have poorer IAQ than older ones due to less natural infiltration and unimproved ventilation 
strategies. 
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5 PART I - OPTIMAL OPERATION AND PERFORMANCE OF LOW 
ENERGY TECHNOLOGIES IN THE ARCTIC 

This part investigates the recently constructed buildings and their performance with respect to IAQ 
and energy use.  

5.1 Specific background 

With the intention to conserve energy used in buildings the building envelopes have become more 
airtight to eliminate the heat loss from infiltration. This leads to a situation where natural air change 
is no longer sufficient for good IAQ. To compensate for the reduction of natural air change 
ventilation systems are installed in new buildings. These systems allow better control over the actual 
ventilation rate and also offer the possibility for heat recovery by means of heat exchangers. 

5.1.1 Heat exchangers 

Heat exchangers (HE) are devices in which the warm air extracted from the indoor space exchanges 
heat with the cold supply air without actual mixing of the two air streams. Thanks to this device, a 
significant amount of energy which would otherwise be lost is conserved. Depending on the 
construction of the heat exchangers they can either recover only heat or heat and moisture which 
can be beneficial in the Arctic where the outside air is dry. 

When the temperature of the outside air drops below the dew point of the extracted air, 
condensation may arise inside the HE. Additionally, if the outside temperature is below the freezing 
point, ice buildup may start inside the HE. To prevent HE from getting entirely blocked by ice some 
frost protection strategy is needed. The most commonly used strategies are preheating of the supply 
air before it enters the HE and/or bypassing of the supply air from the HE [27]. Another option often 
used in North America is air recirculation (see Figure 2).  

 

Figure 2. Recirculation as a defrosting function 

With air recirculation as a frost protection strategy the ventilation unit blocks the fresh air supply and 
exhaust into/ out of the house and recirculates the indoor air inside the house for a period of time to 
melt the frost from the HE [28]. Preheating and by-passing decrease the overall efficiency of the HE; 
air recirculation, on the other hand, reduces the air change with the outdoors. All these strategies 
are sufficient in mild climates as defrosting is only needed for a limited amount of time. In cold 
climates however, the frost protection may be required for substantial periods of the year, and it is 
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therefore important that it is completed as efficiently as possible. The performance of a prototype HE 
with unique frost protection function is studied in [I]. Average thermal effectiveness of 69 % and 
capability of continuous operation during winter time was ensured by using two heat exchangers in 
serial connection. Malfunction of the prototype was experienced during the first years of operation, 
but after its correction in 2009 the HE performs as anticipated. Conventional HEs are studied in 
[II,III]. The ventilation unit in [II] was not equipped with defrosting function which led to frequent ice 
buildups and likely to a damage of the HE resulting in its low effectiveness. The ventilation units 
studied in [III] were capable of operation in temperatures below -30 °C with average thermal 
effectiveness higher than 70 %. However, the defrosting strategy (recirculation) significantly 
decreased the average air change rate. 

5.1.2 Air flow control 

Traditionally ventilation systems for homes run on the constant air volume (CAV) basis which means 
they maintain a constant predefined air change rate. However, studies show that a great deal of 
energy savings without sacrificing the IAQ can be achieved by the use of more sophisticated methods 
like variable air volume (VAV) systems or demand controlled ventilation (DCV) [29]. In VAV there are 
usually two predefined modes (low/high or ON/OFF) of the ventilation between which the ventilation 
unit switches according to schedule. DCV on the other hand adjusts the ventilation rate to maintain a 
predefined IAQ. This adjustment could be continuous or step based (low/high or ON/OFF). 
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5.2 Low Energy House in Sisimiut, Greenland 

5.2.1 Introduction 

The Low Energy House was built in the town of Sisimiut in 2005. The house is comprised of two 
identical flats with a shared entrance and technical room. One flat is being rented to a Greenlandic 
family while the other remains empty and serves as an exhibition, for occasional accommodation of 
VIPs and as a test facility. The total heated floor area (including the entrance which was originally 
meant to be unheated) is 208 m2. State of the art technology was used in order to meet the target 
annual heat consumption of 80 kWh/m2. Highly insulated envelope closed for vapor diffusion by 
means of vapor barrier [Ufloor = 0.14 W/(m2·K); Uwall = 0.15 W/(m2·K); Uroof = 0.13 W/(m2·K)] was 
designed with a special focus on elimination of thermal bridges. Although the Greenlandic building 
code does not require it, a large focus was also placed on airtightness. The average infiltration rate 
was intended to be under 0.1 h-1. Different window/glazing types were used including double pane 
glazing with vacuum [Uglass = 0.7 W/(m2·K)]. The house is heated by a hydronic floor heating system 
with an oil furnace as primary heat source and 7.4 m2 of solar panels as a secondary source. As the 
very first residential house in the town, the Low Energy House was equipped with a balanced 
ventilation system with a prototype heat recovery unit. The uniqueness of the heat recovery unit lies 
in its defrosting strategy where the order of two counter flow heat exchangers in a series can be 
switched by a mechanical damper (see Figure 3).  

