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Abstract: This paper deals with a small but important component in a building envelope, namely
roof windows in pitched roofs. Building physics methods were used to support the search for
new solutions which correspond to the maximum extent for requirements for passive house level
design. The first part of the paper summarizes the key phenomena of heat transfer, mainly based on
a comparison of vertical windows in walls. The results of repeated two-dimensional heat transfer
calculations in the form of parametric studies are presented in order to express the most important
factors influencing thermal transmittance and minimum surface temperatures. Several configuration
variants suitable for technical design are discussed. It was found that a combination of wood and
hardened plastics in the window frame and sash is the preferred solution. The resulting thermal
transmittance can be up to twice as low as usual (from 0.7 down to 0.5 W/(m2K), with further
development ongoing. Surface temperature requirements to avoid the risk of condensation can be
safely fulfilled. Concurrently, it is shown that the relative influence of thermal coupling between the
window and roof construction increases with the improvement of window quality. Specific attention
was given to the effect of the slanting of the side lining, which was analyzed by simulation and
measurement in a daylight laboratory. The increase in thermal coupling due to slanting was found to
be negligible. Motivations for specific building physics research are mentioned, such as the need to
study the surface heat transfer in the case of inclined windows placed in a deep lining.

Keywords: roof window; thermal performance; passive building; building component development

1. Introduction

Building physics, e.g., [1], including heat and moisture transfer, building-energy performance,
energy assessments of elements and buildings, building acoustics, daylighting, the distribution
of contaminants, etc., can be perceived as a set of rules for the assessment of constructions and
buildings [2]. It can also be perceived as a set of sub-tools that is used actively during preparation
and development work. Individual requirements need to be seen as interconnected, such as the
requirement for daylight versus the requirement to limit the risk of a room overheating. Such a process
accompanying development work should be perceived as multilevel. When applying building physics
knowledge and practical tools, it is necessary to choose the key phenomena that will be prioritized.

The paper discusses the use of building physics methods to develop a roof window suitable
for passive buildings. This was the subject of a joint project between a research organization and an
innovative company specializing in the production of windows [3]. The contribution of this paper is
to highlight selected phenomena and show possible applications of the technical solution of the new
component. At the same time, it should be remembered that, in addition to the obvious technically
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oriented approaches, the user’s customs (window opening, cleaning) and aesthetic requirements must
be considered in the design of the final product.

Passive buildings [4] have become a clearly defined category of energy-efficient buildings [5], which
is in line with the trend of sustainable solutions [6] over more than 25 years of development. Design
methods and voluntary certification procedures are steady, and in some countries and regions they may
be linked to subsidy policies or building regulations. At the same time, building solutions together
with technical systems (minimizing heat penetration through the building envelope, minimizing heat
losses by ventilation with heat recovery from the ventilating air) are the basis for the downstream
categories of energy-optimized buildings obtaining a significant share of their energy from renewable
sources (passive house premium [7], nearly zero-energy buildings (NZEBs) [8], Effizienzhaus Plus [9],
etc.). Even a seemingly small element, such as a window, can be significant in terms of the reduction of
energy use, and can thus be part of the solution.

In order to meet the requirements for energy-optimized buildings in cold to moderate climates,
it is generally necessary to use windows with a thermal transmittance of around 0.8 W/(m?:K) [10].
However, roof windows of this quality are not yet normally available. At the same time, the effect of
installation into the roof construction should be taken into account, since there is a considerably larger
additional thermal flow than for windows in perimeter walls.

For roof windows, the condensation of water vapor on their inner surfaces, especially at the edges
of the glass, can be observed at low external air temperatures. Together with an effort to reduce the
heat transfer of the windows, the spacing frames of the glazing units, the shape of the window frames,
and the materials used in their construction have also been gradually improved.

It is known that window frames typically have a higher thermal transmittance than modern
glazing units [11]. This is a particularly significant phenomenon due to the smaller dimensions of the
roof windows (in the case of openable windows, the window frame means an assembly of parts, the
fixed frame, and the movable frame of the sash).

One of the possible ways to reduce heat leakage at the edge of a window is to fit additional
thermal insulation elements during the installation of the window from the outside of the frames [12].

Roof windows are the weakest elements of the building envelope in terms of heat losses. For this
reason, they are not popular with designers involved with passive buildings. However, they must be
used in some cases, and the consequence of increased heat transmission must be compensated for in
order to achieve the passive house criteria. This critical situation can be illustrated by the fact that,
in the database of components certified for passive houses [13], of 268 positions for windows (frames
and connections), only two deal with roof windows (in one case equipped with quadruple glazing,
in the other case equipped with triple and double glazing combined in one assembly).

