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One of the largest sources of heat loss in buildings are the windows. However, windows are also
important to increase solar heat gain and provide daylight. It is necessary to understand how window
details influence the energy performance of very energy efficient houses. This is valuable information
for the design decision making process and may lead to further research or product development. This
paper examines the influence of window frame thermal transmittance, window frame width and window
installation depth on the energy demand of the building. A single-family prefabricated timber nZEB
located in Estonia was used as a reference building for this study. The results show that decreasing the
thermal transmittance and width of the window frame have a remarkable effect on the energy demand
of the nZEB (a variation of 42% and 25% respectively). The effect of optimising window installation depth
is insignificant (ca 3% variation of heat demand on most of the window placement range and up to 10%
of increase in heat demand when comparing the optimal placement to the least effective one). However,
it can further improve the energy performance.

Keywords: energy performance of buildings, nZEB, timber construction, windows, window installation
optimisation.

It is generally known that buildings account for the largest amount of energy consumption (Direc-
tive 2010/31/EU) and thus methods to reduce the energy demand of buildings are recommended.

Previous studies indicate that a large part of the heat loss in buildings occurs through the windows
(Grynning et al. 2011). The energy balance of a window and the effect of window properties on
the energy demand of a building is a complex interaction of a large array of parameters (Gryn-
ning et al. 2013). It is stated that when designing passive houses, a common technique is to let a
large window area face south and to use small windows facing north to minimise the heat losses
through the windows (Persson et al. 2006). Large windows towards the south help to increase
the availability of solar heat gain. As stated by Winkler et al. (2017), the solar energy gains are
among the most important aspects in the design of very low energy buildings like passive houses.
Therefore, it is reasonable to research the possibilities of reducing the heat loss through windows
or increase the solar gain.

As stated by Sadineni et al. (2011), there have been significant advances in glazing technologies

and as brought out by Cuce and Riffat (2015), triple glazed low-e glazing can already have a thermal
transmittance of only 0.28 W/(m?K), which is nearing the recommended thermal transmittance
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value of 0.15 W/(m? K) for passive house walls (Feist et al. 2005). There are also various state-of-
the art glazing technologies such as aerogel, vacuum and switchable reflective or suspended film
glazing, which can further improve the energy efficiency of glazing (Sadineni et al. 2011).

Marino et al. (2017) stated that there have been numerous studies about the influence of fenestra-
tion on the building energy performance. There have been studies about the window-to-wall ratio
and glazing properties (for example Bilow-Hube 2001, Persson, Roos, and Wall 2006, Leskovar
and Premrov 2011, Ihm et al. 2012, Susorova et al. 2013, Harmati and Magyar 2015). But the ef-
fect of window frame parameters is still less studied. It is necessary to understand whether the
influence of window frames is significant in very efficient houses. This is valuable information for
the design decision making process and may lead to further research or product development.

In a recent study, Misiopecki et al. (2018) investigated the window installation linear thermal
transmittance (LTT) in various window installation methods and positions and found that the vari-
ation of the LTT is significant, but there was no further research on the effect of LTT on the overall
energy demand nor on the effect of window position to the shading and thus on the availability of
solar gains.

This study determines the influence of window frame details and the window installation depth
on the energy demand of the building. Two parameters of the window frame were further exam-
ined - the window frame thermal transmittance and the width of the window frame. Additionally,
an optimisation task was carried out to determine the influence of the window installation depth
(influenced by the LTT and solar gain through the windows). It was hypothesised that the impact of
window frame properties is significant on the energy balance of the nZEB. A single-family prefab-
ricated timber nZEB located in Estonia was used as a reference building for this study.