 

Figure 3. Scheme of the heat exchanger function 

The heat exchanger is described in detail by Kragh [30] and by Kotol [31]. The fresh air is preheated in 
the heat exchanger, after that it is heated in a heating coil and delivered into corridors and living 
rooms. Polluted air is then extracted from bedrooms, bathrooms, the technical room and entrance 
and travels through the heat exchanger out of the house. The ventilation runs on CAV basis which 
means that even during unoccupied hours (almost 100 % of the time in case of the uninhabited 
apartment) the house is ventilated at a constant ventilation rate. The ductwork is placed in an 
unheated attic and was originally insulated by 50 mm of mineral insulation. In 2009 some additional 
100 mm of insulation was added around the ventilation ducts. 

5.2.2 Methods 

Over the course of 5 years the performance of the house was monitored by a built-in monitoring 
system. In 2009/2010 an audit was undertaken in the house which revealed a series of defects. The 
major errors were: a) thermosiphoning in the solar collector loop, b) malfunctioning of the defrosting 
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mechanism inside the heat exchanger, c) excessive heat loss through the ventilation ducts and d) 
poor airtightness. The errors revealed during the audit were fixed and energy use decreased 
significantly in the upcoming year compared to the data from previous years. The fixing of the errors 
included a) installing a check valve on the solar loop, b) welding the broken damper in the heat 
exchanger, c) adding an extra 100 mm of thermal insulation on the ventilation ducts and d) 
improving the wind barrier layer of the envelope by sealing leaks discovered during replacement of 
parts of the wooden cladding. The airtightness was tested twice (before and after the audit) by 
means of blower door test. Measured values and uncertainty of measurements is shown in Table 3. 

Table 3. Uncertainties of measurements at LEH 

Variable Uncertainty 
Room temperature ± 0.4 K at 5 °C – 60 °C 
Room RH ± 4.5 % at RH 20 % - 80 %; else ± 7.5 % 
Air temperature in ventilation units ± 0.25 K at 0 °C – 50 °C; ± 0.75 K at -40 °C – 0 °C 
Heat ± (0.5 + DTmin/DT) % 
Air flow during blower door test ± 5 % 
Ventilation air flow ± 10 % 

5.2.3 Results 

The temperature effectiveness of the heat exchanger was lower than 60 % during the first three 
years of operation which was a result of the non-functioning switching damper and thus air leaking 
(by-passing) of the two plate heat exchangers. After fixing the damper in December 2009, the 
effectiveness increased significantly to the average 69 % in 2010. The box plot in Figure 4 displays a 
distribution of measured thermal efficiencies in separate years. The bottom and upper parts of the 
boxes are 25th

 and 75th
 percentile of the data, whereas the ends of the whiskers represent the lowest 

(highest) datum, but still within 1.5 times the inter quartile range (75th percentile – 25th percentile). 
The bands inside the boxes are medians and the crosses outside the whiskers are the outliers. 

 

Figure 4. Temperature effectiveness distribution over years of operation 

  























































































































































































































ble at ScienceDirect

Building and Environment 81 (2014) 29 e 36
Contents lists availa
Building and Environment

journal homepage: www.e lsev i er .com/ locate/bu i ldenv
Indoor environment in bedrooms in 79 Greenlandic households

Martin Kotol *, Carsten Rode, Geo Clausen, Toke Rammer Nielsen
Department of Civil Engineering at Technical University of Denmark, Brovej 118, 2800 Kgs. Lyngby, Denmark
a r t i c l e i n f o

Article history:
Received 18 February 2014
Received in revised form
5 May 2014
Accepted 8 May 2014
Available online 2 June 2014

Keywords:
Indoor air quality
Cold climates
Ventilation
Humidity
Dwellings
* Corresponding author. Tel.: þ 45 26123517.
E-mail address: mrko@byg.dtu.dk (M. Kotol).

http://dx.doi.org/10.1016/j.buildenv.2014.05.016
0360-1323/ © 2014 Elsevier Ltd. All rights reserved.
a b s t r a c t