The aim of the project in [3] was to find a solution for a roof window so that the thermal
transmittance of the entire window corresponds to the requirements for passive buildings and so that
the temperature on the frame surface meets the requirement to eliminate the risk of surface water
condensation under reference conditions in the interior. The possible increased risk of the overheating
of rooms during the summer due to solar gain was not explicitly addressed in this project.

This paper discusses methods used during research and development studies in Section 3. It then
introduces and comments on the main findings in Section 4. Appendix A shows, through a simple
case study, the effects of roof windows of different quality on the overall thermal transmittance of the
building envelope of a typical family house. Preliminary studies about heat transfer phenomena close
to window surfaces are introduced in Appendix B.

2. Problem Analysis

To analyze the problem, a comparison of a roof window with a vertical window in a perimeter
wall was performed (see Figures 1 and 2).



Energies 2019, 12, 2300 3 0f 20

Sky radiation Thermal

coupling

Z(Pw-lw

Surface heat
transfer (hr,e + hr:,e)

Solar radiation

Surface heat
Convection in

transfer (h,; +h_ ;)

cavities

Min. surface
temperature (9, j; frs;)

Thermal
transmittance U,

Passive solar
gains (g)

Heating body power
(alternatively)

ext.

Figure 2. Schematic horizontal cross-section of a typical position of a roof window in a pitched roof.
ext.: exterior air temperature; int: interior air temperature.

Heat transfer in the air cavities between glazing panes is generally larger due to increased heat
convection caused by air movement (the more inclined the more significant; nonlinear). As a result,
thermal transmittance is increased in the range of 0.1 to 0.2 W/ (m?K) relative to the whole window if
calculated according to [14].

Considering the fact that frames are weaker parts of a window in terms of the total thermal
transmittance, attention is given to a more detailed description of the thermal properties of the
frames [15], and to their improvement. Such an approach cannot be clearly conducted by the study of
roof windows.

Heat is transferred due to a connection of the window to the opaque part of the building envelope:
In the design of vertical windows, it is attempted to minimize such thermal coupling by searching
for the optimal position of a window in the wall [16] and the optimal geometry and materials for the
construction detail. On the contrary, in roof windows, a very significant problem arises due to the
windows’ geometrical situation (Figure 2). The external perimeter of the window is situated in the
cold area of the roof. Therefore, it is not possible to achieve the so-called thermal-bridge free solution
(see Figure 3). The result is expressed as linear thermal transmittance [17], ¢, (W/(m-K)). Although the
values recommended in the Czech national standard [18] are larger than those for vertical windows in
perimeter walls, they may not be easily reached (Table 1).
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Table 1. Standard values of linear thermal transmittance, 1, (W/(m-K)), as a result of thermal couplings.
Adapted from the Czech national standard [18].

Required =~ Recommended Recommended for Passive Buildings
Window in wall 0.1 0.03 0.01
Window in pitched roof 0.3 0.1 0.02

Simple calculations performed in [19] (Figure 3) have shown that unavoidable heat transfer due
to the thermal coupling between the window and the roof plays an important role. For this reason,
it is recommended to integrate the additional heat transfer due to thermal coupling in the (extended)
thermal transmittance, Uy, ist, in order to obtain a “full picture” in one value [10]:

AgUg + ApUs +Z(Ygly) + (Yl

Uw,inst = ’ (1)
where X (¢.l) describes the influence of the installation, Uy is the thermal transmittance of the glazing
unit (W/(m?K)), Uy is the thermal transmittance of the frame (W/(m?K)), the thermal bridges of the
glazing edge are expressed by the linear thermal transmittance, ¢ (W/(m'K)), and the thermal bridges
due to the installation in the roof are expressed by the linear thermal transmittance of the window,
P (W/(m-K)). Figure 3 shows the results of a preliminary calculation for a hypothetical window of
excellent quality: U, 0.60 W/(m?-K), Ur 0.60 W/(m?K), V¢ 0.03 W/(m-K), 1z 0.05 W/(m-K), reference
window size. It can be seen that, for improvements to roof windows, all parts are of high importance,
i.e., the glazing, frame, installation method, and overall geometry.

installatio
glazing

glazing edge

Uw 0.65 W/(m?K) Uw,inst 0-78 W/(m?K)

Figure 3. The result of a preliminary calculation for a (hypothetical) roof window of excellent quality.
Heat transfer (left) and heat transfer including the effect of installation on roof thermal coupling (right)
based on 2D calculations for all relevant cross-sections [19].

