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The Greenlandic building sector is under pressure due to ever-changing building trends and a building shortage.
Regrettably, there have only been made small efforts to investigate the performance of the existing buildings, and
few resources have been dedicated to learning from previous attempts. Consequently, the available information
and research are insufficient to ensure the construction of robust and well-functioning buildings. This knowledge
gap motivated the ABC project, which had the goal of collecting and sharing information about optimal building
practices in Greenland. As a part of the ABC project, this study aimed to determine which building practice is the
most suitable for Greenlandic conditions. To this end, several real-time experiments were created, including a
test pavilion in Nuuk consisting of five different wall constructions oriented towards north and south. This article
presents the measured data from this pavilion. The performance of each construction type was compared with
each other and to simulations performed in the hygrothermal analysis software Delphin. Furthermore, the
robustness of the facades was tested by performing simulations with weather data for different towns in
Greenland, including quantification of mould growth risk using the Viitanen model. It was found that the facades
were unevenly affected by orientation. Nevertheless, none of the constructions could be labelled unsuitable for
the Arctic climate as the assessments revealed no risk of mould growth. Additionally, reanalysis weather data
from ERAS5 was found to be suitable for performing hygrothermal simulations. It was also found that Nuuk is a
favourable location for future test facilities.

1. Introduction validated experiences and sufficient technical knowledge to justify the

design choices. To overcome this knowledge gap, several long-term

1.1. Changing building styles

The Greenlandic construction industry is relatively new and, to a
high degree, affected by other cultures, especially Danish traditions.
This has resulted in rapidly changing building traditions. E.g. according
to Mgller and Lading [1], the Greenlandic building style has funda-
mentally changed multiple times since the 1950s. Originally, the ten-
dency was to build small Norwegian-style standard houses of 1-2
storeys, but over time concrete buildings up to four storeys became more
common. The most recent tendency has been to build groups of identical
multistorey buildings (up to seven storeys) with ventilated air cavities in
the facade construction. The main drivers for the changing building style
are typically economical and political [2]. Meanwhile, the research on
the performance of each building style has been very limited, with the
majority of research being performed within the last ten years. Conse-
quently, new construction types have been implemented without
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experiments of different construction types were performed within the
Arctic Building and Construction (ABC) Project [3]. These experiments
were carried out at different locations on the west coast of Greenland,
including a test pavilion located in Nuuk, which provided the data used
in this article. The overall goal of the ABC project was to identify current
challenges and present possible solutions to improve the quality of
future constructions in Arctic climates, with a primary focus on the
Greenlandic industry and society.

1.2. Indoor climate, mould, and renovation

While the literature concerning construction practices in Greenland
is limited, there has been significant research on the indoor climate,
especially focusing on moisture and mould. Poor indoor climate can
cause discomforts such as headaches, asthma, eczema, coughing, and
irritation of mucous membranes [4]. Additionally, diseases like
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tuberculosis thrive better in poor indoor climates and appear 20 times as
often in Greenland compared to the rest of the Nordic countries [5].
According to Kotol [6], the indoor environment often suffers due to a
lack of ventilation in the kitchen and bathrooms, as well as drying of
clothes indoors during winter and not using the kitchen hood during
cooking. Thus, attempts have been made to increase public awareness of
the issues [7]. Regardless of the reason, a poor indoor climate can affect
the building envelope and cause condensation in the construction,
potentially leading to rot and a reduction of the building life span.
Helgason [8] presented several examples of severe moisture problems,
including high humidity in a bathroom ruining the building facade,
disintegrating wind barriers due to driving rain, and mould issues
caused by implementing moist or mouldy building materials into new
constructions. Despite moisture and mould issues, the indoor relative
humidity (RH) in Greenlandic buildings is generally low. A study from
2014 performed in Sisimiut found that the average RH in 79 bedrooms
were 42% and 26% during summer and winter, respectively. The
average indoor night temperature was 22 °C [9].

Water is another considerable risk factor in facade constructions.
Both regarding the risk of mould, but also due to thaw-freeze processes,
which can cause leaks or expansion of cracks. Nevertheless, this study
focuses on mould as the main failure mechanism since wood decay
caused by other fungi starts at higher moisture levels, and frost damage
is less likely.

Wind is another risk factor, e.g., Lading and Mgller [10] reported of a
concrete construction where the lack of wind barrier combined with
poor labour quality resulted in colder surfaces than expected [11]. The
discussion presented in Ref. [11] emphasised the need for solutions
without unnecessarily complex solutions. This was also emphasised by
de Place when surveying moisture-related challenges in the Greenlandic
building sector [12].

Simultaneously with the aforementioned issues, there has been a
massive building shortage. For example, in 2019, there were 2000
people on waiting lists for housing, and 10.000 new residents are ex-
pected in Nuuk during the next ten years [13]. In addition to the eco-
nomic infrastructure causing bottlenecks in the construction of new
buildings [14], there is a need for increasing the service life of future
constructions to meet expected needs, as well as a strategy for main-
taining the existing building mass. According to a recent article in the
Greenlandic newspaper Sermitsiaq, the Greenlandic self-government
has put aside 1.5 billion DKK in the national budget to renovate exist-
ing buildings [15]. While this is a decent start, lector Tove Lading from
DTU pointed out that it is too unambitious, considering that more
buildings will decay during the renovation period.

1.3. Sustainability

While sustainability in the construction sector is a hot topic globally,
the literature within this field concerning Greenlandic conditions is
minimal. Morten Ryberg et al. [16] conducted a comparative sustain-
ability study of four buildings in Greenland, representing the current
construction methods. Specifically, the study considered a CLT con-
struction, a concrete construction, a timber frame construction, and a
renovation case. The study concluded that renovating old buildings was
the most environmentally friendly option. Due to the limited local re-
sources in Greenland, most building materials must be transported long
distances, which contributes to the environmental impact. However,
according to an Icelandic study [17], the impact of long-distance over-
seas transport of building materials is negligible within most sustain-
ability impact groups. The exceptions are acidification and
eutrophication, where transportation contributes 25% and 31%,
respectively. Friis et al. [18] also found that transportation is insignifi-
cant to the level of CO, emissions when considering various types of
insulation. Besides smaller sustainability projects, the Green Building
Council Denmark [19] has recently DGNB-certified a residential build-
ing in Nuuk [20]. The German certification system, DGNB, aims to
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improve and quantify the social, economic and environmental perfor-
mance of buildings [21]. According to Leif Hansen Bygherreradgivning
[22], the certification requirements have been adjusted to Greenlandic
conditions in order to make the certification criteria “ambitious but
fair”. Some adjustments were necessary due to the climatic conditions, e.
g., the demand of planted trees was revised as they cannot grow north of
the tree line, and the allowed energy consumption per square meter was
increased to match the available technical solutions and harsh climate.
Furthermore, as all land in Greenland is public, the DGNB requirements
for parking lots and gardens have been adjusted. The ambitions of DGNB
stand in stark contrast to the current Greenlandic building regulation
from 2006 [23], which is currently under revision.

