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New energy efficient windows have a higher risk for outdoor air vapour condensing to their exterior
surface, when compared to older windows with lower thermal resistance. This external condensation
can reduce visibility through the window, decrease owner satisfaction and affect the behaviour of
window buyers and sellers. The purpose of this study was to analyse the impact of window U-value
and other factors on the occurrence of external condensation. A combined heat and moisture transfer
model was created and used for the calculations. According to the results, the duration and amount of
external condensation are projected to increase in the future due to lower window U-values and
climate change. Exterior surface emissivity, external shadings and building location had a big impact
on the amount of yearly condensation hours, while window orientation and solar absorption
coefficient had a smaller impact. There was also an interesting power-law-type correlation between

yearly condensation hours and the median effective thickness of the condensation layer. The results
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help window manufacturers and building designers make more accurate decisions in their future

work.

Keywords: building physics, condensation, energy efficiency, heat transfer, moisture transfer,

windows

1 Introduction
1.1  Background

The energy efficiency of buildings is an important topic in building design. Well designed and implemented
building energy efficiency measures have the potential to decrease life-cycle costs, increase local energy
security and lower the environmental impacts from a building. On the other hand, incomplete measures might
only increase investment costs, increase risks for different kinds of faults and eventually hamper user
satisfaction. This means that ideally the design choices used to improve building energy efficiency should
achieve the energy performance targets, while avoiding the possible negative consequences.

One essential use of energy in buildings is for space heating, of which a part is lost through windows. To
reduce these heat losses, more energy efficient windows with higher thermal resistance are being developed and
taken into use. This change in the thermal resistance of the windows means that their inside surfaces become
warmer and the outside surfaces becomes colder. While this change reduces the risk of indoor air moisture
condensing to the inside surfaces, it increases the risk for outdoor air moisture condensing to the outside
surfaces (a.k.a. external condensation).

El Diasty & Budaiwi (1989) list several negative effects that external condensation can have in an air-
conditioned buildings in hot and humid climates: i) Alteration or hampering of visibility through the window, ii)
Reduction of daylighting intensity to indoors, iii) Easier accumulation of dust layer on the window surface, iv)
Possibility of stains, discolouration and other damages due to rolling water drops and v) Changes to building
cooling load due to latent heat transfer. The list is well applicable to the cold climatic conditions also, which is
the focus area of this study.

A questionnaire was done in central Sweden among homeowners, who had received government subsidies

related to promoting building energy-efficiency (Nair, Mahapatra & Gustavsson 2012). According to the



program conditions, also window retrofitting was included in the program terms, as long as the window U-value
was equal to or lower than 1.2W/(m?K). According to the results, 98% of the installed windows had U-values of
1.1-1.2W/(m?K). The expected life span and the energy label of the window were reported to be the two most
important factors for choosing a specific type of window (92% of the respondents), while 53% of the
respondents said that having no or little condensation at the window surface was important to them. Among
those respondents who had reported of being aware of more energy efficient windows than the limit value for
the subsidiary (28% of the total), unattractive investment costs (43%) and the possibility of external
condensation (31%) were reported as the two main reasons for not choosing more energy-efficient windows.
Although 31% and 4% of the respondents had reported minor or severe external condensation respectively, 98%
of the all the respondents reported that they had been satisfied with their new windows. Even from those
homeowners who had reported severe external condensation, 95% were satisfied with their windows.

In the same questionnaire (Nair, Mahapatra & Gustavsson 2012), the estimated lack of cost benefits and the
increased risk for external condensation were the two main reasons, for the window sellers/installers not to
generally promote more energy-efficient windows. This was directly reflected in the decisions made by the
building owners, because they reported that that the recommendations from the window sellers/installers had an

important impact on their choice of window.

1.2  Literature review

The main idea of external condensation is, that when the temperature of the external surface is lower than the
dew point temperature of the surrounding outdoor air, the extra vapour in the air will start condensing to the
cold surface. The condensation process can be also described through air vapour content, so that the
condensation process starts, when the vapour content of the surrounding air is higher than the saturation vapour
content of the window surface. Longwave radiation is the main heat transfer mechanism, which can cause the
exterior window surface temperature to decrease below the dew point (or frost point) temperature, making it an
important parameter for the analysis. (Werner 2007)

Jonsson (1995) has reported results from field measurements and modelling of external condensation.
Comparison of three different windows with glazing U-values of 0.92, 1.13 and 1.85W/(m?°K) gave results, that
there was practically no external condensation with the window with the highest U-value. Of the two other
windows, the amount of condensation hours was higher at the lower parts of the window compared to the top

part of the window. There was 24-67 hours of condensation per year at the window with U-value 1.13W/(m?K)



and 68-166 hours with U-value 0.92W/(m?K). The results were from the period 15 March — 31 December 1994
in Bords, Sweden.

In a study by Heimonen (1997), the calculated amount of condensation hours started to increase sharply,
when the center-of-glass U-value was lower than 0.6-0.7W/(m?K). The calculations considered the climatic
conditions of Helsinki and Jyvaskyla in Finland at the year 1979. The amount of condensation hours was in the
order of 20130 hours for U-values of 0.55-0.8W/(m?°K). The study mentions the impact of external shadings,
surface emissivity, variation between successive years and different locations as important factors related to
external condensation.