As a rule, heat transfer is calculated and measured vertically according to standardized test
procedures [20], even for later use in an inclined position. Thus, if the goal is to achieve identical
heat transfer to that in vertical windows, the requirement should be more stringent, being reduced at
least by 0.1 W/(m?-K). The standard [18] is partly based on this approach, as shown in Table 2, for the
required and recommended values of thermal transmittance. During preparation of the standard [18]
this approach was not used for passive house recommendations because of the fact that windows of
corresponding low thermal transmittance were not available.

Table 2. Standard values of thermal transmittance, U, (W/(m2K)), adapted from the Czech national
standard [18].

Required = Recommended Recommended for Passive Buildings
Window in wall 15 1.2 Range: 0.8-0.6
Window in pitched roof 1.4 11 0.9

Another important fact is that roof windows are usually smaller than windows in walls, and
therefore the proportion of the frame, as the weaker element in terms of heat transfer, will be significant.
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The reference size of the roof window [21] is 1.14 m X 1.40 m, and the conversion to different window
dimensions is only performed in practice in exceptional cases.

Excessively low interior surface temperatures can create conditions for the surface condensation
of water vapor and mold growth (expected above a critical air humidity of 80%). This applies in
particular to window frames and glazing edges. The surface temperature factor, frgi = (6; — Oe)/(0ai —
Oe), is used for the assessment. Its required minimum values [18] are shown in Figure 4, and depend
on the outdoor air temperature, indoor air temperature, and relative humidity.
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Figure 4. Minimum values of the surface temperature factor to avoid water vapor condensation (left)
and mold growth (right) assuming an interior air temperature of 20 °C for different air humidity.

The surface heat transfer coefficient, hg; (W/(m?2-K)), describing the heat transfer between the
internal surface of the window and surroundings can be different for inclined roof windows and for
vertical windows. Smaller inclined roof windows are additionally often influenced by heating bodies
close by, and the situation can therefore be very different.

Requirements on the thermal transmittance of the roof construction result in an overall thickness
of approximately 400 mm or more. This can negatively influence the daylight quality due to the very
deep side lining. Therefore, the distribution of daylight in rooms as a primary function of each window
should also be studied very carefully.

Additionally, in the case of roof windows, the situation of radiative heat exchange between
the glazing and the two perpendicular side linings is fundamentally different from that of a wall
window. Heat transfer can also be significantly affected by the presence of a heating body below the
window (differently depending on the power, temperature, proportion of the radiant and convective
heat-to-room transfer, and overall space situation). Moreover, a deep lining contributes to a different
air flow in the room and in the space in front of the window.

The radiative heat exchange between the external window surface and the (clear) sky [1] is higher
for roof windows (e.g., multiplied by a factor of 1.5 for 45° sloped windows). This leads to an increase
in the total external surface heat transfer coefficient, hse (W/(m?K)).

In summer, specific phenomena should be considered (although they are not the subject of this
paper). These include passive solar gains in the rooms and the resulting risk of room overheating,
which are primarily influenced by the orientation of the facade/roof, window size, and the coefficient
of the permeability of total solar radiation (solar factor), g (-), of the glazing unit, by the shading from
external obstacles and shading devices. The overall effect depends on several other parameters of
the (occupied) room, including the thermal inertia, ventilation strategy, and actual climatic data. The
external air can be significantly warmer close to the roof surface (heated by the roof covering).

Generally, a higher passive solar gain can be expected due to the inclination of roof windows.
Moreover, efficient external shading, such as venetian blinds, are not applicable to roof windows.
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3. Methods

3.1. Parametric Studies

Introductory parametric studies [3] involving 2D-heat transfer calculations using the COMSOL
Multiphysics [22] modeling software were carried out to map the key dependencies of the overall
layout and geometry of window and frame material on the window’s thermal performance. Initially,
two different configurations were studied: (i) Usual assembly with high-performance glazing near
the exterior (configuration A); and (ii) alternative assembly with a window casing equipped with
high-performance glazing near the interior and an additional single-glazed pane at the exterior side
(configuration B) (Figure 5).

The calculation model followed the rules given in [23]. Connection to the roof is considered here
as adiabatic; this means that the effects of thermal couplings were not included. For that reason, the
estimation of the minimum interior surface temperature is only indicative.

A glazing unit consisting of more panes and cavities filled by Argon was simplified for the
calculation as a homogeneous solid material having equivalent thermal conductivity back-calculated
from the known thermal transmittance of the glazing unit, U;. The connection between the frame and
the glazing unit was simplified by using a two-box-method [24] for spacers of known characteristics.
Air gaps between the fixed and movable part of the frame were simulated according to [23].