1.4. Aim and research questions

Due to the limited research on the hygrothermal conditions of facade
constructions in Greenland, this study aims to evaluate current con-
struction methods and identify possible unfavourable construction ten-
dencies in a Greenlandic context. The study is based on experimental
data from a test pavilion in Nuuk, which included five different con-
struction types. A test pavilion, i.e., an experimental test facility con-
sisting of a container with a controlled indoor climate, was chosen to
minimise uncertainties compared to conducting measurements in
existing buildings. As the pavilion was constructed meticulously in a lab
facility at the Technical University of Denmark (DTU), the data repre-
sents the performance of the technical design solutions concerning the
climate without accounting for poor workmanship or building errors.
Consequently, the test pavilion does not necessarily represent similar
conditions as construction made on-site locally in Greenland. The
collected data for each construction type are compared with each other
and with the results of hygrothermal Delphin simulations to evaluate if
the conditions behave as intended and expected. With the fitted
hygrothermal models, it is possible to analyse the behaviour of the
various construction types in different climates. The present study seeks
to answer the following research questions.

1) Are any of the considered construction types unsuitable for the Arctic
climate in Nuuk?

2) How robust are the constructions to the climatic conditions in other
regions of Greenland?

3) Which parameters are essential to the robustness of the facade
construction?

2. Methods

This study is based on experimental data from the test pavilion in
Nuuk and hygrothermal simulations produced using the software Del-
phin. Delphin is a Coupled Heat, Air, Moisture and Pollutant Simulation
for Building Envelope Systems (CHAMPS-BES) simulation tool, which
has been verified by Nicolai et al. [24]. This section first introduces the
pavilion, the different integrated constructions, and descriptions of how
the data were analysed, compared, and assessed. This is followed by a
thorough description of the hygrothermal simulation method. Finally,
the investigation of the risk of mould growth using the Viitanen model
implemented in WUFI VTT [25] is described. The process flow of this
study, from data collection to analysis, is presented in Fig. 1.

2.1. The test pavilion

The experimental test facility was a closed pavilion similar to a
container located in Nuuk. More specifically, the pavilion consisted of a
small building with a single room with a controlled indoor climate of
20 °C air temperature and 50% relative humidity. As presented in Sec-
tion 1.2, the relative humidity indoors is typically much lower in
Greenland, while the temperature is representative. The high indoor
relative humidity was chosen as a worst-case scenario. The outer walls
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Fig. 1. Relation between collected data and applied methods during this study.

consisted of five differently designed facade elements, which for the
remainder of this paper are referred to as “units”. The orientation of the
pavilion and the placement of the five different units (A-E) are shown in
Fig. 2. All units were produced in two or three replicates, with the in-
dividual units facing different directions. The gables were constructed
using units A and E. Data from the roof and floor units were also logged,
although this article only focuses on the wall constructions. The pavilion
was oriented at an angle of 40° from north (see Fig. 2). This means that
what is referred to as the “northern side” in this study is actually offset 5°
from north-east. The entrance door was placed in the western gable, Ay.

2.2. Construction of the pavilion units

All the constructions were designed to replicate existing facade types
found in the construction industry in Greenland. All units had a venti-
lated air gap behind a cladding of watertight plywood.

Details of the thermal transmittance of the walls, the material types,
and material thicknesses are given in Fig. 3 and Table 1. In Unit B, fibre

»E=90°

a)

Fig. 2. a) Orientation and division of the wall units of the test pavilion. b) Geographic overview of the considered cities in Greenland (adapted from BR2006 [23]).

cement boards were used to replicate concrete to ensure the buildability
of the test pavilion. The materials were not identical regarding hygro-
thermal properties, but considering the large span of properties for
different concrete products, it was considered an acceptable
approximation.

Several temperature and relative humidity sensors were installed
within each unit. The specific number of sensors installed was depen-
dent on the construction type and the number of material layers. As a
minimum, measurements were made on each side of the vapour barrier
and behind the wind barrier. As the air gap, cladding, and U-value were
approximately the same in all units, the conditions in the air gaps were
only measured in one unit for each orientation. The conditions in the air
cavity were measured in Units Cy, Cs, Ay, and Eg. The location of the
sensors in each unit is shown in Fig. 3, where the dots and triangles
represent the sensors. Dots indicate sensors that are available in all
orientations of that unit, while triangles mark sensors that are only
available in one orientation. The colours of the sensors correspond to the
lines in the graphs in Section 3. The sensors used in the test facility are of

¥ llulissat

Qaqortoq ¢ A

b)
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Table 1

Material properties applied in Delphin. Asterisks (*) indicate calibration and grey values are from the Delphin database.
Material A p p Cp Aw Wiat Wso Kieft A B C D E