Jonsson (1999) calculated both the total and daytime number of condensation hours with different U-values,
view factors and years for the climatic conditions of Stockholm, Sweden. The number of condensation hours
varied greatly between successive years, and most of the condensation appeared during the early mornings hours
in the autumn. For the case with U-value 1.0W/(m?K) and view factor to the sky F = 0.5, the amount of
condensation during 1988-1992 was 242-450 hours per year, and the amount of daytime (07:00-19:00)
condensation hours was 10-22% of the total amount. Yearly condensation hours generally increased with lower
window U-value, larger view factor to the sky and lower local wind speed.

Low-emissivity coatings have been found to be able to reduce the occurrence of condensation in controlled
field conditions (Werner, Roos 2007) and in simulations (Werner, Roos 2008, Glaser, Ulrich 2013). The current
practical lower limit for the emissivity of different coatings are currently around 0.15-0.20, but a substantial
reduction in condensation hours have been found already for surface emissivity of 0.5 (Werner, Roos 2008).
However, these coatings can also reduce the amount of visible light that is transmitted through the window,
which can make the interiors darker (Bilow-Hiibe 2001, p. 3). The low-emissivity coatings can also hamper the
penetration of radio signals through the windows, causing problems in cell phone reception (Asp et al. 2015).

In Germany, Glaser & Ulrich (2013) analysed the impact of low-emissivity coatings on the occurrence of
external condensation. Based on their calculations, the authors concluded that by using the common low-
emissivity coatings available in the market at the time (g, = 0.2), it was possible to prevent frost and to some
degree also dew from forming to the outside surface of vertical windows (in cases with Uy > 0.47W/(m’K)).

The use of hydrophobic coatings might not be able to prevent external condensation in all situations, but
they can change the type of condensation layer. The change from dropwise to film-wise condensation layer can

help maintain better visibility during condensation period. (Klemm et al. 2002, Werner, Roos 2007)



It would be possible to create a time-dependent simulation model that would include the impacts of
condensation, but in the previously mentioned studies the assumption of steady-state or quasi-steady-state
conditions have been used. The results from EI Diasty and Budaiwi (1989) included interior surface temperature
of a single-pane glazing, when there was condensation at the exterior surface. In the analysed situations, new
temperature conditions were reached in approximately 15 minutes after a step change in boundary conditions.
Windows with multiple panes should have longer time constants due to the higher heat capacity, but the
assumption of quasi-steady-state conditions have been used also in this study.

As a summary of the literature review, the main factors related to the occurrence and prevention of external
condensation is quite uniformly presented in the existing literature. However, the total number publications
related to the topic is quite small, which causes a lack of more specific information related to the impacts and
prevention measures of external condensation. Typically, exterior condensation is not seen as a dangerous
phenomenon, but one that can harm the visibility through the window, be aesthetically unpleasant and in some
cases, raise concern and questions of the functionality of the window. The topic is of interest for example for

window manufacturers and sellers, building owners and building designers.

1.3 Steps and goals of this study

To get more detailed information related to the occurrence and prevention of external condensation, a group of
calculations were done. Because condensation and evaporation of water vapour also affect the temperature
conditions of windows, a combined heat and moisture calculation model was developed to describe the
situation. The results from the developed model was compared qualitatively to the results from a simulation
program IDA-ICE 4.7. After the accuracy and the behaviour of the model were considered adequate, sensitivity
studies were performed related to different parameters.

The more specific research questions were: 1) How does the risk for external condensation change, when
the energy efficiency of the windows (U-value) improves, and 2) What are the most effective measures for

preventing or reducing the occurrence of external condensation?

2 Materials and Methods
2.1  Balance equations and definitions

The conservation of energy requires that the net heat flow to a control volume is accounted for in the amount of

energy stored in the control volume, when there are no heat sinks or sources. For the purposes of the study, the



heat balance of the exterior window pane was written as equation (1). Incoming heat flows were assumed to
have a positive sign.

dTse

Cdt

= ise T dconv T dsw + Qiw + Qv @

where C [J/(m?K))] is the heat capacity of the control volume Ty, [K] is the temperature of the exterior
window surface, t [s] is the time, q; ¢ [W/m?] is the heat flow from the indoors to the exterior surface, qeonp
[W/m?] is the convective heat flow from outdoor air to the exterior window surface, qs,, [W/m?] is the heat flow
by short wave radiation, q;,, [W/m?] is the heat flow by long-wave radiation and q, [W/m?] is the heat flow by
vapour flow.

When using equation (1), it is assumed that the temperature of the outmost pane is the same as the
temperature of the exterior surface and that the temperature can be described with a single nodal point. The heat
flow density from indoors to the exterior surface was calculated with the help of the glazing (center-of-glass) U-

value and the temperature difference over the window (equation 2).

o T; = Tse
Qise = i_ R ’ (2)
Ug se

where T; [K] is the indoor temperature, U, [W/(m?K)] is the U-value of the glazing at the center of the
window, from indoor air to outdoor air, R,, [m*K/W] is the exterior surface resistance.