The climate in Greenland is cold which means that living inside the heated space requires quite some
energy. To avoid large heat losses and cold discomfort, building envelopes are often sealed, which re-
duces natural in � ltration. The combination of reduced in � ltration and lack of mechanical ventilation
results in low air change and thus elevated concentrations of indoor pollutants. In cold Arctic regions
where people spend most of their time during long winters indoors is the effect of poor indoor air quality
(IAQ) on occupants ' health and comfort considerable. A cross sectional study in 79 dwellings was per-
formed in the town of Sisimiut. The aim was to investigate the indoor climate in Greenlandic dwellings.
Temperature, relative humidity (RH) and CO 2 concentration were measured in several rooms in each
dwelling. This paper presents the results from measurements in bedrooms. CO 2 concentrations above
1000 ppm and difference in absolute humidity between indoor and outdoor air above 2.5 g/kg as in-
dicators of insuf � cient ventilation were found in 73% of the bedrooms. The situation was signi � cantly
worse dwellings build after 1990. Although the average winter additional moisture was higher than
2.5 g/kg, the RH was low (mean RH ¼ 26%). In summer, 19% of all bedroom temperatures were above
26 � C despite the low outside temperatures. To avoid possible escalation of health problems related to
IAQ in the future and to increase comfort of the occupants, properly designed ventilation systems should
be introduced in Greenland.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In Greenland buildings require large amounts of energy for
space heating. The current Greenlandic building code (from 2006)
[1] sets the following requirements on U-values and IAQ:
Uwall ¼ 0.2 W/(m 2 K)e 0.3 W/(m 2 K); Uwindow ¼ 1.8 W/(m 2 K);
Uroof ¼ 0.2 W/(m 2$K); the air change with the outside
ACH ¼ 0.5 h� 1; there is no requirement on air tightness of the
buildings in the current building code. Because 76% of dwellings
were built before 1990 [2] , it is reasonable to assume that they do
not ful � ll the current requirements. Additionally, it is allowed that
the air change is provided by means of windows or other wall
openings that may be blocked by the occupants which may reduce
the actual air change. According to available statistics [2] the
average heat consumption in Greenlandic dwellings including do-
mestic hot water (DHW) was more than 370 kWh/(m 2$year) in
2009. For comparison the average heat consumption in Danish
dwellings including DHW is 160 kWh/(m 2$year) [3,4] . The High
heat consumption of Greenlandic dwellings is due to a) extreme
climatic conditions, b) poor thermal insulation and leaky con-
structions, c) energy price politics (relatively low price of heating
energy does not motivate to save it; and joint instead of individual
heating bills in most apartment buildings have identical effect), d)
occupant behavior (OB). It has been shown in previous studies [5,6]
that OB has a signi� cant effect on energy consumption of buildings.
We believe that in a cold region like Greenland, the effect of OB on
energy use is even larger due to greater temperature difference
between outside and inside.

In addition to large energy consumption, Greenlandic house-
holds often experience problems with poor indoor air quality (IAQ).
Results of a questionnaire study [7] showed, that ventilation
equipment is rare, and when present, it is limited to an exhaust fan
in the bathroom (only installed in 63% of households) and wall
mounted fresh air inlets. Fresh air inlets are source of cold draft and
often get sealed by the occupants in order to avoid discomfort.
Range hoods are not always installed (missing in 18% of the
households). Limited air change together with a tradition of long
lasting cooking, smoking indoors (34% of respondents), a habit of
often drying laundry inside living space and a need to bring wet
outdoor clothing inside to dry it often leads to elevated concen-
trations of moisture and indoor pollutants. With respect to the
amount of time people spend inside their homes the effect of poor
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indoor climate (IC) on occupants ' health and comfort is
considerable.

1.1. Carbon dioxide (CO2)

In previous studies it was found that exposures to moderately
elevated concentrations of CO 2 have negative effect on human
performance, perception of poor IAQ or prevalence of certain health
symptoms (such as irritation of mucous membranes, headaches or
tiredness) [8e 14] . It is however believed that these symptoms are
caused by various other pollutants whose concentrations rise along
with the CO 2 concentration as a result of insuf � cient ventilation.
CO2 is therefore often used as an indicator of IAQ. Nevertheless a
recent study on effects of CO 2 on human performance [15] found
correlation between elevated CO 2 concentration (above 1000 ppm)
and decreased decision-making performance in controlled envi-
ronment free of other pollutants. In the Alaskan study of indoor
environment [16] CO2 and relative humidity (RH) was measured in
different rooms in 8 homes for 10 days during all seasons. In
summer the average CO2 concentrations ranged from 467 ppm to
877 ppm and in winter from 438 ppm to 2368 ppm. The highest
concentrations appeared in bedrooms with the absolute measured
maximum of 4687 ppm. The CO 2 concentrations were above
1370 ppm for 2% of time in the summer and for 30% of time in the
winter. In a Danish study where ventilation rates in 500 children
bedrooms were studied [17] 32% of the measured bedrooms had
the average CO2 concentration below 1000 ppm, 23% of the bed-
rooms had a 20-min period with CO 2 exceeding 2000 ppm and 6%
exceeding 3000 ppm.