W/mK - kg/m3 J/kgK kg/mzs'/z kg/m3 kg/rn3 s

Mineral Wool (731) 0.035 1.5% 67 840 0 900 0.1 0 X X
Fibre cement board (265) 0.24 [38] 20 [39]* 1424 [38] 900 [40] 0.01 419.0 40.0 0 X X X X
Air cavity 17) 0.222 0.25 1.3 1050 0 1000 0 0 X X X X
Cladding, external (279, 0.067 [41] 80 500 [41] 1880 [42] 480.2 215 0 — X X X X X
CLT (626) 0.12 73 425 1245 0.0024 590.2 72.6 9.5 10 x
Firm mineral wool (731 0.04* 1.5* 85 [38] 1030 [43] 0 900 0.1 0 X
Gypsum (s99) 0.14* 20* 745.1 1826 0.18 574.9 8.8 6.6e 1! X X
OSB (650) 0.13 165 595 1500 0 847 95.7 - X X
Mineral wool/metal (731) 0.042* 1 67 840 0 900 0.1 0 X
PE-foil (174) 0.32* 100.000 1500 2100 0 0 0 0 X X
Homatherm USD (sgo) 0.042 [44] 3 [44] 190 [44] 2100 [44] 0.56 780 6.3 3.5e7° X
Cellulose (sg0) 0.048 2.05* 55.2 2500 0.56 780 6.3 3.5 ¢ X
Homatherm UD (sg0) 0.044 [44]* 3 [44] 160 [44] 2100 [44] 0.56 780 6.3 3.5 X
Wood cladding (g44) 0.148 3.81 414.6 2416 0.01 718.9 76.3 - X
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the type HYT 221 from Innovative Sensor Technology [26]. The sensors
are pre-calibrated and can digitally measure relative humidity from 0%
to 100% and temperature from —40 °C to +125 °C. The accuracy is
declared to be +£1.8% RH at 23 °C in the range 0% RH to 90% RH (no
uncertainty information is specified above 90% RH, although it is ex-
pected to be higher) and +0.2 K (in the range 0 °C to +60 °C).

2.3. Construction process of test pavilion

As the pavilion was designed and erected as a test facility, its con-
struction was untraditional and highly meticulous. To ensure high-
quality workmanship, each unit, including the sensors, was pre-
assembled by skilled workers at a test facility at the Technical Univer-
sity of Denmark (DTU) in Denmark. Subsequently, the units were ship-
ped to Nuuk, where they were implemented in the pavilion. It is
important to note that there are a few inconsistencies in the test setup,
which could affect the results. These include.

- Cut-out in fibre cement boards in Unit B to make space for a sensor.
- Inconsistent placement of the external sensor (s3/s4) in Unit B.
- Faulty measurements in sensor sl in Unit Dg.

Except for s1 in Unit B, all sensors are placed next to an insulation
layer, making room for the sensors without specific holes in the con-
struction layers. Furthermore, at the time of writing, the sensors are still
implemented in the test pavilion, which is why they have not been
recalibrated after the data collection. Also, the elements have not been
visually analysed for mould growth.

2.3.1. Experimental data

All of the experimental data, i.e., temperature and relative humidity
measurements, are presented in graphs and compared based on the
construction units. The pavilion was constructed in June 2019, and data
has been logged hourly since October 29th, 2020. Based on these data,
the vapour content at each sensor point was calculated. The equation for
calculating the vapour content, v (g/rn3), is given in Eq. (1) [27], where
the ¢ is the relative humidity (—), and 0 is the temperature (°C). All three
parameters are analysed for all orientations and construction types and
finally compared to the simulated data.

610.5 o B30

Fi >0°C,v= e
or0 =07, 0= 5 e (01 273.15)

[g/m’] 1

610.5 o 35550

For0 < 0°C,0 = o020
orY <UD =0 1615 (01 273.15)

2.4. Hygrothermal simulations

2.4.1. Weather data

When simulating in the hygrothermal simulation program, Delphin
6.1 [28], it is necessary to set boundary conditions which highly impact
the quality of the results. The air temperature and relative humidity
were measured in the ceiling of the test pavilion and used as the interior
boundary condition. The external boundary condition was defined using
weather data sourced from Asiaq, a government-owned institute oper-
ating weather stations across Greenland [29]. The weather station,
“Nuuk City” (64.183333, —51.730833) [30], was placed approximately
300 m from the pavilion (64.185879, —51.731583) [31]. The weather
station measured most of the necessary parameters required for Delphin,
including ambient temperature (°C), relative humidity (%), wind di-
rection (°), wind velocity (m/s), air pressure (Pa), and rain (1/m>h).
Delphin can also consider long-wave counter radiation, but this
parameter was not measured in Nuuk. The considered weather station
measured global shortwave radiation, but Delphin requires direct and
diffuse radiation. Therefore, these two parameters were calculated from
the global radiation using the Orgill & Holland decomposition algorithm
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[32]. All parameters exhibited 430 missing data points, except air
pressure, with only 225 missing observations. For air pressure, the
longest period of consecutive missing data was 137 h (almost six days)
and 287 h (nearly 12 days) for the remaining parameters. Due to the
limited number of missing data, linear interpolation was applied for all
parameters except solar radiation. For solar radiation, linear interpola-
tion was applied for instances where data was missing for less than one
day. In cases where data was missing for more than one day, the missing
data were filled by substituting the missing data with data from the same
time of day from the previous and following available days. The ex-
change coefficients for heat transmission and vapour diffusion were the
same for all simulations. For the inner side of the facade constructions,
the heat transmission exchange coefficient for still air was assumed to be
8 W/m?K and for vapour diffusion it was 1e7® s/m. Externally, the
effective heat conduction exchange coefficient was 25 W/m2K, while the
vapour diffusion mass transfer coefficient was 7.5¢ ¢ s/m. For wind
driven rain, the reduction coefficient was set to 0.7, which is standard
for vertical walls in Delphin, and the solar adsorption coefficient was
defined to be 0.7. The initial conditions of the simulation model were
defined to be 20 °C and 50% relative humidity, corresponding to the
indoor climate conditions.

2.4.2. Air change rate in cavity

The airflow in the ventilated air cavity is a challenging parameter to
define. Hence this parameter is often discussed in studies concerning
hygrothermal conditions and simulations. According to Brozowsky et al.
[33], air change rates (ACH) varying from 0 to 650 h~! have been re-
ported in the literature. Langmans and Roles [34] described four
measuring techniques to identify cavity ventilation rates. Falk and
Sandin [35] conducted a field study and found that the orientation of the
battens in the air cavity had a significant impact on the ACH. For vertical
battens, the ACH was 230-310 h™!, and for horizontal battens, it was
60-70% lower. Furthermore, solar irradiance could cause the ACH to
increase by a factor of three. Moreover, Girma and Tariku [36] found
that narrow air cavities reduce airflow and increase heat gain. In this
study, no measurements were performed to identify the air change rate.
As the ACH is already affected by significant uncertainty, it was decided
to assume a constant flow. Based on simulation results and considering
the range of 0-650 h™!, the ACH was set to 60 h™*. The sensitivity of this
factor is investigated in Section 3.2.4.