The glazing U-value can be calculated as the sum of thermal resistances according to SFS-EN 673 (2011).
The exterior surface resistance is the reciprocal of the sum of the convective and radiative surface heat transfer
coefficients according to SFS-EN ISO 6946 (2017). The convective and radiative surface heat transfer were
treated separately in equation (1), but the heat flow from indoors was calculated using a constant external
surface resistance (Ry, = 0.04m?K/W). The heat flow by convection between the window surface and outdoor

air was calculated using equations (3-5).

Qconvy = hconv (Te - Tse) (3)
heony =4 + 4V 10cal 4)
Vw,iocar = 0-61 - Vw,airfieldr 5)

where h.,,, [W/(m?K)] is the convective heat transfer coefficient, T, [K] is the outdoor air temperature,
Vw.1ocar LM/S] is the wind speed close to the surface, 0.61 is the calculated value of the roughness factor (SFS-EN

1991-1-4, 2011, equation 4.4) and vy, 4irrie1a [M/S] is the wind speed at the meteorological weather station.



The convective surface heat transfer coefficient depends on the air speed (wind speed) close to the surface,
but typically only open-field wind speed values from meteorological weather stations are known. Because of
this, an approximate method was used, which is based on the standard SFS-EN 1SO 6946 (2017, equation A.6).
The local wind speed next to the surface in equation (4) was calculated according to SFS-EN 1991-1-4 (2011,
equation 4.4). By assuming a village/suburban environment and a maximum height of five meters from the
ground surface, a scaling factor (i.e. the roughness factor in SFS-EN 1991-1-4 (2011)) of 0.61 was eventually
used in the calculations, see equation (5). This calculation method does not take into account the exact air flow
patterns around buildings. The calculation of incoming shortwave (solar) is shown in equation (6).

Aplsw = Qs * (AskyFsky,wIdif,hor + Ay lairo + AgrFgr.wfsw,grlglob,hor)' (6)

where 4,, [m?] is the window area, g5, [W/m?] is the absorbed short wave radiation, Asww [ is the
shortwave absorptivity of the window pane, Agy, [m?] is the area of the sky, Fskyw [-] is the view factor from
the sky to the window, I,f por [W/m?] is the diffuse solar radiation to a horizontal surface, Lairo [W/m?] is the
incoming direct solar radiation normal to the window, A, [m?] is the area of the ground and other solid
surroundings, Fyrounaw [-] is the view factor from the surrounding ground to the window, 74, g, [-] is the
shortwave reflectivity of the ground (i.e. the albedo) and Iy;5p por [W/m?] is the global radiation to a horizontal
surface (sum of direct and diffuse solar radiation).

According to Incropera and others (2007, p. 812): “The view factor F;; is defined as the fraction of the
radiation leaving surface i that is intercepted by surface j”. The view factors are determined by the geometry of
the situation. By using the reciprocity rule (A;F; ; = A;F;;, (Incropera et al. 2007, p. 813)) for the sky and
ground components and by dividing with the window area, equation (6) can be written as equation (7).

Qsw = Asyyw * (Fw,skyldif,har + lgiro + Fw,ngsw,ngglob,hor)' (7)
where F,, o, [-] is the view factor from the window to the sky and F, 4, [-] is the view factor from the
window to the ground and other solid surroundings.

The diffuse radiation was assumed isotropic, which meant for the calculations that the walls facing north
and south received the same amount of diffuse radiation. The direct solar radiation to a surface was calculated

according to equation (8)
L;: = max (0 _Idir,hor Cos ) (8)
dir,0 ) cos Xi)

where I, nor [W/mM?] is the direct solar radiation to a horizontal surface (calculated as the difference

between global and diffuse radiation), y, [°] is the angle between the normal direction of the horizontal surface



and the sun (i.e. the zenith angle, complementary to sun elevation angle) and y; [°] is the angle between the
surface normal and the sun (i.e. the incidence angle).

In related to equation (8), additional conditions were used, that there was direct radiation to a surface only
when the sun was above the horizon (the zenith angle was between 0 < y, < 90°) and the incidence angle was
between —90° < y; < 90°. The angles in equation (8) were calculated from equation (9) (Hens 2011, p. 15).

cos y =sind sinL coss —sind cosLsinscosa
+cosd cosLcosscosh+ cosdsinLsinscosacosh 9)
+ cosd sinssinasinh,

where § [°] is the declination, -23.45...23.45° depending on the time of the year, L [°] is the latitude, north
positive, s [°] is the slope of the surface, 0° for a horizontal surface, 90° for a vertical surface, a [°] is the
surface azimuth (south 0°, east 90°, north 180°, west -90°) and h [°] is the hour angle.