1.2. Humidity

In numerous studies it has been found that increased levels of
indoor humidity may have negative effects on human health and
comfort as they increase the risk of mold growth and concentration
of house-dust mites (HDM) [18e 21] . Sundell [19] for example in his
study in 30 homes in Stockholm area found that elevated concen-
trations of HDM allergen in bedrooms were in correlation with
additional moisture. The group of homes with low-infestation of
HDM had mean additional moisture (which is a difference between
the absolute moisture content indoors and outdoors) of 1.9 g/m 3

(1.6 g/kg) whereas the mean additional moisture for high infesta-
tion group was 2.2 g/m 3 (1.8 g/kg). Emenius [21] concludes that
homes without prevalence of condensation on double pane win-
dows and with additional moisture lower than 3 g/m 3 (2.5 g/kg)
during the winter are unlikely to have too high indoor humidity and
high HDM concentrations in mattresses. Contrariwise homes with
window condensation or additional moisture higher than 3 g/m 3

(2.5 g/kg) have 18%e 45% risk of high humidity and HDM concen-
trations. As well as too high humidity also too low humidity may
cause problems. A Finnish study [22] on the effects of humidi � ca-
tion on the of � ce workers had shown that of � ce workers have re-
ported fewer symptoms (skin irritation, mucous membranes
irritation, dryness sensation) when exposed to environment with
humidi � ed air at 30%e 40% relative humidity (RH) than when
exposed to normal conditions with RH below 30%.

1.3. Other pollutants

Apart from CO 2, moisture and other indoor pollutants typically
found in households, the questionnaire study [7] has revealed that
34% of the respondents smoke inside their dwellings. Therefore the
environmental tobacco smoke (ETC) is likely to be found in sig-
ni � cant number of households. Candle light as a part of Danish/
Greenlandic culture can also be found in many homes although no
statistical number is available. Fireplaces (as another common
source of indoor pollution) on the other hand are extremely rare as
there is no � rewood in Greenland other than scraps from the
construction sites. The heat source for apartments is typically a
district heating and for houses the oil furnaces with closed com-
bustion. Car fumes are also unlikely to be found inside the living
space as there are no garages attached to homes. Cars are typically
parked on the street. Radon on the other hand is unlikely to be
found inside the dwellings since most of them are built with a crawl
space which helps to ventilate out the eventual radon rising from
ground before it enters the indoor space.

1.4. Temperature

The European standard EN ISO 7730 [23] based on some as-
sumptions (1.2 met; 0.5 clo during summer; 1.0 clo during winter)
recommends 20 � Ce 24 � C as a winter design temperature and
23 � Ce 26 � C as a summer design temperature in order to keep the
predicted percentage of dissatis � ed (PPD) below 10%. An earlier
study undertaken in cold climate in Harbin, China [24] showed that
thermal neutrality in summer occurred at 23.7 � C and that 80% of
occupants were satis � ed when air temperature was within the
range 21.5 � Ce 31.0 � C. Humphreys [25] in his study indicates a link
between quality of sleep and bedroom temperature with a signif-
icant drop in sleep quality at temperatures above 24 � C.

A comprehensive study was performed in Sisimiut, Greenland in
2011/2012 with the main purpose to monitor the IC in Greenlandic
dwellings and to study the in � uence of OB on energy use and IC in
the Arctic. The study was divided into following parts: a) a cross
sectional questionnaire study in the entire town [7] where all
households received a questionnaire and b) summer and winter
physical measurements in dwellings selected based on the results
of the questionnaire study respondents. This paper presents the
results of summer and winter measurements in bedrooms of the
selected dwellings.

2. Methods

In the cross sectional questionnaire study performed in Sisimiut
during June 2011, questionnaires were distributed to all 2017
households in the town (results of the questionnaire study are re-
ported in Ref. [7] ). In total 270 � lled questionnaires were received
back resulting in a response rate of 13.4%. From the 227 re-
spondents who agreed to participate on a follow up study we
randomly selected 80 dwellings for the physical measurements.
The selection criterion was to have 66% apartments and 34% homes
in order to represent the current building stock in the town (and
entire Greenland). Each dwelling was monitored for seven
consecutive days (6 nights), which due to the limited number of
monitoring sets (20 sets) resulted in a total of four weeks of mea-
surements from 15 July to 11 August 2011.