2.4.3. Modelling in delphin

The procedure for modelling the constructions in Delphin was to
replicate each construction, as shown in Fig. 3, and define the sensor
locations and the material properties as accurately as possible. Unfor-
tunately, datasheets for the applied materials were unavailable, which is
why the material properties in the Delphin models were iteratively
calibrated to get the best fit between the model output and the measured
data. The iterations have been conducted by changing single parameters
for one or, preferably, more units and analysing the impact on the re-
sults. The chosen ranges of the parameter variation were based on
literature or materials from the Delphin database. The materials used in
this study are described in Table 1, including the required parameters in
Delphin, which are: thermal conductivity (\), water vapour diffusion
resistance factor (p), density (p), specific heat capacity (Cp), water up-
take coefficient (A,,), water content at saturation (W), water content
at 80% RH (Wgo), and liquid water conductivity at effective saturation
(Kyef) [37]. Some of these values were based on more specific material
properties, including open porosity (®po), effective saturation (Oeff),
capillary sorption value at 80% RH (@g), capillary saturation content
(®cap), and air permeability (Kg) [37]. In Table 1, the material ID from
the Delphin database is given in parentheses, and the original data are
shown in grey. Modified material data are specified with their respective
sources. Asterisks (*) indicate that material properties were adjusted
during the model calibration and deviated from the references. The
materials are identical regardless of which unit they are applied to, as
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only one type of each material was purchased for the test pavilion. Not
all materials require all properties due to airtightness or water tightness;
however, they are available in Delphin and thus reported in the table.

The simulations are run with the standard grid mesh generated by
Delphin, which varies from 1 mm to 50 mm with a stretch factor of 1.3.
This results in a mesh of 71-102 grid elements, depending on the specific
unit. According to Ruiz et al. [45], the obtained mesh leads to very high
accuracy, as a grid of 20 elements was found sufficient for walls of high
complexity.

2.4.4. Evaluation method

To quantify the difference between the measured and simulated data,
the Root Mean Square Error (RMSE) is introduced [46]. The RMSE
quantifies the error between the simulated data and measured data
(considered the truth). The equation for RMSE is presented in Eq. (2),
where N is the number of datapoints, Xsensor; is the observed data in the
respective unit and, Xgephin; is the simulated data in the respective unit

for the i'th time step. RMSE is always positive, and thus it cannot
describe in which direction the modelled data deviates from the
measured data. The unit of the parameters Xsensor and Xdelphin defines the
unit of the RMSE. The coefficient of variance of RMSE, CV(RMSE), is
often used to compare hygrothermal measurements with simulations.
The advantage is that the unit is in percentage, which is easier to
interpret. In this case, the errors will depend significantly on the position
of the sensor, as low values result in higher errors. Therefore, RMSE is
used in this study.

N

2
Z (xdelphin.i - xscll:or,i)

RMSE =1 | =L 2
N

2.5. Model applications to various locations

To evaluate the robustness of the constructions in the climatic con-
ditions in other regions of Greenland, the Delphin models are run with
weather data from various locations to investigate how different
weather conditions can be expected to affect the hygrothermal condi-
tions of the facade constructions. The pavilion models have been
simulated using weather data for Tasiilaq, Sisimiut, Ilulissat, and
Qaqortoq to test the robustness of the facades. The towns are
geographically located, as shown in Fig. 2. Sisimiut is chosen as it is the
second largest town in Greenland, after Nuuk, and therefore holds a
large building mass. Ilulissat is another relatively large town located
north of Sisimiut. Qaqortoq is located south of Nuuk and thus has a
higher moisture level. Tasiilaq is located on the east coast, where the
climate is more extreme. All simulations were carried out using rean-
alysis weather data for 2021 from ERA5 provided by the European
Centre for Medium-Range Weather Forecasts (ECMWF) [47]. The
missing data were interpolated, and the global solar radiation was
derived using the Erbs decomposition algorithm [32].

2.6. Quantifying the risk of mould growth

The robustness of a construction in the Arctic climate depends on
many parameters, including the risk of mould growth, which in turn
depends on the materials, temperature, and humidity. The mould index
was chosen as the focus of this evaluation because the conditions for
mould growth have lower limit values than wood-decaying fungi, i.e.,
the construction is more vulnerable to mould than wood-decaying fungi.
The software WUFI Mould Index VTT 2.3 [25] was used to determine the
Mould Growth Index based on the three conditions using the Viitanen
model [48]. As the intention was to assess a critical scenario, the anal-
ysis was performed with a highly sensitive material for all units; pine
sapwood from the WUFI material database was chosen for this purpose.
The mould growth index was calculated for the sensor locations, which
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were considered the most critical based on the results.
3. Results and analysis

This section only presents the essential graphs produced. Additional
figures can be found in the supplementary figures [49]. It should be
noted that all of the presented graphs show either 7 or 30-day moving
means in order to visualise the long-term trends. The moving mean
period is specified in the captions of each figure. The following graphs
were generated and analysed for all units and all directions.

- Temperature graphs of sensor data for all orientations of the same
construction.

- Relative humidity graphs of sensor data for all orientations of the
same construction.

- Temperature graphs, including sensor data and Delphin results.

- Relative humidity graphs, including sensor data and Delphin results.

- Vapour content graphs for both sensor data and Delphin results.

3.1. Evaluation of experimental data

All available data from 2020-09-29 to 2022-10-20 are shown in
Fig. 4, including interpolated values. The graphs had two purposes. First,
to visually check for any remarkable changes in the measurements over
time, which could indicate sensor drift. Second, to illustrate the differ-
ences between the units and the orientations. Noticeably, there was a
decrease in the interior relative humidity during spring 2022, which did
not seem to be caused by temperature changes. Plausible explanations
could be that the humidifier, controlling the indoor relative humidity,
stopped working or that the water tank connected to the humidifier was
empty. Besides this, small deviances in the interior climate were
noticeable, caused by maintenance activities in the pavilion, such as
filling the humidifier tank and ensuring continuous data logging. From
Fig. 4, it can also be seen that the temperatures in the exterior layers
were highest in the south-oriented directions, lowest for the northern
orientation, and in between for east and west orientations. A plausible
explanation of these differences is heat contribution from direct solar
irradiation. This could be seen for all units except B, as the sensors were
placed differently in the north and south direction. Another general
observation was that none of the constructions was exposed to 100%
relative humidity for longer periods of time.