The declination and hour angle were calculated according to the equations presented in ASHRAE
(2013, ch. 14). The net heat flow by long wave radiation was calculated according to equation (10).
QwAw = Qww (AskyFsky,wgskyo-T;ky + AnggT,wggraTg4r) = Aye, 0T, (10)
where ay,,,, [-] is the longwave absorptivity of the glass, equal to the longwave emissivity according to the
Kirchhoff’s law, £4,, [-] is the sky emissivity for long-wave radiation, o [W/(m?K)] is the Stefan-Boltzmann
constant, 5.67E-8W/(m*K), Ty [K] is the effective sky temperature, &4, [-] is the ground emissivity for long
wave radiation (assumed equal to unity), T, [K] is the effective ground surface temperature (assumed equal to
outdoor air temperature) and ¢,, [-] is the long wave radiation emissivity (called hemispherical or total
emissivity) of the exterior surface of the window.

By using the reciprocity rule and by dividing with the window area, equation (10) can be written as
equation (11).

Quw = U (FusicyEsieyToky + Ry grégraTyy) — €,0Tge (11)

In this study, the downward longwave radiation from the atmosphere was determined by using semi-
empirical models, which are typically based on the Stefan-Boltzmann equation. The semi-empirical models can
be divided into two main categories, in which 1) The sky emissivity is set to unity and an effective sky
temperature is determined from other variables, or 2) The sky temperature is set equal to outdoor air temperature
and an effective sky emissivity is determined. When the method of effective sky temperature is used, the

temperature difference between the outdoor air and the effective sky temperature is defined by equation (12).



Toky = To + AT, (12)
where AT [K] is the temperature difference between the ground-level air temperature and the effective sky
temperature.

The simulation program IDA-ICE uses a constant temperature difference of AT = -5°C as a default value
(Bring, Sahlin & Vuolle 1999, p. 10), which was used also as one case in this study. The international standard
SFS-EN 52016-1 (2017, Table B.31) gives the default value AT = -11°C for intermediate climatic zones. For an
outdoor air temperature of 278.15K, sky temperature difference of -11°C would correspond to an effective sky
emissivity of &g, = (1 + AT/T,)* = (1 - 11/278.15)* = 0.85.

Besides values of constant temperature difference, the literature contains also more advanced semi-
empirical models, which use typically available meteorological weather station data to calculate the downward
longwave radiation (Flerchinger et al. 2009, Wallentén 2010, Li, Jiang & Coimbra 2017). Because it was not
clear, which of the models would best describe the Finnish climatic conditions, multiple models were selected
based on the results of the previously mentioned literature sources. Equations (13-15) present a model that is

available in the TRNSYS simulation software (TRNSYS 17, 2009, Ch. 4.10.11, Martin, Berdahl 1984).

0.25
Tsky = Te (Ssky,clear + 08(1 - gsky,clea‘r)ccover) (13)

0 0. \>
gSky,clea‘r =0.711 + 0.56 (ﬂ) +0.73 (ﬂ)

100 100
(14)
7 1.2p, (exp (pogh) - 1)
+0013cos(2n “mr)+ Do
24 1002
I ) 0.5
Coover = <L4286 d”““’—-us) , (15)
glob,hor

where &gy cear [-] 1S the clear sky emissivity according to Martin & Berdahl (1984), Ccoper [-] is a
correction factor for the sky cloudiness, 84, [°C] is the dew point temperature in the outdoor air at ground level,
thour [-] is the hour of the day (0-23), p, [atm] is the atmospheric pressure at sea level (1 atm), p, [kg/m?] is the
air density at sea level (1.27 kg/m®), g [m?s] is the gravitational acceleration (9.81 m/s?) and h [m] is the
elevation above sea level.

The dew point temperature was calculated according to equations in SFS-EN ISO 13788 (2013), which can
be inverted to calculate saturation vapour pressure (equation 16). The partial vapour pressure was converted to

vapour content values in the calculations, using the ideal gas law.



=610.5 ( 17.2696 ) 6 > 0°C
Psar = 610.5exp | 53725 ) for 0 =
(16)
=610.5 ( 218756 ) 6 < 0°C
Psar = 610.5exp \7epo—=g ) for ’

where p,,: [Pa] is the saturation vapour pressure and 6 [°C] is the air temperature.

Wallenén (2010) has presented the equation (17) to calculate the sky emissivity, in which the coefficients
have been calibrated for the Swedish climatic data. Equation (17) includes the clearness index, to take into
account the impact of variations in the atmosphere. Equations (18-19) include the calculation of the clearness
index, which depends on the quotient between the measured amount of global radiation and the amount of extra-

terrestrial radiation to a horizontal surface.

04 T,
= 1.547 + 0.598 <_p> - 0.569( ¢ ) — 0.280K, 17
Esky * 100 273.15 0 (17
K. = Iglob,hor (18)
0 Hhor
Hpor = Tl COS(Xz)' (19)

where K, [-] is the clearness index, Hy,, [W/m?] is the amount of extra-terrestrial solar radiation on a
horizontal surface, r [-] is the eccentricity correction factor, taking into account the yearly variation in the
Earth’s path around the Sun (0.96...1.04) and I,, [W/m?] is the solar constant, 1367 W/m?.