On the very last moment one of the participants lost interest so
only 79 dwellings were monitored during summer (65% apart-
ments and 35% homes). We intended to repeat the measurements
in the same dwellings in the upcoming winter. However, some of
the occupants have moved out and the new occupants did not want
to participate in the survey and some lost interest. As a result, for
the winter measurements we were able to access 70 dwellings (56%
apartments and 44% homes) of which 66 dwellings were from the
summer measurements and four dwellings, which were not part of
the summer investigation. The winter measurements took place
from 20 January to 19 February 2012.

All dwellings were centrally heated by either district heating
(apartments) or oil � red furnace (houses). Radiators in the rooms
were equipped with thermostatic valves without a programming
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feature hence the night setbacks (should they be used) would have
to be adjusted manually on daily basis (which was not found to be
the case).

2.1. Physical measurements

Multiple rooms were monitored in each dwelling. For the sake
of this study one bedroom in each dwelling was selected. Each
bedroom was monitored with an indoor environment monitoring
set comprising of: a) CO 2 sensor (Vaisala GMW22 with silicon based
Single-Beam, Dual-Wavelength NDIR sensors CARBOCAP®;
measuring range 0 e 5000 ppm; accuracy ± 2% of range ± 2% of
reading; external power source 24 V); b) Temperature/RH/2
External channels data logger (Onset Computer Corp., HOBO ® U12-
013; Temperature range � 20 � C to 70� C ± 0.35 � C; RH range 5%e
95% ± 2.5%; internal battery 3 V; External channel with cable
4 mAe 20 mA used to log values from CO 2 sensor). The logging
interval was set to 5 min. All the devices were brand new and
calibrated from the manufacturer so calibration was not needed.
Outdoor temperature and RH we obtained from a weather station
placed on an experimental house in the town (the house was not
part of the survey). The sets were placed at least 2 m from the beds
and windows so the measurements were not affected by being too
close to the breathing zone of a sleeping person and far from the
fresh air inlets. In case of CO2 and temperature measurements the
main focus was on the night period (from 21:00 to 7:00) as that is
the period when the space is occupied and therefore the conditions
may affect the occupants. Also this time period was used in Ref. [17]
so it was bene� cial to use the same period for further comparison.
The humidity was evaluated for the entire measurement period as
it does not only have a direct effect on health and comfort of the
occupants, but also affects the HDM concentration and eventual
mold growth. The number of occupants in each room was reported
at the beginning of the measurements.

2.2. Data analysis

Due to the low number of dwellings and the fact that some
datasets did not pass tests for normality, we used nonparametric
statistical methods (Wilcoxon rank sum test, Kruskal e Wallis test).
In cases where datasets passed or were close to pass the normality
test we also used parametric tests (ANOVA, regression trees). We
used MATLAB® R2012b with statistical toolbox for the statistical
analysis.

3. Results

In total 83 households were monitored out of which 66 in both
summer and winter. The distribution of the monitored households
is shown in Table 1. Although the average � oor area per person
Table 1
Distribution of the monitored households according to construction year, season and
type.

Construction year Total

<1970 1970e 1990 >1990

Summer (n ¼ 79) Homes Number 17 6 5 28
m2/person 9.7 6.9 10.6 9.1

Apt. Number 9 26 16 51
m2/person 6.3 7.5 8.4 7.4

Winter ( n ¼ 70) Homes Number 17 8 6 31
m2/person 9.5 7.7 9.5 8.9

Apt. Number 9 16 14 39
m2/person 6.4 6.8 7.3 6.8
varied over the type and construction year, the variation showed to
be insigni � cant (the paired t-test yields a P-value of 0.45). The
analysis of variance showed that neither the total area nor the
volume of a bedroom was correlated with the number of occupants.

The weather during the measurement periods is described in
Table 2.

3.1. Air quality

The average CO2 concentrations measured in all bedrooms are
shown in Fig. 1 as a cumulative percentage. The dwellings were
split into three groups according to the construction year and two
groups according to the type of dwelling and are shown separately
for each season (summer and winter).

In winter the overall average night CO 2 concentration was
1307 ppm and 66% of bedrooms had the average night CO 2 con-
centration higher than 1000 ppm. When the 20 min moving av-
erages were considered, 46% of bedrooms experienced 20-
min periods with CO 2 concentration exceeding 2000 ppm and
24% of bedrooms periods exceeding 3000 ppm. A 20-min period
with CO2 concentration exceeding 4000 ppm was registered in 10%
of the measured bedrooms. The summary for both winter and
summer is presented in Table 3.

The CO2 concentrations in dwellings build after 1990 were
signi � cantly higher in both summer and winter than in older
dwellings ( P < 0.001). The average night CO2 concentration
increased with increasing number of occupants sleeping in the
bedroom (see Fig. 2).