Energy balance simulations

The energy balance simulations were done using the Passive House Planning Package - PHPP
(Passive House Institute 2013), which utilises the simplified quasi-steady-state monthly met-
hod specified in 1SO 13790:2008. The PHPP software has been validated with real-world projects
within the CEPHEUS project and proved to be an accurate tool for energy balance simulations for
passive house level buildings (Schnieders and Hermelink 2006). Additionally — the PHPP software
allows detailed input of window reveal and overhang shading data, as well as the input of window
frame installation LTT values for each of the window sides. The detailed shading data input allows
the examination of the effect of window placement on the solar heat gains and thus on the heat
demand. The PHPP user manual (Passive House Institute 2013) states that the algorithms used
for the calculation are derived from dynamic building simulations (Feist 1998, Feist et al. 1998).
The climate data used for the calculations is in accordance to the Estonian test reference year
for energy calculations (Kalamees and Kurnitski 2006). All of the other boundary conditions are
as required in the Estonian regulation of methodology for calculating the energy performance of
buildings (RT 1 19.01.2018; 7).

For the annual heat demand, the monthly values are added up, which are found by the following
equation (Eq. 1.).

Qu=Qr+ Q—nx@Qs+ Q) )

Where: Q,= heat demand, kWh/a; Q; = total transmission losses (the values for each building
element are summed), kWh/a; Q, = ventilation losses, kWh/a; Q. = solar heat gains, kWh/a; Q,=
internal heat gains, kWh/a; n = gain utilisation factor.

Q; and Q change when the window parameters are changed. Q; can be found by the average
thermal transmittance of the whole building envelope or as a sum of the specific transmission
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losses of all the building envelope elements. By only changing the window frame parameters, the
transmission losses of all the other building elements remain the same. Therefore, the method of
summing the specific transmission losses for each element is more useful here. The equation for
transmission losses for one building envelope element is as follows (Eq. 2.).

Qr =A XUXf, XG; 2)

Where: A = area of the building envelope element (e.g. the window frame), m? U = thermal trans-
mittance coefficient of the building element (e.g. the thermal transmittance of the window frame
with the installation thermal bridge effect included), W/(m?2K); f, = temperature-correction factor;
G, = heating degree hours, kKh/a.

By changing the window frame dimensions, the area of the transparent building elements or
window glazing is changed, and the shading reduction factor is changed slightly. By changing
the window frame placement in the walls, the change of shading reduction factor is more pro-
nounced. The following equation (Eq. 3.) shows how the glazing area or reduction factor influence
the amount of solar heat gains.

Qs=TrXgXAXG 3)

Where: r = reduction factor for shading, dirt and non-perpendicular incident radiation; g = SHGC -
total solar energy transmittance value; A = total area of the transparent building elements, m?
G = global solar irradiation as an average for the specific period, kWh/(m? a).

Two-dimensional heat transfer simulations and temperature factor calculation

In order to determine the LTT of the window installation junctions, LBNL Therm 7.6 was used. It
is a two-dimensional conduction heat transfer analysis tool based on finite-element method. The
computational method is described more in depth in the Therm 7 simulation manual (LBNL 2017).
The simulation was performed according to methods, conditions and assumptions specified in ISO
10211:2017,1S0 10077-1:2017, ISO 10077-2:2017 and ISO 6946:2017.

The LTT or Psi (W), W/(m-K), for the window installation is found by the following equation (Eq. 4.).
¥ =Lyp — Upw X lgw — Uy X ly (4)

Where: L,, = thermal coupling coefficient from the 2D simulation of the window installation junc-
tion, W/(m-K); Uy, = thermal transmittance of the exterior wall in the model, W/(m? K); L., = length
of the exterior wall projection in the model, m; U,, = thermal transmittance of the window product
in the model, W/(m?2K); (,, = length of the window product projection in the model, m.

The heat transfer simulation allows the determination of temperatures throughout the model and
calculation of the temperature factor f;,; (EN 1SO 13788:2012) by the following equation (Eg. 5.).

Tsi—Te

frsi = T, (5)

Where: T, = temperature at the internal surface, °C; T, = outdoor air temperature, °C; T, = indoor
air temperature, °C.

To avoid mould growth on the thermal bridges, the minimal spot temperature factor should be fz
> 0.80 in the Estonian climate (Kalamees 2006).