Calculation of the eccentricity factor was calculated according to Wong and Chow (2001, eq. 2). The hourly
values of extra-terrestrial solar radiation to a horizontal surface (equation 19) can be interpreted as the situation
when there is no atmosphere present. The night-time values of the clearness index (and all similar indices in this
study) were calculated based on hourly interpolation of morning and evening values. These two values for each
day were calculated based on the cumulative sums of global and extra-terrestrial radiation separately, starting
from the sunrise (y, < 90°) until 12:00 mid-day and from 13:00 until the sun down (y, > 90°). The average
value was set to be at the middle of the morning and evening periods respectively. If the sun didn’t rise at all,
the default value of 0.5 was used for the clearness index.

Based on Flerchinger and others (2009), the downward longwave radiation was calculated with the
equations by Dilley and O’Brien (1998) clear-sky algorithm (equations 21-22), combined with the correction by
Crawford and Duchon (1999) for the cloudiness (equations 20, 23-24). The model in equations (20-24) is

referenced to as the DOCD longwave radiation model later on in the text.

Esky = 1-s)+ SEsky,clear (20)



1 T, \°
&k%dmn==;7E-<5938-r11&7(27316) 4—9696Jw/25) (21)

465(p,/1000)
w=——"—""—

22
T (22)
Iglob,hor
5 = giobhor (23)
Sclr
Seir = Isc €05()z) TRTpgTwTas (24)

where s [-] is the solar index, w [cm] is the amount of precipitable water in the atmosphere and ., [-] are
the transmissions coefficients, given in Flerchinger and othes (2009, app. A). The heat transfer by condensation
and evaporation was calculated according to equation (25).
dy = Lygy, (25)
where L, [J/kg] is the latent heat of evaporation (2260000 J/kg) and g, [kg/(m?s)] is the density of the
vapour mass flow between the exterior surface and the outdoor air. The mass flow in equation (25) was solved
from equation (26).

=0y = A7), (20

where m [kg/m?] is the amount of water on the window surface, 3, [m/s] is the surface transfer coefficient
for water vapour, v, [kg/m®] is the vapour content of the outdoor air and v, [kg/m®] is the vapour content of air
at the exterior surface of the window. The surface transfer coefficient for water vapour (diffusion) was

calculated from the convective heat transfer coefficient with the help of the Lewis equation (equation 27) (Hens

2012, eq. 2.114).

_ 51/,0.
B = heons (7). 27)

where 8,,, [m°/s] is the vapour permeability of air (26E-6 m?s), (Incropera et al. 2007, app. A.8) and 4,
[W/(mK)] is the thermal conductivity of air (0.023 W/(mK)), (Incropera et al. 2007, app. A.4).

The surface coefficient and the amount of condensed moisture were calculated with hourly time steps. The

heat transfer caused by mass transfer was calculated according to the following rules:

(1) If there was no pre-existing condensation at the window surface and the outdoor air vapour content was
lower than the saturation vapour content at the surface, then there was no vapour transfer and also no

heat transfer.



(2) Otherwise there either was either pre-existing condensation at the surface or the conditions were
susceptible for condensation. In this situation the relative humidity at the surface was assumed to be
100 % RH and the vapour transfer was calculated according to equation (26). The amount of latent heat
transfer was solved as a part of the iteration loop for the solution and the amount of condensed

moisture was stored as an initial value for the next time step.

In the numerical calculations, the temperature conditions were assumed to change in a quasi-steady-state
manner in each hourly time step, which meant that the left-hand-side of equation (1) was set to zero. The
coupled heat and moisture system was solved iteratively for each hourly time step according to the following

algorithm:

(1) Initialize values and calculate the input data for the time step
(2) Calculate the right-hand side of equation (1). Because this value is directly linked to the time derivative

of the unknown surface temperature, new temperature was calculated as the sum of the temperature of
the previous iteration, plus a constant portion of the C% -term (Tsenew = Tseo1a + 0.01 - C% was

used).
(3) Re-calculate all the terms depending on the unknown surface temperature and iterate until the left-hand

side of equation (1) is below a desired threshold (0.01 was used).

The parameters related to the numerical solution were chosen by testing different values and selecting the

ones that seemed to provide converged results without excessive computation time.

2.2 Input data

The input data used in the calculations was originally received from the Finnish Meteorological Institute (FMI)

and is described in Table 1.

Table 1. The meteorological data sets used in the calculations.

General description Additional information;
Coordinates in decimals: °N, °E, m

30 years of hourly data from the reference  Arctic Research Centre of Finnish Meteorological Institute
period 1980-2009 and its projections to (“Sodankyld”); 67.37, 26.63, 179

future climatic conditions of 2030, 2050 )
and 2100 (“30 year data”) Jyviaskyla airport (“Jyviskyld”); 62.40, 25.68, 138

Jokioinen observatory (“Jokioinen™); 60.81, 23.50, 104
Helsinki-Vantaa airport (“Vantaa™); 60.33, 24.96, 51



Building physical test years (“BPTRY”) The hourly data is from the past years 2004 from Jokioinen
(Finland) and 2007 from Vantaa (Finland) and from the
corresponding years in the predicted future climatic
conditions of 2030, 2050 and 2100.

Building energy simulation test years The hourly one-year data is from the current reference period

(“TRY”) 1980-2009 and from the predicted future climatic conditions
of 2030, 2050 and 2100 (average years). The data is from the
climate zones IV (most northern, Sodankyld), 111 (middle
Finland, Jyvaskyld) and I-11 (southern, Vantaa).