We also found that the average CO 2 concentration was higher in
bedrooms where children sleep (either alone or with their parents)
compared to bedrooms where only adults sleep ( P< 0.05). Also the
percentage of night time with CO 2 concentration below 1000 ppm
was lower in bedrooms where children sleep (see Fig. 3).

When analyzing the questionnaires we found that respondents
who answered that they use a range hood anytime when cooking
have reported better air quality and overall indoor climate than
respondents who do not have (or do not always use) a range hood.

3.2. Humidity

The average additional moisture in bedrooms during summer
was 1.8 g/kg and during winter 3.1 g/kg. As the cumulative per-
centages in Fig. 4 shows, the newest dwellings had higher addi-
tional moisture in both seasons than the older dwellings ( P< 0.01),
and apartments in winter had higher additional moisture than
homes (P < 0.05).

During summer 16 bedrooms (20%) had the average additional
moisture higher than 2.5 g/kg whereas in winter it was 47 bed-
rooms (67%). Bedrooms with additional moisture above 2.5 g/kg
were likely to have average CO 2 concentration above 1000 ppm
while bedrooms with additional moisture below 2.5 g/kg had the
CO2 concentrations mostly below 1000 ppm (see Table 4).

Frequent window condensation was reported by 17 (25%) of the
households monitored in winter and was equally distributed
among the dwellings ' construction years and types (homes and
apartments). The average additional moisture in bedrooms with
Table 2
Weather conditions during the measurements. Values represent means (95% Con-
� dence Interval).

Summer Winter

Temperature [ � C] 9.5 (5.3,16.7) � 10.4 (� 17.2,� 0.8)
RH [%] 75.2 (38.9,97.3) 74.6 (42.7,98.7)
Absolute moisture content [g/kg] 5.4 (4.0,6.8) 1.2 (0.6,3.2)



Fig. 1. Cumulative percentage distribution of CO 2 concentrations in occupied bedrooms during night time (21:00 e 7:00) grouped according to construction year and dwelling type
(the values in brackets are mean values of all bedrooms in the group; “W” stands for winter).
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reported high frequency of window condensation was 3.7 g/kg and
16 of them had mean additional moisture >2.5 g/kg. The remaining
53 dwellings where little or no condensation on windows was re-
ported had mean additional moisture in bedroom 2.9 g/kg and 33 of
them had average additional moisture >2.5 g/kg. The average per-
centage of time with additional moisture >2.5 g/kg was 57% in case
of bedrooms without reported condensation and 81% in bedrooms
with frequent condensation reported (see Fig. 5). Among the 53
dwellings with little or no condensation on windows reported,
lower additional moisture in bedrooms was found in dwellings
where a bathroom exhaust was used frequently. On the other hand
the use of bathroom exhaust itself did not have a signi � cant effect
on moisture content in bedrooms where frequent condensation on
windows was reported by occupants ( Fig. 6).

The overall average RH in bedrooms during summer was 42%
ranging from 34% to 58%. 11 bedrooms (14%) experienced RH >60%
lasting from 0.3% to 40% of the monitoring period. In winter the
average RH was 26% ranging from 10% to 49%. 65% of the bedrooms
had average RH below 30%. Only one of the bedrooms experienced
period with RH above 60% in winter and it lasted 30 min.
3.3. Temperature

The average outside temperature during summer measure-
ments was 9.5 � C which is similar to the long term average tem-
perature in July (8.5 � C). During winter measurements the average
was � 10.4 � C which corresponds to the average temperature during
December and January (� 10.6 � C) [26] .
Table 3
Summary of CO2 concentrations in measured bedrooms.

Summer Winter

Measured bedrooms 79 70
Overall average CO2 1142 1307
Average CO2 >1000 54% 66%
20-min period CO 2 >2000 54% 46%
20-min period CO 2 >3000 28% 24%
20-min period CO 2 >4000 12% 10%
The overall average temperature in bedrooms during winter was
21.8 � C and during summer 22.7 � C. When we evaluated the night
temperatures separately (see the cumulative charts in Fig. 7) the
summer average was 22.8 � C and the winter average was 22.0 � C.

In winter the temperatures in bedrooms were within the rec-
ommended range (20 � Ce 24 � C [23] ) for most of the time (in
average for 72% of the time) and were below or above the range in
average for 12% and 17% respectively. We have not found signi � cant
correlation between the occurrences of temperatures above 24 � C
or below 20 � C and occupants' complaints on thermal discomfort.
The bedroom temperatures were higher in the newest dwellings
(build after 1990) than in the older dwellings ( P< 0.001) and higher
in apartments than in homes ( P < 0.001). Also bedrooms in homes
had longer periods with temperatures below 20 � C (in average 17%
of the night time) than apartments (7% of the night time).