Based on s1 in Unit A, it is noticeable that the temperature was lower
in the western orientation than in the north and south. As there were no
visible differences between the orientations in the exterior layers, this
temperature difference might have been caused by improper assembly of
the entrance door, which could result in thermal bridges or wind flow in
the construction. Given that the relative humidity was also lower in the
western orientation, this may very well be the case. The relative hu-
midity in s1 in Unit C stands out, as it was very different for the two
orientations. The relative humidity was highest for the north orientation
and never overlapped with the measurements for the south orientation.
The temperature was also slightly lower in the north than in the south. In
Unit Ey, there was a peak in temperature in March 2021. The peak in
temperature occurred throughout all the northern units.

3.2. Comparison of measured and simulated data

3.2.1. Root Mean Square Error

The following section focuses on the year 2021. Table 2 shows the
Root Mean Square Errors (RMSE) (see Eq. (2)) of the Delphin simula-
tions. The first two sections of the table compare the original hourly
data, while the last section compares the seven-day moving mean rela-
tive humidity. The latter indicates whether the model is able to capture
the general tendency, despite the high RMSE caused by short-term peaks
and outliers. When developing the Delphin models, the aim was to
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Fig. 4. Hygrothermal conditions in Units A — E (seven-day moving mean). The asterisks (*) indicate that the measurement point was only found in one direction of

the unit (equal to a triangle in Fig. 3).

achieve an error of less than 5 °C for temperatures and less than 10% for
relative humidity. The primary purpose of these limits was to easily
identify at which sensor points the model deviated significantly from the
measured data. The additional benefit was that the limits could be used
as a benchmark for when the model is “good enough,” as simulations can
be improved infinitely without significant scientific gain. The cells
exceeding the threshold limits are marked with yellow. The first table
section shows that the modelled temperature was generally sufficiently
accurate, as none of the RMSEs exceeded 5 °C. For relative humidity, the
highest errors were found at the sensor positions closest to the exterior
climate, which is to be expected due to the stable indoor climate and
highly varying external climate. The sensitivity of the ACH and the
vapour diffusion mass transfer coefficients are investigated in Section
3.2.4. Generally, the model for Unit D seemed to fit the best, while the
model for Unit C performed the worst.

Since the measured interior climate was used as an input for Delphin,

it might seem strange that there was an error at this measurement point.
The reason is that the measured data is used as the room conditions,
while the modelled data point corresponds to the surface conditions.
Therefore, the room conditions (s0) from the Delphin output are not
illustrated on the graphs throughout this section.

3.2.2. Comparison of conditions in the air cavities

As presented in Fig. 3, not all units had a sensor in the ventilated air
cavity, but still, there was at least one representative sensor for all ori-
entations. To identify how the orientation affected the hygrothermal
conditions in the air cavity, the measurements in the ventilated air
cavities are compared in Fig. 5.

The lowest temperatures were found in the northern-oriented Unit C,
which can be explained by the fact that this orientation received the
least amount of solar irradiation. Some of the highest relative humidity
conditions were also detected in this unit. The vapour content in Unit Ay
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Table 2
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Root Mean Square Error of each unit comparing the Delphin models with the measured data. Yellow cells

indicate that RMSE is higher than desired.

Temperature [°C] Relative humidity [%] RH (7-day moving mean) [%]
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Fig. 5. Graphs for temperature, relative humidity, and vapour content in the air cavity in the year 2021. The graphs display the 30-day moving means to visualise the

long-term trends.

and Unit Cy were similar, but in Ay, the temperatures were higher, and
in the summer months, the RH was lower. It was expected that in each
direction, the conditions in the air cavity would be very similar. How-
ever, this was not the case, as Unit Bg had higher temperatures and lower
RH than Unit Cs. It did not seem to be caused by drifting of the sensors,
as they were not displaced equally during the year. The temperature
difference between Bg and Cg could be caused by Bg having a higher U-
value (U = 0.15 W/mZK) than Cs (U = 0.13 W/rnzK), which allowed a
higher heat loss through the surface.

It was found that the vapour moisture content exceeded 10 g/m° at
sensor point s2 for all elements with fibre cement board as the wind
barrier. The vapour moisture content also exceeded 15 g/m? for all units
except the ones facing north.

3.2.3. Visual comparison — measurements and simulations
To compare the simulations with the measurements, the focus will be
on the sensors where the RMSE was highest. In the following section,

data will be specified according to the sensor position and data origin, e.
g., mg or d3 corresponds to measured and simulated (Delphin) data at
sensor position 3, respectively. Figs. 6-10 presents the 7-day moving
means to make it easier to detect long-term trends. Based on these
graphs, the following is noticed.

e The simulation of Ay generally performed worse than Ay and As.
Unit Ay is the gable with the entrance door, which might affect the
hygrothermal performance of the unit. Fig. 5 shows that the RH in
the air cavity was high in this orientation compared to the other
orientations, which is also shown in Fig. 6, where the RH in d3 was
lower than ms.

In Unit B, the simulated relative humidity (d4) was higher than the
measured (mg4) (see Fig. 7). As for Unit Ay, this could be traced back
to the hygrothermal conditions in the air cavity, where m4 for B had
the lowest relative humidity.
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Fig. 6. Hygrothermal conditions for Unit A. Time format yy-mm.

e Both Cy and Cg had sensor points with high RMSE, even for the
moving mean of RH. The measured values were very different at s1
compared to s2 and s3, e.g., the peaks were much higher in the
southern direction (see Fig. 8). This difference challenged the model
fitting in Delphin, as solar irradiation seemed to have a bigger impact
on the orientation in the measured data than in Delphin. The high RH
in m; in the north end (see Fig. 8) does not indicate a perforated
vapour barrier, as that would cause the humidity level to align closer
with the interior climate. In theory, the difference can be caused by
poor sensor calibration, but as described in Section 3.1, Fig. 4 does
not indicate such a situation.