The building physical test years have been selected based on the work reported by Ruosteenoja and others
(2013) and Vinha and others (2013) and are available from the internet via FMI (2013). The background for the
building energy simulation test years has been explained by Kalamees and others (2012) and Jylha and others
(2015) and they are available from FMI (2011).

The outdoor air temperature and relative humidity from two meters height, global and diffuse radiation
from a horizontal level and wind speed were utilized from the data sets in the calculations. The indoor air

temperature was kept constant throughout the year (21°C).

2.3 Interpretation of the results

The calculations related to equations 1-27 include a large number of simplifications and possible error sources,
due to the chosen mathematical model, variation in the input data, accuracy of the numerical solution and

extensiveness of the calculated cases. The main limitations and sources for errors were considered to be:

No air flows through or within the window

e Impacts of rain are not included

e Condensation or dirt doesn’t affect surface radiative properties or the convective heat transfer
coefficient

e Indoor air temperature stays constant throughout the year

e Solar radiation does not affect the surface temperature of the ground

e Steady-state conditions are assumed for each time step

e The material parameters or the window U-value do not depend on temperature

e  Only vertical windows are analysed

e The impacts of different condensation mechanisms or possible run-off are not considered

e The impacts of external condensation on the visibility through the window are assessed only indirectly

by using the indicators listed at the end of this section.



On the other hand the current model includes the impacts of both heat and vapour transfer, it includes all the
main heat transfer mechanisms besides rain and air flows, it is fully documented and it is relatively easy to
follow. To test the behaviour of the model, the results were compared to results from building simulation
software IDA-ICE, which is widely used in Finland and which has been validated against several tests (EQUA
2017). The both ‘simple window’ and ‘detailed window” models of version 4.8 were used in the comparison
simulations. Because the mathematical descriptions of the three models are different from each other, the
comparison was done on a qualitative level, instead of e.g. trying to calibrate the models to produce as similar
results as possible. The comparisons were done on a reference case, which was a south-facing window with a U-
value of 1.0 W/(m?K), surface emissivity of 0.837 and the solar absorption coefficient of 0.15. Downward
longwave radiation was calculated according to the DOCD longwave radiation model. The view factor to the
sky was 0.5. The same values were used also in all other calculations, if not otherwise specified.

The differences between results from different models were first analysed by visually comparing the
differences between exterior window surface temperature and outdoor air dew point temperature. Especially the
focus was on checking if the occasions when the surface temperature was below the outdoor air dew point
temperature with different methods correlated to each other well. Finally, the root mean square error (RMSE)
between the results from the three models were calculated.

The result data included the hourly vales of surface temperature (°C/K) and the amount of condensation
(kg/m?). When combined with the climate data, the following indicators were calculated for the presentation of

the results:

(1) The total number of hours per year, when there is condensation at the window surface

(2) The number of daytime condensation hours per year, when there is condensation at the window surface
between 6:00 in the morning and 21:00 in the evening

(3) The median value for the thickness of the condensed moisture, calculated from those hours, when there

is condensation (the hourly values kg/m? divided by 1000kg/m® and presented in micrometres (um)).

3 Results and Discussion
3.1 Comparisons to IDA-ICE results

Figure 1 shows a typical example of the comparison results between different calculation methods.



«— |DA detailed

Tse - Te,dew, °C

AT

IDA simple and calculated

A5 XA} \S AU 21 pug oA Aug 71 pug 20 puo
——IDA detailed - IDA simple Calc

Fig 1. Temperature difference between exterior surface temperature and outdoor air dew point temperature from
the last two weeks of August from the test reference year Vantaa 2012. A typical example of the comparison
results. The ‘IDA detailed’ and ‘IDA simple’ refer to the IDA-ICE simulation results, whereas ‘calculated’
refers to the equations presented in section 2.1.

The yearly average temperature difference between the exterior window surface and the outdoor air dew
point was 6.3°C for the IDA-ICE detailed window model, 4.7°C for the IDA-ICE simple window model and
4.9°C for the calculation method presented in chapter 2.1. The root mean square differences were 3.0°C between
the simple and detailed window models, 3.8°C between chapter 2.1 and detailed window model and 2.0°C
between chapter 2.1 and simple window model. The differences between different models were biggest during
the daytime and smaller during the night time. Also, it should be noted, that squaring the differences is
especially affected by the peak values during the daytime, although the condensation hours occur during the
night- and morning times. The temperature difference between the exterior surface temperature and the outdoor
air dew-point temperature gave visually similar results, except that the daytime temperature peak of the exterior
surface was clearly higher in the detailed IDA-ICE window model. The night-time temperature difference
values were much closer to each other. At the beginning of the year, there were some bigger differences
between the different calculation methods. Figure 2 shows an example from January in test reference year

Vantaa 2012.
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Fig 2. Temperature difference between exterior surface temperature and the outdoor air dew point temperature
from the first two weeks of the test reference year Vantaa 2012. The results contained a small number of events
where the results deviated from the IDA-ICE results. The ‘IDA detailed’ and ‘IDA simple’ refer to the IDA-ICE
simulation results, whereas ‘Calculated’ refers to the equations presented in section 2.1.