In summer 55 (70%) bedrooms experienced periods with
elevated temperatures (above 24 � C) and 15 (19%) bedrooms
Fig. 2. Average night CO2 concentration measured in summer based on the number of
occupants sleeping in the bedroom.



Fig. 3. Average night CO2 concentration in bedrooms with or without kids (the
number in each column stands for number of cases).
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experienced overheating periods with temperatures above 26 � C
during night time (see Table 5).

We found no correlation between the age or type of the
dwelling and amount of overheating ( T > 26 � C) or elevated tem-
peratures ( T > 24 � C).

4. Discussion

The CO2 concentrations we measured in Greenlandic bedrooms
were generally higher compared to CO 2 concentrations measured
in other studies conducted in Denmark and Alaska [16,17] . This may
Fig. 4. Cumulative percentage distribution of bedroom additional moisture grouped according
likely be due to lower ventilation rates in dwellings investigated in
our study. Emenius [21] in his study concludes that indoor addi-
tional moisture higher than 3 g/m 3 (2.5 g/kg) is an indicator of
defective ventilation (namely air change rate below 0.5 h � 1). In our
study during winter 51 (73%) bedrooms experienced at least one of
the following: a) average additional moisture above 2.5 g/kg or b)
average CO2 concentration during night above 1000 ppm of which
41 bedrooms had experienced both. This indicates that in winter
the majority of the bedrooms was insuf � ciently ventilated. The
problem was less severe in houses than in apartments which can be
explained by larger envelope area of the houses which provides
higher air change due to more in � ltration to homes than to the
apartments. The summer situation was less critical with 40 (51%)
bedrooms experiencing at least one and 16 (20%) both of the issues
mentioned above. The summer improvement can be explained by
seasonal variation in user behavior. In order to avoid cold draught
in winter the occupants seal the fresh air vents which reduces the
air change. Considering the fact that the Greenlandic winter with
average monthly temperatures below 0 � C usually lasts over 8
months [27] and that bedroom air change does not signi � cantly
differ from that of the entire dwelling [28] we may conclude that
the majority of the dwellings in our study were insuf � ciently
ventilated for a large part of the year. The ventilation strategy in
newer dwellings remains unchanged in comparison to the older
ones and the bedroom � oor area (and volume) per occupant re-
mains the same. Therefore we assume that higher CO 2 concentra-
tions and higher additional moisture in newer dwellings are caused
by tighter envelopes and thus lower air change due to lower in � l-
tration. It has been shown in several studies [8,28,29] , that insuf-
� cient air change has a negative effect on human comfort,
performance and even health. Although the concentrations of ETC
or actual amount of candle lights were not measured, we assume
that reduced ventilation rate in majority of the dwellings and the
fact that 34% of the occupants smoke inside results in increased
concentrations of ETC as well as particles from the candle lights. A
particularly sensitive group of occupants is children as their im-
mune systems are not fully developed which makes them more
vulnerable. Our research shows that rooms where children sleep
have signi � cantly higher average CO2 concentrations and longer
periods with CO 2 concentrations above 1000 ppm than bedrooms
where only adults sleep and thus most probably also lower venti-
lation rates. Possible explanation can be that parents (and children
to construction year and dwelling type (the values in bracket s are mean values).



Table 4
Winter distribution of bedrooms according to measured CO 2 concentrations and
additional moisture.