All orientations for Unit E had high RMSE for relative humidity at
sensor point s2. According to the low RMSE for the moving mean
values, the error occurred due to short-term spikes in the data. The
RMSE for s3 in Eg was also high, where the modelled parameters
from Delphin were higher than the measured (mg). In the gable, Eg,
d4 had smaller peaks than my4 (see Fig. 10).

All simulations are imperfect. In this specific case, the type of
imperfection does not seem to be directly connected to the construction
type or the orientation. Furthermore, the measurements did not indicate
any severe consequences, such as frost close to the interior climate or
high levels of relative humidity over long periods of time. This was also

true for the simulated results.

3.2.4. Sensitivity of flow in the air cavity

This analysis was performed on the model for Unit B, i.e., the unit
where simulations fit the measurements best according to the RMSEs
presented in Table 2.

The results of the sensitivity analysis are presented in Table 3 and
were calculated as the difference in the RMSE in percentage as described
in Eq. (3), where RMSE hange is the new value and RMSEpsic is the
original RMSE value. The results revealed that changes could improve
the simulation model at sensor points s0 and s1, although at the expense
of the precision at s2 and s3. It also showed that the air change rate,
ACH, has a reduced impact on the RMSE closer to the interior climate.
Also, the RMSE can be considered insensitive to the ACH, as even a
reduction of 60% or a doubling of the value has an insignificant effect.
The effect is only significant when the ACH is very low (less than 24
h™h.

(RMSE change — RMSEpasic)

sensitivity = RMSE
basic

* 100 [%)] 3

As identified in Section 3.2.1, the largest RMSEs were found for the
sensors in the exterior layers of the constructions. The results of the
sensitivity analysis of the ACH, presented in Table 3, showed that the
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sensitivity of the ACH was highest at the two exterior sensor locations,
meaning that this parameter might contribute to the initially high errors
along with the varying weather conditions. The sensitivity of the vapour
diffusion mass transfer coefficient was investigated for Unit Ay based on
the same methodology as for ACH. The initial value was 7.5 %, and the
tested alternative values were 7.5e %, 7.5¢ 710, and 7.5¢ 712, causing a
maximum change of 0.65% of the RMSE occurring for the temperature

10

at sensor point s2. Therefore, the effect of changing the vapour diffusion
mass transfer coefficient was considered negligible.

3.2.5. Consequences of cut-out

As presented in Section 2.3, there was a hole in the layer of fibre
cement boards in Unit B. This was neglected in the hygrothermal sim-
ulations, but a small analysis has been conducted to investigate how this



N.K. Friis et al.

Temperature unit Dy

Relative humidity unit Dy

Building and Environment 238 (2023) 110347

Vapour content unit Dy

1004
20 smsmsmememmmmmmommeelll
— 5
5
2. z
— Z
g :
E >
5 =
g 2
5 &
[0}
a A
el

21:02 21105 21108 21:11 21102 21105

Temperature unit Dg

21-08

Relative humidity unit Dg

1001
- e
5
2. =
" £
o £
= 5
@© =
g o
5 &
= &
10+
o

10.04
o — s0
€
~ 7.51 — s1
o
z — 52
]
S 5.0 — s3
[
5
o .
o 254 linetype
= — Delphin
0.04 - - Sensor
21:11 21102 21105 21108 21111
Vapour content unit Dg
10.04
= B S Y s Sl S . I — s0
~— 754 [F1} y
2 — 82
[
Q — 83
[
1]
o
3 linetype
o
g — Delphin
- - Sensor
0.04

2102 2105 21.08 2111 2102 21.05

21.08

2111 2102 21.05 2108 2111

Fig. 9. Hygrothermal conditions for Unit D. Time format yy-mm.

decision affects the quality of the model. An alternative simulation
model was built with a 27 mm air cavity (Delphin ID 16) with no airflow.
The air gap was placed 18 mm from the interior side of the fibre cement
board, which left a 9 mm board between the insulation and the sensor on
the other side. The impact is small when comparing the measured values
with simulations of solid boards and simulations with holes. However,
the temperature is slightly higher at sensor points s1 and s2 for the cut-
out simulation. The maximum temperature difference was 1.8 °C, while
the mean difference was less than 0.3 °C. The comparison of the tem-
peratures and relative humidity is presented in the repository [49].

3.3. Other climates

The temperature and relative humidity from the ERA5 reanalysis
dataset for the five locations is presented in Fig. 11.

The graphs in Fig. 12 were made using a seven-day moving mean and
show the hygrothermal conditions at each sensor point for all considered
locations. When evaluating the results, it must be considered that the
ERA5 weather data are modelled and not measured. The location had
almost no influence on the temperature and minimal impact on the
relative humidity at the inner layers (sensor points s1 and s2). Therefore,
these are not included in Fig. 12. Neither are the graphs representing
humidity levels below 75%. The absent graphs can be found in the re-
pository [49]. At the other sensor points (s3 to s4), the highest relative
humidity appears in Ilulissat and Sisimiut, followed by Nuuk.

3.4. Risk of mould growth

The constructions and locations at the highest risk of mould growth
are identified from the graphs in Fig. 12. The analysis in WUFI VTT is
based on the Viitanen model [48] and is made for both measured and
simulated values. For all assessments, the material was defined as pine
sapwood, which is very sensitive and thus represents a worst-case sce-
nario. The upper part of Table 4 presents the results for the included
sensor points analysed with the measured interior conditions from the
test pavilion (constant interior conditions of approximately 50% RH and
20 °C). Because of the controlled indoor climate, an additional analysis
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was made to see the impact of the potentially inappropriate use of a
residential building causing high indoor relative humidity. The indoor
temperatures were still taken from the measured values from the
pavilion, but the RH was changed to 70% and 80%. The calculated
mould indexes are presented in Table 4. The mould index ranges from
0 to 6 [50], and according to Ojanen et al. [50], the infestation level is
considered acceptable when the index is 2 or less for surfaces inside a
construction. The mould index itself is less important as it is based on a
relatively short period, but it illustrates the differences and sensitivity
for different conditions.