The results were different from each other, which was also expected, because the mathematical models in
each case were different from each other. The RMSE was quite big, but on the other hand there was no clear
indication, which of the models would actually describe the physical phenomenon of external condensation in
the most accurate way. On the positive side, the overall behaviour of the different models was similar to each
other for the largest part of the year and the results were especially similar during the night time (highest
probability for external condensation). The condensation risk hours occurred in similar times throughout the
year, although the event duration between different models could typically vary 0-2 hours per condensation
event. In addition, the currently presented model allowed the inclusion of latent heat transfer and the track-
keeping of the actual amount of condensed moisture. As a conclusion, the model presented in this paper was

considered adequate for the current purposes and was used for further calculations.

3.2 Sensitivity studies

Figure 3 shows the total amount of condensation hours for each year during 1980-2009 in Vantaa.
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Fig 3. Total amount of condensation hours in Vantaa during 1980-20009.
The total amount of condensation hours varied significantly between successive years in Vantaa 1980-2009
in Figure 3 (between 24-404 hours per year). The mean value was 166 hours and standard deviation 94 hours.

The difference between the north and south orientation was tested with the reference window in the current

climate (Table 2).

Table 2. The difference in condensation hours between south and north orientation.

Condensation hours (total) Condensation hours (daytime)

South  North Difference South North Difference
Vantaa 1980-2009 166 147 13% 55 42 32%
Jokioinen 1980-2009 261 235 11% 91 74 23%
Jyvaskyla 1980-2009 224 187 20% 69 49 42%
Sodankyla 1980-2009 47 33 43% 12 7 64%

The south oriented window experienced 11-64% more condensation hours than the north oriented window
(Table 2). The main reason for this was, that as condensation typically occurs during the early morning hours of
the summer and autumn months, the direct solar radiation hits the north-oriented window first when it rises
above the horizon. The direct solar radiation warmed the north-oriented window during the critical hours and
reduced the amount of condensation hours compared to south-oriented window.

Figure 4 shows the impact of using different longwave radiation models. The values are 30-year average

values.
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Fig 4. The impact of using different models for downward longwave radiation.

Based on Figure 4, using a constant temperature difference of -5°C created the smallest amount of
condensation hours, while using a constant temperature difference of -11°C created the biggest. The three other
tested models, which have their background in regression models of measured longwave radiation, created
results that were relatively close to each other. Because the three more sophisticated models were fairly close to
each other, the DOCD was selected for further calculations as it gave the biggest values of the three.

Figure 5 shows the total average amount of condensation hours per year in different Finnish cities, as a

function of the center-of-glass U-value.
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Fig 5. The average yearly total amount of condensation hours per year in different Finnish locations, as a

function of center-of-glass window U-value.

According to Figure 5, the total number of condensation hours per year increases as the center-of-glass U-

value decreases. The amount of daytime condensation hours (6-21) was 24-43% of the total amount of



condensation hours, the average being 32%. This means that although most of the condensation hours would
occur during the night, there would be a non-negligible proportion of the condensation hours occurring during
the time of the day, when people would be generally awake to see them. The results also show the importance of
location on the occurrence of condensation: The average total condensation hours were smallest in the cold
Northern Finland conditions, but maybe a little bit surprisingly the second lowest values were in climatic
conditions of Helsinki-Vantaa airport, which is approximately 20km north from the Gulf of Finland. The biggest
amount of condensation hours occurred in the inland conditions of Jokioinen and Jyvéskyla.

The amount of calculations could be reduced, if the 30-year data sets could be replaced with either the
existing building physical or building energy simulation test years. Table 3 shows a comparison of total

condensation hours between the different data sets for the reference case.

Table 3. Comparison of energy simulation and building physical test years to 30-year reference period. n.a.

not available. Average total condensation hours per year in the reference case.

ave std TRY  t=(TRY-ave)/std BPTRY t=(BPTRY -ave)/std

Vantaa 1980-2009 166 94 132 -0.36 114 -0.55
Jokioinen 1980-2009 261 144 132 -0.89 402 0.98
Jyvéskyla 1980-2009 224 128 239 0.12 na. n.a.
Sodankyla 1980-2009 47 40 67 0.49 na. na.

Based on Table 3, the building physical test year Jokioinen 2004 experienced a relatively large number of
condensation hours, while the building physical test year Vantaa 2007 had a smaller-than-average amount of
condensation hours. Because Jokioinen 2004 has been selected for structures that are mainly influenced by
outdoor air relative humidity and the year Vantaa 2007 for structures that are mainly influenced by the driving
rain, the results seem logical with regards to the building physical test years. However, the criticality of the
building energy simulation test years varies from one climate zone to another, which makes the interpretation of
the results more difficult. Based on the results in Table 3, the building physical test year Jokioinen 2004 could
be used as a severe year also from the viewpoint of external condensation. However, because of the variation in
the building energy simulation test years, the 30-year data sets were mainly used for throughout this study.

Figure 6 shows the impact of view factor from the window to the sky.
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Fig 6. The impact of view factor on the yearly average total amount of condensation hours.