n CO2 <1000 ppm n CO2 >1000 ppm P-value

n DX >2.5 g/kg 6 838 ppm a 41 1669 ppm a 0.0013
2.8 g/kgb 3.6 g/kgb

n DX <2.5 g/kg 19 799 ppm a 4 1132 ppm a 0.0015
1.9 g/kgb 2.1 g/kgb

P-value 0.0003 0.0011

a Average CO2 concentration during night time.
b Average additional moisture.
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themselves) are more concerned about the children 's comfort and
thus avoid opening the windows in children 's rooms as much as
possible to avoid cold draught. During Greenlandic winter the
outside air contains only little moisture and when heated has low
RH. Even though we found the additional moisture in winter to be
higher than 2.5 g/kg in 67% of bedrooms, the average RH was below
30% in 46 (66%) bedrooms which can cause discomfort problems in
occupants. Providing the space with higher (nevertheless
adequate) ventilation without any additional humidi � cation will
likely decrease the already low RH even more which may increase
this discomfort of the occupants as found in previous studies [22] .
Demand controlled ventilation with variable air volumes should be
considered when building or renovating dwellings. This way an air
change of 0.5 h� 1 (or higher if needed due to occasional high
pollution loads such as smoking, cooking or increased occupancy)
can be maintained only during occupation hours. Outside occupa-
tion hours the air change should be decreased to 0.05 l/(s m 2) as
suggested in Ref. [30] which will reduce the moisture removal from
the space. In order to maintain the RH above 30% the moisture
recovery from the ventilation air should be installed. As it was
found in the study by Kotol [31] , the heat and moisture recovery
ventilation units show some good promise in increasing the RH in
the Arctic regions. However, more research on this topic is needed
to provide enough evidence about performance of such system. The
relation between additional moisture in the bedroom air and fre-
quency of moisture condensation on windows we found is in a good
agreement with the study of Emenius [21] . It shows that
Fig. 5. Regression tree for additional moistur
experiencing window condensation is associated with average
additional moisture above 3 g/kg. The fact that there were
condensation problems found in the indoor environments with RH
below 30% indicates a poor quality of the window insulation which
(in combination with very low outside temperatures) causes the
interior window temperatures to drop below a dew point which is
1.4 � C for 21.8 � C and 26% RH. It is assumed that changing the
windows for windows with better U-value and adding more insu-
lation on external walls would increase the internal surface tem-
peratures and hence eliminate the risk of condensation. However,
by improving the envelope insulation the problems with poor air
change might worsen as the air tightness will improve which will
further reduce the natural in � ltration.

The fact that homes have signi � cantly lower temperatures than
apartments during winter supports our hypothesis from the
questionnaire study [7] that house owners tend to keep tempera-
tures low to minimize heating cost. Apartment tenants may not
have the same motivation for savings, as their heating bills increase
as a group of apartments and not individually for each apartment.

In winter 44% of all measured temperatures were above 22 � C
and 27 out of 70 bedrooms experienced periods with temperatures
above 24 � C during night. Although the elevated temperatures are
not considered as overheating, they affect the quality of sleep [25]
and also mean higher heat demand. Based on our observations
made when visiting the homes and interviewing the occupants we
assume that the occupants maintain higher air temperatures for
one or a combination of the following reasons: a) to compensate for
very low outside temperatures b) to compensate for thermal
discomfort due to cold interior surfaces (particularly � oors) and c)
to compensate for thermal discomfort due to cold draught. Building
homes with air tight, well insulated envelopes will eliminate the
last two factors and may lead to lower indoor temperatures which
would further decrease the heat demand. As the overall average
winter temperature does not differ much from the average night
temperature (21.8 � C versus 22.0 � C) we may assume that the in-
door temperature is kept constantly high during unoccupied hours.
Considerable decrease of the heat demand (also applicable in
existing buildings), without sacri � cing the comfort, can be obtained
by promoting technologies which allow temperature setbacks.
e in bedrooms during winter period.



Fig. 6. Cumulative percentage distribution of bedroom RH grouped according to construction year and dwelling type (the values in brackets are mean RH).

Fig. 7. Cumulative percentage distribution of night temperatures in occupied bedrooms grouped according to construction year and dwelling type (the value s in brackets are mean
temperatures).
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At night in summer 70% of all bedrooms experienced periods
with temperatures above 24 � C and 19% of bedrooms even periods
with temperatures above 26 � C. Since the outside temperatures
were generally lower than 24 � C, the overheating was most likely
caused by combination of solar and internal gains. Solar gains
particularly may be very high in Sisimiut because the sun barely
down during the Arctic summer. A solution to decrease the risk of
overheating is to use solar shading and to increase the air change
during overheating periods (free cooling).
Table 5
The occurrence and duration of periods with elevated temperatures and overheating
during night time.

Summer (n ¼ 79) Winter ( n ¼ 70)

Number
of bedrooms

Duration Number
of bedrooms

Duration

Mean Median Mean Median

Tnight >24 55 35% 25% 27 43% 25%
Tnight > 26 15 15% 6% 9 34% 19%
5. Conclusion

This study con � rms our hypothesis that dwellings in Greenland
face the problem of insuf � cient ventilation. The problem is growing
with new dwellings as improving building techniques allow tighter
envelopes and properly designed ventilation equipment has not
been introduced yet. Increasing ventilation rates may give a rise to
another issue and that is low relative humidity. To avoid possible
increase of health problems related to poor IAQ, properly designed
ventilation strategies should be introduced in new and renovated
buildings. If possible, moisture and heat recovery should be part of
these ventilation strategies so the cold draught and large heat
losses are avoided and indoor humidity levels are kept within an
acceptable range. Along with increasing the indoor RH, the enve-
lopes should be improved in order to avoid condensation problems.
Furthermore, the ventilation systems should allow increased air
change in case of higher internal loads (such as occupancy, smok-
ing, cooking or clothes drying) or solar overheating. However, solar
overheating should ideally be avoided by means of solar shading.



,
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Further research should be oriented on suitable ventilation so-
lutions which will ful � ll all the above mentioned criteria and will
be robust in the Arctic conditions.
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