In this case, high-performance homogeneous materials for the frame were considered. The thermal
conductivities of the fixed and movable part were 0.039 W/(m-K) and 0.065 W/(m-K), respectively. This
corresponds to the use of hardened polystyrene [25] with a density of 100 and 400 kg/m?3, respectively.
The thermal transmittance of the glazing unit was 0.6 W/(m?-K) for triple glazing and 1.0 W/(m?K)
for double glazing. Calculations were performed for indoor and outdoor air temperatures of 20 and
0 °C, respectively.

During the parametric studies, several geometrical parameters and material parameters were
changed over a relatively wide range in order to determine their importance within the whole
configuration. The thermal transmittance of the glazing was fixed.

Figure 5. Configuration A (left) and alternative configuration B (right) that were tested in parametric
studies. a: adiabatic condition [23].

3.2. Real Design Solution

Repeated 2D-heat transfer calculations in steady state conditions were performed for selected
configurations according to consultations with the development team. The HT-Flux software [26] was
used to analyze representative cross-sections (for head and sill, over and under the hinge). The thermal
transmittance of the frame, the linear thermal transmittance due to the connection between the glazing
and frame, and the resulting thermal transmittance for the reference window size (1.14 m x 1.40 m)
were estimated for each variant. Additionally, a preliminary estimate was made of the minimum
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surface temperature. The simplifications for modeling were identical to those described in Section 3.1.
Material parameters and boundary conditions are summarized in Section 4.2.

The effects of thermal coupling between the window and the roof construction were analyzed
for selected window variants. Again, the HT-Flux software was used to analyze representative
cross-sections (e.g., Figure 2) for a typical configuration of a pitched roof for passive house quality.

The thermal transmittance of the installed window, Uy, jst, was estimated for the reference window
size. Moreover, the minimum window surface temperature and corresponding factors, frs, were
evaluated [27].

3.3. Daylight Simulation

In this study, the problem of daylighting was preliminarily investigated by means of numerical
simulations. The influence of the possible slanting of the roof window lining was investigated. The
quantity of daylight and its spatial distribution may change with the degree of lining slanting (that is,
the angle, a, between the lining plane and the plane perpendicular to the roof, see Figure 6). In order
to quantify this effect, the daylight factor, D (%), was calculated by means of a validated software
tool [28] using the CIE standard overcast sky model at a horizontal reference plane in an attic room lit
by a roof window. It was calculated repeatedly with the angle, , varying stepwise from 15 to 45°.

r—

/|

a9

Figure 6. A cross-section through the roof window showing the inclination (slanting; «) of the

T

window lining.

The geometry and dimensions of the studied room represent a typical inhabited attic room
(Figure 7). The dimensions of the roof window are 860 x 1180 mm, and its triple glazing has a light
transmittance, 7, of 0.74. Except for the floor, all of the internal surfaces are supposed to be painted
a bright white with a corresponding light reflectance, p, of 0.84. The floor reflectance, p, is 0.66
(gray carpet). The reflectance should correspond to the physical model prepared for measurement in
Section 3.5. The internal surface coatings of the physical model prepared for daylight measurement in
Section 3.4 were selected in order to reproduce such high values of reflectance.

. roof Ae+++FDe+++ e+ +
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Figure 7. The geometry of the room studied for daylighting distribution (letters represent the control
points for investigation). (Unit: mm).



Energies 2019, 12, 2300 8 of 20

3.4. Daylight Measurements

The daylight distribution was measured using a model with a 1:4 scale (Figure 8) in the daylight
laboratory in Danube University Krems, Austria. The simulator had a diameter of 6 m (Figure 9). The
horizontal daylight level in the middle of the simulator, where the model was placed, was set to 8000 Ix.
The model of the room had a changeable roof. The roof window was either placed centrally or near to
the side partition wall. Additionally, alternatives for different geometries of side lining were analyzed,
namely perpendicular and slanted with & = 45°. Surfaces were finished using high-reflectance coatings
corresponding to the reflectance values used in the simulation in Section 3.3.

Figure 9. Experimental setup for daylight measurement in a laboratory.