According to Figure 6, the amount of condensation hours reduced practically to zero, if the view factor
from the window to the sky was less than 0.2. A reduction in the view factor from 0.5 to 0.3 reduced the total
condensation hours by roughly 90 %. These values mean that eaves, trees, buildings and other external shadings
can effectively reduce the amount of external condensation. The impact of exterior surface emissivity is shown
in Figure 7.
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Fig 7. The impact of exterior surface emissivity.

Based on Figure 7, the occurrence of external condensation was almost completely removed, if the exterior
surface emissivity was lower than 0.4. This is in line with the previous studies, which have concluded that it is
not necessary to reach very low emissivity values (e.g. < 0.2) to prevent external condensation. Figure 8 shows

the impact of solar radiation absorption coefficient on the average total amount of condensation hours.
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Fig 8. The impact of solar absorption coefficient on the amount of condensation hours.

Based on the results in Figure 8, the solar radiation absorption coefficient had some impact on the amount
of condensation hours, but not as big as the window U-value, view factor to the sky or the exterior surface
emissivity. The impact was smallest in the northern part of Finland. Figure 9 shows the impact of the predicted

climate change on the average total amount of condensation hours.
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Fig 9. The average total amount of condensation hours in the current and future climate.

In Figure 9, the amount of condensation hours was higher in the future climatic conditions than in the
current climate. The average total amount of condensation hours was 23-26% higher in the climatic conditions
predicted for 2050, when compared to the current climatic conditions of southern and middle Finland. In
northern Finland the increase was 64%, but this was also largely due to the much lower starting level. Figure 10
shows the correlation between the median thickness of the condensation layer for hours with nonzero

condensation thickness and the yearly total amount of condensation hours.
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Fig 10. The median thickness of the condensation layer in micrometres versus the total amount of yearly
condensation hours. The thickness values are calculated from those hours, when there was condensation at the
window surface.

Based on Figure 10, the median condensation layer thickness increased with increasing total amount of
condensation hours per year. The behaviour was relatively similar regardless of the location. These results could
also mean that there might have already been some amount of condensation hours in the existing windows, but
the building users might have not noticed it due to the thin layer thickness. If the amount of condensation hours
becomes bigger in the future, the condensation layer would be also more likely to become visible. If a model
would be developed that would describe the impacts of effective condensation layer thickness to visibility, the
correlations presented in Figure 10 could be then used as a link between the architectural and structural design

choices analysed in this article and the changes in visibility due to external condensation.

Conclusions

External condensation in windows means the process, where water vapour in the outdoor air condensates to the
exterior window surface due to the low surface temperature. Based on the existing literature sources, one
important consequence of this can be that the building owners might not want to invest for more energy-efficient
windows because of the visual inconvenience or fear of mechanical degradation. In addition, building
consultants might not want to promote these types of windows to avoid complaints from building owners.
However, because an important part of space heating losses happens through windows, there is still a need to

promote windows with lower U-values in the future.



To study the topic further, a single-point network model was created, which allowed the calculation of
coupled heat and moisture conditions of the external surface in a quasi-steady-state manner. The results from the
model were compared to the results from both simple and detailed window models in the IDA-ICE simulation
software. The behaviour of the network model was considered adequate and so further parametric studies were
conducted with it. The model was used to analyse the occurrence and influencing factors of moisture
condensation at the exterior surface of vertical windows. The results behaved consistently and were in line with
the previous studies, which served also as an internal evaluation for the functioning of the calculation model.
Although the current model included the coupled calculation of heat and moisture conditions on the window
surface, there are still multiple simplifications that could be improved in future (see section 2.3).

According to the results, both the improvements in the window U-value and the climate change increase the
average yearly amount of condensation hours. Increased time duration was also linked to thicker effective
condensation layer thickness, which means that without countering actions, in the future external condensation
would be both more probable, and more visible.

External low-emissivity coatings had the capability to largely prevent external condensation. However,
because some of the coatings can also prevent visible light entering room spaces and disturb cell phone signals,
they can not be recommended without case-specific planning and implementation.

The use of shading towards the sky was an effective way reduce the yearly amount of condensation hours.
Reaching a view factor of 0.2-0.3 from the window to the sky would clearly reduce the amount of condensation
hours, compared to a non-shaded situation. Because external condensation happens largely during the early
morning hours, shading solutions that allow the first available solar radiation to reach the window surface during
the early morning hours would be preferable.

As a summary, the occurrence and visibility of external condensation on windows is predicted to increase in
the future. This article has presented results that help window manufacturers and building designers to take the
phenomenon into account when designing new window products and buildings. For the future research needs, it
would be beneficial to define limit values or a classification system, that would connect the duration or the
amount of external condensation to the actual visual disadvantages caused by it. Also in addition to simulations,
laboratory and field tests should be used to evaluate the accuracy of the calculation results and to compare

different window products in varying situations.
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Highlights

e Lowering window U-value increased the duration and amount of external condensation
e Predicted climate change increased the occurrence of external condensation

¢  Orientation and solar absorption had a small impact on the condensation hours

e  Exterior surface emissivity and external shadings had a big impact on the results