Reference building as built (nZEB) and as a low energy building (LEB)

The reference building size and floor plan (Fig. 1) are representative to the average Estonian sin-
gle-family house. The total heated area of the reference building is 148 m?. The building is designed
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according to the principles of the passive house method (Feist et al. 2005b) and, with the added
photovoltaic system, it is also a nearly zero energy building (nZEB) according to the local regulations
(RT105.06.2015; 15.). The building is located in the inland area of the Estonian climate (Kalamees and
Kurnitski 2006). A mechanical ventilation system with heat recovery rate of up to 93% is utilised. The
house is built with prefabricated timber elements with 500 mm of blown cellulose insulation in the
walls (U =0.08 W/(m? K)) and 600 mm of blown cellulose insulation on the roof (U = 0.06 W/(m?2 K)).
The insulated timber elements are mounted on a concrete slab with 500 mm of XPS insulation un-
derneath (U = 0.06 W/(m? K)).
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The windows in the reference building have wood-aluminium frames and triple low-e glazing.
Further details of the installed windows are in Table 1. All the given information is also considered
in the energy balance calculations.

Window type Operable Fixed
Frame section Threshold | Bottom | Top | Lateral | Transom | Bottom | Top | Lateral | Transom
Frame width (mm) 76 86 86 86 110 86 86 86 110
Frame thermal
transmittance 1.00 0.89 0.68 | 0.68 0.96 0.69 0.52 0.52 0.79

(W/(m2K))

The specific wood-aluminium window frames installed in the building are developed to be used in
very efficient houses and have wood fibre insulation covering on the timber frame which in turn is
suitable to be covered with additional insulation (for example the exterior wall insulation or wind
barrier). In the reference building the window frames were covered with additional wood fibre in-
sulation. See Fig. 2 for the detailed drawing of a typical junction. About 70% of the window area is
facing towards the south - this is a common practice with energy efficient buildings designed for
the northern hemisphere. Furthermore — the windows have few divisions to maximise the solar
gain and minimise the heat loss through the window frames.

An additional model of the reference building was proposed to determine whether the effect of
window frame parameters and the installation depth is specific to very efficient buildings. Thus, a
model with reduced energy performance was proposed, with wall, roof and floor construction cor-
responding to typical prefabricated low-energy buildings (LEB) in Estonia. See Table 2 for the re-
spective thermal transmittances. Everything else was left unchanged. The proposed wall construc-
tion for the LEB has an insulation layer of 195+45 mm as opposed to the wall construction of the
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Analysis of the effect of window frame properties

For determining the influence of the thermal transmittance of the window frames, a hypothetical
window frame with homogeneous properties was proposed. The projected width of the frame sec-
tion (marked as “w" in Fig. 2) of the window frame was chosen to be 11 cm, which isacommon value
among contemporary windows. Only the U, value was incrementally changed from 0.5 W/(m? K) to
1.4 W/(m? K) in the energy balance simulations. Everything else was left unchanged.

For the sensitivity analysis of the influence of window frame width, w (see Fig. 2), to the energy
balance a similar approach was used. Again — a hypothetical homogenous window frame was
used in the simulations, but the U, value was left unchanged at 0.8 W/(m?*K), corresponding to
good thermal quality and the frame width (w) was incrementally changed from 5 to 14 cm. In
relation to that the glazing area and the shading reduction factor was changed.

The analysis was done for both the nZEB and LEB version of the reference building.

Analysis of the effect of window installation

To determine the influence of window installation depth, a series of simulations were done on the
basis of the reference building both as nZEB and as LEB.

The window frame placement (the distance from the window frame midpoint to the facade plane,
marked as “d" in Fig. 2) was incrementally changed in 14 steps from the outer edge to the inner
edge of the window reveal. The steps were 30 mm for the nZEB and 10 mm for the LEB version of
the building. For each step, a new energy balance calculation was done, considering the changed
shading situation and changed window installation thermal bridge. Thus, heat-transfer simula-
tions were carried out to determine the LTT or Psi values and temperature factor or f;, values
for the top, side and bottom section of the window installation for each of the steps and for both
versions of the building.

On Fig. 3 there is an excerpt of the simulated models for the top section of the window installation
for both building versions in the extreme and middle positions of the window. On each of the po-
sitions depicted, there is also the corresponding window frame midpoint distance from the fagade
plane (d). As seen - for the nZEB version the distance variation is 39 cm from the outer extreme
position to the inner extreme position and 13 cm for the LEB version. Thus, the innermost position
on the nZEB version is more shaded than on the LEB version.