3.5. Formulation of General and Detailed Recommendations

Additionally, as a result of all the analyses, a set of recommendations for the technical design of
the roof window was formulated. Moreover, further steps for the implementation of new products
were followed, namely (i) the creation of a catalogue of the overall solution and (ii) the support of
an independent assessment. Furthermore, a certification body (Centrum stavebniho inZenyrstvi a.s.,
Zlin, Czech Republic) performed measurements of the following mandatory declared parameters [20]:
Thermal transmittance, airtightness, and water tightness to wind-driven rain.
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4. Results

4.1. Parametric Studies

The results of the heat transfer calculations for two different window configurations (see Figure 5)
are presented in Figure 10. Configuration A has a higher thermal transmittance of the frame, U, for
the relevant geometries, however, the use of a high-performance glazing at the exterior side leads to an
overall lower thermal transmittance of the window compared to configuration B.

lambda_CF100(1)=0.0387 2D rém VAR 0 - Pole tepiot °

-60 36

R « L 0 " " . . N | =oas
a0 60 80 100 120 140 160 180 200 220 240 260 280 300 320 ¥ 8.89x10™ o 50 100 150 200 250 300 o045 ¥ 2.78x10"

Figure 10. Temperature distribution for window configuration A (left) and B (right).

More detailed results of the parametric studies for configuration A are presented in Figures 11
and 12. Each parameter was tested for a wide range of geometries, separately assuming homogeneous
material for the frame with very low thermal conductivity. It can be concluded that the most significant
parameters are (i) the setting depth of the window frame into the thermally insulated roof layer,
(ii) the overall width of the frame and sash, and (iii) the material of the frame and sash. Other

material and geometrical parameters are less important. These results were considered in the next
developmental steps.

Figure 11. Schematic of a window cross-section showing the most important parameters analyzed in
parametric studies.
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Figure 12. Key tendencies discovered in the parametric studies, expressed as the thermal transmittance
of the whole window and as the surface temperature factor. Filled points represent basis values. For
legend, see Figure 11.

4.2. Real Design Solution

Figures 13 and 14 show the configuration, dimension, and material properties as suggested by
the development team for two selected final design variants, considering the results in Section 4.1
and technical limitations. The figures represent the cross-sections over the hinge. The frame and
sash were made of a combination of soft wood and hardened plastics. The thermal conductivities
used in the 2D calculation are summarized in Table 3. The thermal conductivity of the hardened
polystyrene, Compacfoam [25], was measured in accordance with EN 12667 [29] using the HFM
300 apparatus (Linseis GmbH, Selb, Germany) using a sample with a size of 300 mm X 300 mm.
The sample, declared as CF100, had a bulk density of 122 kg/m3. The dry thermal conductivity was
determined as 0.037 W/(m-K), and the thermal conductivity in the wet state (the moisture content of the
water-saturated sample over four weeks was 1.6 m%), Achar, was 0.039 W/(m-K). Other values in Table 3
are taken from the literature. The boundary conditions used in the 2D calculations are summarized in
Table 4.

Several types of glazing unit can be used in each design variant. The window in Figure 13
is equipped with triple glazing with a U, of 0.5 W/(m?K). The window in Figure 14 has a Uy of
0.3 W/(m?K), and is equipped with a special glazing unit in which two transparent polyester foils
divide the space between two glazing panes into three cavities to reduce the overall heat transfer. For
construction reasons, their spacers have a higher thermal conductivity than those used in the best
available triple glazing. The thermal performances of the presented window variants are summarized
in Table 5.
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Table 3. Material properties used in the 2D heat transfer calculation.

Material Therma(le/(()rlrl‘(.iIE;:)tivity, A Pattern According to Figures 13 and 14
Glazing pane 1.00 -
Seals (EPDM profiles) 0.25 :I
Wood (soft) 0.12 -
Compacfoam 0.039 -
Aerogel 0.014 m
Extruded polystyrene 0.032

Table 4. Boundary conditions and heat flux scale used in the 2D heat transfer calculations.

Boundary Condition Air Temperature 0 Surface Heat Transfer Resistance
Yy Je) Ry; (m?K/W)

Interior—Building construction 20 0.10

Interior—Window 20 0.13

Interior—Edges of window 20 0.20

Interior—Edges of window for the

. L€ 20 0.25
evaluation of minimum surface temperature

Exterior =17 0.04

Ventilated cavity connected to the exterior _17 0.10

(under roof covering)

Table 5. Thermal performance for window variants I and II according to Figures 13 and 14.