4. Discussion
4.1. Uncertainties and limitations

The intention was to install sensors on each side of the vapour barrier
and on the internal side of the wind barrier. However, due to mis-
understandings, a hole was created in the fibre cement board in Unit B to
make space for a sensor, even though the construction did not contain a
vapour barrier. According to simulations in Delphin, this cut-out had
small consequences for the hygrothermal conditions in Unit B.

Another uncertainty that caused challenges in replicating the con-
structions in Delphin was that there were no datasheets for the applied
materials. If these data had been available or measured in the lab, the
simulations might have been more precise; however, lab measurements
of material parameters were not part of this study.

The lack of sensor calibration caused the last apparent uncertainty.
Prior to the start of the experiments, the sensors were calibrated at the
factory, but it would be valuable to calibrate them after the measuring
period. Especially relative humidity sensors are known to drift over
time. The data was considered reliable despite the missing calibration
based on Fig. 4, which showed a continuity of the yearly cycle and no
apparent sensor drift.

The weather data were another source of uncertainty. As described in
Section 2.4.1, there was some missing data for each weather parameter.
The most uncertain of these was global radiation, as this parameter has
the highest variability, e.g., 1 h can be very sunny, while the next can be
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Fig. 10. Hygrothermal conditions for Unit E. Time format yy-mm.

Table 3

Sensitivity of the air change rate in the ventilated air cavity in Unit B. The results are given as the change of RMSE in percentage.

Temperature

RH

Change S0 S1 S2

—10%
—60%
—80%
10%
100%
500%
1000%

0%
—1%
—2%
0%
1%
4%
6%

0%
3%
4%
0%
—3%
—8%
—11%

0%
2%
2%
0%
—2%
—5%
—6%

S3

SO S1 S2 S3

0%
3%
4%
0%

—3%
—8%
—10%

0%
—-1%
—1%
0%
2%
5%
6%

0%
—5%
—-11%
0%
2%
3%
3%

1%

9%

23%
-1%
—3%
—6%
—6%

0%
5%
19%
0%
—3%
—9%
—10%

very cloudy or after sunset. This makes it very difficult to fill out the
missing data with reliable values. An additional source of uncertainty for
the solar radiation data is the decomposition of global radiation into
direct and diffuse radiation.

Another uncertainty was caused by the air change rate, ACH, in the
ventilated air cavity surrounding the test pavilion. As shown in Fig. 5,
the hygrothermal conditions varied, even on the same side of the
pavilion. If another facility like this should be planned or if this one was
to be improved, it would be beneficial to install sensors to measure the
wind speed inside the cavity; however, measuring the airflow is a

12

challenge because the measuring equipment alters the airflow. The
sensitivity analysis of the ACH showed that the airflow was insignificant,
and each adjustment, whether it was negative or positive, caused both
positive and negative changes in the RMSE. The surroundings of the
pavilion can also affect the measurements, e.g., altering the airflows and
casting shadows. This may very well have been the case as the pavilion
was placed on pillars on a sloped surface and close to another test house.

As described in the introduction, user behaviour tends to play a
significant role in the quality and long-term conditions of a building.
This perspective cannot be evaluated by the presented test facility, as the
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Table 4

Mould index for different simulation scenarios. The interior conditions in the
pavilion in Nuuk were set to 50% RH and 20 °C. The measured conditions were
used for all assessments.

City Unit  sensor Index Interior Note
conditions

Nuuk Cs 3 0.00 Measured 0 for all other locations

(ERA5)

Nuuk Cs 4 0.04 Measured

Sisimiut  Ag 2 0.00 Measured

Sisimiut Ay 2 0.00 Measured

Sisimiut Ay 2 0.00 Measured

Tlulissat Ag 2 0.01 Measured

Tulissat An 2 0.02 Measured

Tlulissat Aw 2 0.02 Measured

Nuuk Es 3 0.00 Measured 0 for all other locations

(ERA5)

Nuuk Cs 3 0.04 RH = 70%

Nuuk Cx 3 0.11 RH = 70%

Nuuk Cs 4 0.04 RH = 70%

Nuuk Cn 4 0.07 RH = 70%

Nuuk Cs 3 0.21 RH = 85%

Nuuk Cn 3 0.62 RH = 85%

Nuuk Cs 4 0.04 RH = 85%

Nuuk Cn 4 0.07 RH = 85%

interior climate was controlled, and the pavilion was not inhabited. This
was also not the intention of this study, as the primary aim was to assess
the constructions under real outdoor conditions while minimising other
uncertainties. However, a few Delphin assessments were made for
constant humidities of 70% and 85% and showed no risk of mould
growth with an index of maximum 0.62, which is much lower than the
acceptance limit of 2. This indicates that the observed mould problems
in buildings with these constructions are not the result of high indoor
relative humidity. Instead, it is more likely that other problems, such as
leakages or thermal bridges, possibly in combination with high indoor
relative humidity, may be the cause.

4.2. Evaluation of weather data
As described in Section 2.5, the simulations made for alternative

locations were conducted using reanalysis weather data. Reanalysis data
are considered better than Test Reference Years (TRY) as they represent

Conditions, Unit E South
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conditions for a specific time, although they are not measured by rather
derived from a weather model. It is relevant to evaluate how it affects
the simulation quality by comparing the simulation results made with
ERAS5 and measured data from Asiaq. This is shown in Fig. 13, along
with the data from the sensors. The results are shown for Unit E as it is
representative of all units. The rest of the graphs can be found in the
repository [49].

The results from Delphin generated using measured weather data
(Asiaq) for Nuuk in 2021 are very similar to the results obtained with the
modelled weather data (ERA5). The maximum change of RMSE for the
temperatures was 0.65 °C, and for RH, it was 6.84% (41 of 48 RMSE-
values are below 2.13%). This indicates that the reanalysis weather
data can be used as an alternative to measured weather data for studies
investigating the impact of different locations. Coincidentally, it can be
observed that the modelled weather results in a better fit for RH than the
measured weather.

4.3. Experiment improvement and future work

For future setups like the test pavilion presented in this study, there
are some takeaways that could improve the quality and reliability of the
results. From a more technical perspective, it can be recommended to
install sensors in the air cavity detecting the wind speed, to improve the
reliability of the hygrothermal models regardless of the software pro-
gram. In future studies, it is also recommended to calibrate the sensors
before and after the test program.