Typical window
installation junctions for
the nZEB (left) and the
LEB (right)

Thermal envelope
parameters of the nZEB
and LEB versions of the
reference building
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In Fig. 4 there is the annual energy balance of the reference building as built. It is observed that the
heat loss through windows constitutes a large part of the total heat loss. However, the solar heat
through windows contributes a large amount of the gains also and thereof is an important factor.
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Increasing the window frame thermal transmittance from 0.5 W/(m?2K) to 1.4 W/(m?K) increases
the net heat demand by 42% on the nZEB version of the reference building (from 16.3 to 23.1 kWh/
(m2a)) and by 27% on the LEB version (from 29,6 to 37,5 kWh/(m? a)). See Fig. 5 for a graphical
representation of the relation.

The variation of the window frame width (w) from 5 to 14 cm results in the increase of the net heat
demand from 15.8 to 19.8 kWh/(m?a) on the nZEB (increase of 25%) and from 28.2 to 34.0 kWh/
(m?-a) on the LEB (increase of 21%). In Fig. 5 there is the corresponding relation.
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In Table 3 there are the average LTT values and the minimum f; values for each of the simulated po-
sitions for the nZEB version of the reference house. The f,; values which meet the minimum require-
ment in the Estonian climate (Kalamees 2006) are marked with a light green background. In Table 4
there are the corresponding values for the LEB version of the house. The lowest f,; values were on the
bottom part of the window frame installation on both building versions. For the top and side part of the
window installation, the f,; values were above 0.80 for all of the window frame positions and thus were
within the accepted limit. In Fig. 6 there is a graphical representation of the average ¥ values.

d, mm & 7 10 13 16 19 22 25 28 31 34 37 40 43 47
relative

installation 0% 8% 15% 23%  31% 38% | 46% 54% 62% 69% 77% 85% | 92% 100%
depth, %

C\}//e(:ig;)LTr’ 0.047 | 0.044 1 0.042 | 0.040 | 0.038 | 0.037 | 0.036 1 0.036 | 0.036 1 0.037 | 0.039 |0.041 | 0.044 0.050

fogbottom

insé tallation 0.787 10.790 1 0.793 | 0.797 1 0.800 0.803 0.803 0.807 0.813 0817 0.827 0.833 0.840 0.823

dmm& 7 8 9 10 11 12 13 14 15 16 17 18 19 20
relative
installation | 0% 8% 15% 23% 31% 38% 46% 54% 62% 69% 77% 85% 92%
depth, %

100%

%?;i%l‘ﬂ 0.0430.039 | 0.035 | 0.032 | 0.031 | 0.029 | 0.028 | 0.028 | 0.028 | 0.028 | 0.029 | 0.030 | 0.031 | 0.033
fr;bottom
installation 0.797 1 0.803 0.807 0.810 0.813 0.817 0.820 0.823 0.827 0.830 0.837 0.840 0.847 0.853

The shading effect of the window reveal increases, when moving the window frame towards the
interior. In Fig. 6 there is a chart to describe this effect on both the nZEB and LEB version.
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The maximum difference of the average window installation LTT is 0.014 W/(m-K) on the nZEB
version and 0.015 W/(m-K) on the LEB version of the reference building. Considering the total
length of window installation (87.4 m) and the amount of heating degree hours (107,460 Kh) from
the base model, the maximum saveable energy amount is 131,488 Wh or 131.5 kWh per year or
0.89 kWh/(m? a) on the nZEB. As the total amount of heat losses is 56.7 kWh/(m?- a), the saveable
amount by window frame installation optimisation is about 1.7%. The corresponding amount on
the LEB is about 1.08 kWh/(m? a) or 1.2% of the total heat loss of 87.2 kWh/(m? a).