Heat Transfer Coefficient (W/K) Mean Linear Thermal Transmittance Thermal Transmittance for
Variant  Glazing Frame Edge for Glazing Edge (W/m-K) Reference Window Size (W/(m*K))
Hrg Hry Hryg vg U Uy
1 0.530 0.503 0.103 0.025 0.94 0.71
I 0.303 0.344 0.148 0.037 0.59 0.50

\ ©=9,403 W/m

frsi= 0,762 [-]
l?si,min =11r2 °C

Figure 13. Schematic cross-section of the window variant, I, with triple glazing (left) and calculated
heat flux distribution (right).
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\ ©-6,600 W/m
frsi= 0,792 [-]
65i,rtlirr=12,3 €

Figure 14. Schematic cross-section of the window variant, II, with special glazing using two foils to
divide the cavity between two glazing panes (left) and calculated heat flux distribution (right).

Table 6 shows the effects of thermal coupling for perpendicular and slanted window linings for
variant II. The values of Uy, ;s were derived from the calculated thermal transmittance of the window
and the linear thermal transmittance at both sides, the sill and the head. The values of AU represent
the difference between Uy, ;s and Uy. A significant influence of thermal coupling is evident. The
slanting itself plays a minor role in the heat transfer.

Table 6. Effects of thermal coupling for the perpendicular and slanted linings.

Perpendicular Lining Slanted Lining ( = 45°)
l[)w Uw,inst AU ll’w uw,inst AU
W/(mK)  W/(m2K) W/(m*K) W/(mK) W/(m2K) (W/(m?>K)
0.071 0.72 0.22 0.093 0.79 0.29

The minimum surface temperature is presented for variant II (Table 7) in the most critical
combination: (i) For the slanted lining and (ii) for the glazing unit with a metallic spacer. The lowest
surface temperature is still at the edge of the glazing, similar to in the previous calculation without
thermal coupling. The values fulfill the requirements (see Figure 4), and therefore the risk of water
vapor condensation is minimized.

Table 7. Minimum surface temperature and surface temperature factor for variant II, coupled to the
roof structure. Slanted lining, indoor temperature of 20 °C, exterior temperature of —17 °C.

Minimum Surface Temperature Surface Temperature Factor
Area °
esi,min Q) fRsi -)
Sill 10.8 0.752
Head 11.0 0.756
Side lining 10.9 0.755

4.3. Daylight Simulations

Figure 15 shows the calculated daylight factors, D, at the selected control points on the horizontal
reference plane 850 mm above the floor level, and the mean daylight factor, D, as a function of the
window lining inclination, @. By slanting the lining, it is possible to achieve an improvement in the
overall level of daylight (expressed in terms of Dy,) as well as a significant local improvement in the
level of daylight in the area close to the window. Due to the local increase in the daylight factor,
a significantly larger portion of the floor area will be available for activities which require higher
daylight levels, i.e., D > 1.5%.



Energies 2019, 12, 2300 13 of 20

3.0 ¥ 30
< 25 Q o5 / I j \
X 2 == ——0 || .3 I U?
Q 59 — .g Z 20 +— A
o & 2 15 SL & X
S 15 £ 1 177
o < £
:: %g 1.0 / \ \
£ 10 5% 4 ‘f o
B 05 fF———=0——x 30— £ 05 1¢ window O]
© O O O = e
00 ! T T T T T T T T 1 =) ’ 00 10 20 30 40
0 5 10 15 20 25 30 35 40 45 ' ' ' ' '
. L " abscissa of the control point x [m]
window lining inclination a[°] linina inclination 0°
—0—lining inclination
A —0-B c lining inclination 15°
—--D —©o-E -—O-F lining inclination 30°
O—Dm —o—lining inclination 45°

Figure 15. The results of the daylight calculation as a function of the lining inclination. The daylight
factor at selected control points (see Figure 7) and the mean value (Dy,) (left) and daylight factors in
the line of control points at a distance of 1 m from the external wall (right).

4.4. Daylighting Measurements

In the model, the values of external and internal illumination at points on the horizontal plane were
measured at a height corresponding to measurements on real buildings. Figure 16 shows the results
expressed as a daylight factor for a series of points closest to the window (row A) for a perpendicular
and slanted side lining. Significant differences in the daylight factor were found for the slanted side
lining. Only negligible differences were found in rows B and C.

6125

10
9.
<8
=7
1000 i ke 8
250 _,_ 280 _ 375 _.125_ Q
I ] f R 5
1 i I e —
g : 5
11— s - = 3
g | g,
2] 4% l 1
b i i
3| +x i . 0 R
g : { : A1 A2 A3 A4 A5 A6 A7
4 _:__*___# ______ - | & measuring point
Bl | i |
5 _x I ]
w 1 i
6| +x X |
& ] :
-~ ie—— x-
S i i
T T 1 -
A B Cc

Figure 16. Laboratory-measured values of the daylight factor. Measured points (left) and values
for points Al to A7 (right). The black line represents the perpendicular side-lining and the red line
represents the slanted side-lining with a slant angle of 45°. (Unit: mm).