Furthermore, it could be considered to carry out a blower door test
on the pavilion to investigate the tightness of the constructions, but with
the current layout, any leaks would be hard to locate. It might, however,
be possible in combination with thermography. If air tightness is a
central parameter to future studies, dividing the test facility into sections
should be considered.

Just like the designed models were used to test the facade con-
structions for robustness in other regions of Greenland, they can be used
to evaluate the consequences of climate change, using predicted future
weather data.

4.4. Results

Based on the results, it was not possible to determine a best or worst
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construction for the Arctic climate. None of the constructions showed a
risk of mould growth, which would have been indicated by a Mould
Growth Index above 2. Still, it was possible to identify which con-
struction types are sensitive to other things, such as orientation or
location. For example, the temperature and relative humidity in the
inner layers of the traditional half-timber construction (Unit C) differed
for the north and south. This observation does not prove that this con-
struction type should be avoided, but in this experiment, it either shows
sensitivity to orientation, a challenge in the buildability, or an error in
the sensors. As the simulations were very insensitive to the orientation in
Unit C and the other units, the cause is most likely either faulty instal-
lation or sensor errors.

4.5. Location of test facilities

When constructing test facilities such as the presented pavilion,
choosing a representative or worst-case location is of interest while
making it as accessible and cheap as possible. Based on the results
presented in Section 3.3, Nuuk is representative of most locations in
Greenland. Furthermore, placing a test facility in Nuuk is advantageous
as it is by far the biggest city (Nuuk has 19.000 inhabitants, second
largest town has 5.500 [5]). Therefore, it has relatively easy accessi-
bility, local technical competencies, and available weather data. Addi-
tionally, Nuuk has the largest building stock in Greenland, making the
results directly applicable.

4.6. Perspectivation

4.6.1. Sustainability

Assessing which construction type performs the best could also
include a sustainability study. As presented in the introduction, Ryberg
et al. [16] made a comparative sustainability study in 2021, including
four construction methods: concrete, CLT, timber frame, and renova-
tion. As three of these are included in this study, it led to the following
reflection. In the discussion, Ryberg et al. wrote, “While there is a dif-
ference in the impact scores for the three new buildings, neither of the
buildings outperforms the others across all midpoint impact categories.” This
means that the technical and practical aspects become even more critical
to the decision regarding the construction method because flawed con-
structions can lead to increased heat loss and reduced lifetime, eventu-
ally compromising the sustainability performance. Exactly this is also
the conclusion made by Ryberg et al. [51], who also highlight that
correction of potential errors can have substantial environmental
impacts.

4.6.2. Concrete constructions without wind barriers

The introduction also presented a previous study of a concrete con-
struction without a wind barrier [11]. One of the construction types in
the test pavilion was inspired by this construction; thus, it was consid-
ered suitable to discuss the findings here. The previous study found that
wind penetrating the insulation layer caused the concrete to cool down.
Theoretically, the wind barrier is redundant, as the combination of
concrete and firm tight-fitting insulation boards should be wind-tight.
Due to a combination of rough concrete surfaces and poor execution
of the construction work, it did not work as planned in the case described
in Ref. [11]. This resulted in poor thermal performance of the insulation,
specifically the heat loss coefficient was found to be A = 0.3 W/(meK),
while the declared value was A = 0.033 W/(meK). The present study
found that the simulation model of Unit B, which is similar to the
aforementioned concrete wall, performed reasonably, especially when
compared to the other units, where the RMSE was worse (see Table 2).
When making this comparison, it is essential to know that the pavilion
unit was built with fibre cement boards and not concrete as in the
original building. Together with a relatively small unit fitted to the size
of insulation mats, the unit benefited from the smooth surface to limit
wind-induced convection between the insulation and fibre cement
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board. However, this study demonstrates that the design is technically
possible, but it does not answer whether it is suitable for Greenlandic
conditions, where practical issues may make it difficult to build pre-
cisely as designed. The buildability of a solution can be dependent on
location.

Furthermore, there may be additional challenges that would occur in
real-life cases. E.g., unit A with CLT elements will be more exposed to
moisture in a real construction process, but over time it will dry and
shrink, which could lead to cracks and result in air gaps. Such air gaps
can cause increased heat loss and moisture problems. This could be a
topic for further investigation.

5. Conclusion

Large amounts of data have been collected from the test pavilion,
which can be analysed and investigated in many ways. Currently, data
has been collected for two years, starting at the end of October 2020
(data logging is still ongoing). The pavilion comprises of five construc-
tion types: CLT, concrete, steel frame with mineral wool, timber frame
with cellulose insulation, and timber frame with mineral wool. These
five constructions represent the current building methods in Greenland
as of 2023. Despite the high ambitions, there were many uncertainties
connected to the experiment, which can and should be avoided in future
test facilities.

The study had three research questions; the first was whether the
studied constructions were unsuitable in Nuuk, and the second if the
constructions were robust enough for other regions in Greenland. The
study showed that all investigated constructions could function
acceptably in Nuuk and in other Greenlandic climates if built as
designed and prescribed by the manufacturer. Furthermore, it showed
that the conditions in the ventilated air cavity were, to some extent,
depending on the surface’s orientation. However, the ventilation rate
had very little influence when defined within a normal range. The
conditions in the air cavity had an insignificant impact on the hygro-
thermal conditions inside the wall.

The modelled weather data from ERA5 were found to be adequate to
replace measured weather data in cases where it is desirable to study the
effect of climate and measured weather data is unavailable.

The third research question was whether any parameters are essen-
tial to the robustness of the constructions. The study did not reveal any
parameters that may be critical to achieving a good performance in the
Arctic, as a comparison between the measured data with simulated data
produced in Delphin, did not reveal any severe issues. Still, the results
indicated that some of the units reacted differently to the boundary
conditions than the simulations.

This leads to the conclusion that all the investigated constructions
perform acceptably in theory and when meticulously executed. As other
studies have shown problems with some of the constructions, these
problems are expected to be due to insufficient level of detail in the
design or poor quality of the labour. The design, proper instructions, and
labour quality are essential to the performance of at least some con-
structions. Therefore, the need for supervision of the building process,
and quality assurance on site are also important findings.
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