The possible energy savings from the lower window installation LTT is however counteracted by the
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Average LTT and
minimum f,; values
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installation junctions
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The variation of the
window installation
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gain (right) in relation
to the installation
depth on both versions
of the reference
building
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decrease in solar gain. The amount of available solar heat gain decreases by 7.1% on the nZEB and
2.6 % on the LEB when the installation depth of windows is changed from the outermost position
to the relative depth of 46% (where the lowest LTT occurs).

In Fig. 7 there are graphs for the relation of the overall net heat demand to the window installation
depth on both building versions. The points with minimum heat demand are marked with a red
line on the figure.

The overall net heat demand varies from 16.6 to 18.2 kWh/(m?a) on the nZEB and from 28.6 to
29.4 kWh/(m?a) on the LEB. In the case of the nZEB, the variation in heat demand is only about
3% on the relative installation depth range of 0...69% and only on the innermost window position,
the difference with the most effective position reaches 10% (mostly due to decreased solar heat
gain). On the LEB, the variation in heat demand is 3% within the whole installation depth range.

Window frame midpoint distance from facade, d (cm) Window frame midpoint distance from fagade, d (cm)
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The results indicate that the window frame thermal transmittance and its dimensions indeed influ-
ence the overall energy balance of the nZEB by a noticeable margin (over 40%). The effect is less
significant on the LEB, which indicates that the window frames gain more importance in the overall
energy balance as the net heat demand of the building decreases. It follows from this that from a
design decision making point of view, the actual window frame product is important. Moreover — the
window frame width is also important — the net heat demand increases over 20% on both the nZEB
and LEB versions of the building when the frame width is changed from very shallow to slightly
larger than regular. Thus, it is not advisable to compare window products by only comparing the
total thermal transmittance, as the effect of window frame width to solar heat gain is also noticeable.

When only considering the net heat demand, the lowest thermal transmittance and the smallest
frame dimensions are preferred, but the increased solar gain might also contribute to overheating.
Thus, further investigation is applicable to determine design decision making recommendations
from the overheating point of view and taking both the heat demand and overheating issues into
account. Nonetheless - this study shows that the window frame product and its properties should
be included in detail to the energy performance calculations of nZEBs.

Concerning the window installation LTT, the results are in conjunction with the study by Misiopecki
et al. (2018). It is observed that the lowest window installation LTT values are achieved for window
positions roughly in the centre of the window reveal for both the nZEB and LEB. However, this has
an insignificant effect on the overall heat demand compared to the influence of window frame ther-
mal transmittance or the influence of the window frame width. Furthermore, it is counteracted by
the increasing shading effect of the window reveal once the window is positioned deeper into the
wall construction. The negative influence of shading is even more pronounced on the nZEB because
of its thicker walls. It is apparent that due to the different overall wall thicknesses, the optimal rel-
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ative installation depth is different on the two versions of the building. However, the distances from
the frame midpoint to the facade plane, at which the net heat demand is the lowest, is about the
same on both the nZEB and LEB. This is because the influence of the solar gain on the overall build-
ing energy balance is greater than the influence of window installation LTT. Thus, it is preferable to
install the windows towards the outside of the wall construction, but in such a way that the tem-
perature factor fg is within safe limits. Further optimisation of the installation thermal bridge has
little effect and one can omit this in the planning phase of the building, thus simplifying the process.

In this paper, a series of simulation energy analyses were performed to determine the effect of
window frame parameters and the window installation depth to the net heat demand of a very
energy efficient building. The results show that the window frame thermal transmittance and the
width of the window frame have noticeable effect on the total energy demand of the building.
However, the influence of window installation depth is insignificant. Nevertheless, it is suggested
to install the window more to the outside of the wall construction to minimise window reveal and
overhang shading. Concurrently it is important to keep the temperature factor within safe limits. If
that is ensured, further optimisation work is not particularly beneficial.
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of new Nearly Zero-Energy Wooden buildings in the Northern Climatic Conditions”. The research
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lope”, Institutional research funding grant IUT1-15, Estonian Centre of Excellence in Zero Energy
and Resource Efficient Smart Buildings and Districts, ZEBE, grant TK146 funded by the European
Regional Development Fund. The authors would also like to thank Sense QU for cooperation of
providing data and details about the reference building.
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