Energies 2019, 12, 2300 14 of 20

5. Discussion

This paper illustrates the practical use of building physics tools for studying heat transfer and
the daylight situation. The aim was to find a technical solution for roof windows suitable for passive
buildings and other energy-optimized buildings in cooperation with an industrial partner. An iterative
multilevel process using two-dimensional heat conduction calculations, from initial parametric studies
to specific detailed calculations, was applied in collaboration with the development team. The usability
of the results for practical window design was discussed at each step of development.

Additionally, a limited degree of verification was performed through measurements in a climatic
chamber. Final (formal) verification was achieved through certification by an independent testing
laboratory. For practical use, an interactive tool was developed which calculates the resulting thermal
transmittance according to the basic selection of the frame and glazing and refers to the elaborated
window details to ensure that the surface temperature requirements are met.

The simulated values of thermal transmittance of 0.7 to 0.5 W/(m?-K) can be considered very good
results. In any case, the further reduction of heat transmission would be accompanied by an increase
in the relative importance of the thermal coupling between the window and roof construction.

Slanted lining has a very positive effect on the quality of daylighting. Measurements made using
a physical model in the laboratory show similar tendencies to those observed in simulations, although
the simulated results show slightly higher daylight values. It is possible to accept an increase in thermal
coupling to some extent. A slant of 30° seems to be a good compromise in the majority of cases.

A higher level of daylight will probably also bring a greater independence from artificial lighting,
and thus allow greater energy savings or (hypothetically) possibly the use of smaller roof windows.

In further research, the authors aim to focus on several related tasks:

(a) The risk of overheating. Overheating and/or cooling energy demand of attic rooms and, in this
context, the possibility of advanced controlled shading of roof windows [30].

(b) 3D heat transfer models. Due to the fact that windows contain parts for which it is not possible to
perform a 2D calculation, especially in corners, it might be useful to use the 3D calculation of
a whole window including coupling, taking advantage of the symmetry. However, to achieve this,
some simplifications would have to be made, for example, for the opening mechanism, handle,
and eventually ventilation flaps.

(c)  Values of the heat transfer between the local surface and surroundings. Aside from the complexity
of the calculations, the results were further burdened by uncertainties regarding the boundary
conditions. Very detailed studies of heat transfer near to the surfaces of roof windows are needed.
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Nomenclature
A Area, m?
D Daylight factor, %
u Thermal transmittance, W/(m?2-K)
f Surface temperature factor, dimensionless
g Solar factor, dimensionless
h Surface heat transfer coefficient, W/(m?-K)
) Length, m
Y Linear thermal transmittance, W/(m-K)
p Light reflectance, dimensionless
T Light transmittance, dimensionless
Indices
Air
C Convection
g Glazing
e Exterior
f Frame
i Interior
inst Installed
r Radiation
s, S Surface
R Required
w Window
Appendix A
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Table A1. Examples of the distribution of transmittance heat loss for a pitched roof (total area 140 m?)

of a family house with six roof windows (6 x 1.0 m?). Alternative A corresponds to a typical solution

around the year 2000, alternative B corresponds to a passive house quality roof with traditional roof

windows, and alternative C corresponds to a passive house quality with high-performance windows.

Heat Transfer Coefficient

Thermal Increased Heat Transfer (%)
Transmittance (W/K) (%) (100% = No Windows)
A
Roof 0.3 W/(m2K) 40.2 69 69
Roof windows 1.8 W/(m2-K) 10.8 19 }31
Window-roof thermal coupling 0.3 W/(m-K) 7.2 12
Total 58.2 100 139
B
Roof 0.1 W/(m?K) 13.4 49 49
Roof windows 1.5 W/(m2-K) 9.0 33
Window-roof thermal coupling 0.2 W/(m-K) 4.8 18 }51
Total 27.2 100 194
C
Roof 0.1 W/(m?2-K) 13.4 71 71
Roof windows 0.6 W/(m2K) 3.6 19 }29
Window-roof thermal coupling ~ 0.08 W/(m-K) 1.9 10
Total 18.9 100 135
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Appendix B Results of Observations of Heat Transfer at an Internal Surface under Real
Conditions—Preliminary Comparison of a Large Vertical Window and a Small Roof Window
(Case Study)

Two windows in an occupied family house were monitored for heat transfer between the interior glazing
and the surroundings. There were two principally different situations: (a) A roof window with standard double
glazing and with dimensions of 0.86 m x 0.61 m fitted in an insulated sloping roof; and (b) a balcony door
containing a glazed window with dimensions of 2.4 m x 0.8 m, with visible glazing dimensions of 2.15 m x 0.66 m.
Under the roof window is a heating body (a hot water radiator) reaching up to half the width of the window.
The room with a balcony door has a high-quality envelope at the passive house level [5]; the windows here are
equipped with triple glazing. There is no heating body at the balcony door.

In both cases, the values of the heat flux density, the temperature at the surface of the glass, and the
temperatures at a small distance from the surface were measured at selected locations (Figure A1).

) 800 )
600 |
/
450 860
E1 =3
2le e =
©| 7 E2[ | =
2
E3e « = §
A2
[ ]

Figure A1. Schematic of a roof window (left) and a glazed balcony door (right). Points A1, A2, E1, E2,
and E3 indicate where the surface heat transfer coefficient was preliminarily estimated. (Unit: mm).

Figure A2 is an infrared image of a balcony door, with a relatively uniform drop in surface temperatures
from the top downwards, more pronounced at the bottom, over a height of approximately 200 mm. The air in this
room has very little thermal stratification (up to 1.6 K at a height corresponding to the height of the window).
Figure A3 is an infrared image of a roof window showing unevenness in the surface temperature distribution,
including an apparent direct exposure of the heating body (surface temperature at heating body top by 50 °C).

The complicated situation in the immediate vicinity of the roof window is also reflected by a number of other
air temperature measurements made at different distances from the window (Figure A4). This is demonstrated
by the presence of inhomogeneous turbulent air streams with temperatures that are very different from the air
temperature measured in the middle of the room. Air temperatures near the surface are approximately 2 to 5 K
higher when the heating body is in normal operation than in the case when the upwards heat exchange is blocked.
Figure A5 clearly shows the effect of the heating body on the surface and air temperature in the layer close to the
window surface. In cases with an unblocked heating body function, the temperature at the window surface and
its surroundings is higher than the air temperature in the center of the room.
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Figure A2. Illustrative infrared picture of a glazed balcony door. a: a thin textile ribbon installed 15 mm
in front of the glazing surface; b: a thin textile ribbon at a distance of 1.4 m from the glazing. Both
ribbons were used for indirect informative measurement of the temperature of the surrounding air.

Figure A3. Illustrative infrared picture of a roof window. A multiple reflection of a heating body is
clearly visible, which affects the window, in particular the radiative heat transfer component.

900 T

0 11 12 13 14 15 16 17 18 19 20
temperature [°C]

Figure A4. Illustrative single temperature measurement for the roof window—vertical temperature
profile along the window. a: a distance of 15 mm from the glazing. b: a distance of 80 mm from the
glazing. ¢, d, and e: glass temperature in the center of the window, at the left edge of the window, and
at the right edge of the window, respectively. The indoor air temperature was 21.5 °C, the surface
temperature of the heating body was 27 °C, and the exterior air temperature was 0 °C.
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Figure A5. Measured temperatures in the center of the roof window for different states of the heating
body. 05 is the temperature at a distance of 25 mm from the surface, 0 is the temperature at the
surface, and 0; is the air temperature at the center of the room. The temperature of the heating body is
shown in the bottom row.

An evaluation of the surface heat transfer coefficient from the heat flow density measurements and the
temperature differences between the air and the window surface is presented in Figure A6 and Table A2. The
surface heat transfer coefficient of the balcony door generally corresponds well to the expected value (standard
value hg = 1/0.13 W/(m?K)). For the roof window, the corresponding value of this method, proven by the
measurement of the balcony door, seems to be quite different, being up to twice as high as the value in the center
of the window.

The studied case is not representative of other possible configurations of roof windows (due to the presence
of a heating body, different window size, different geometry of the side lining, etc.). Further measurements in
laboratory conditions and other analyses should be used to study this effect more precisely.

(

* ° - ——
4 - g T i 1 T T -
O 1 l | 1 l 1
1 2 3 4 5 6
measurement

Figure A6. Surface heat transfer coefficient (SHTC; hg;) estimated from preliminary measurements at
the roof window and the balcony door window (see Figure ATl).
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Table A2. Surface heat transfer coefficient—overview of measured values.

Window Position Me&;} (\n71azl.111<e) hsi
Center Al 7.0
Glazed balcony door
Bottom A2 53
Center E1 18.8
Roof window Center, right E2 8.6
Bottom, right edge E3 15.7
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