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Abstract: When assessing the hygrothermal performance of timber windows, it is important to apply
the unique thermal conductivity of wood by each wood species as well as an anatomical direction
within the same material as they affect the performance and long-term durability of products. A series
of heat transfer analyses of window frames using THERM and WINDOW along with measurements
on the thermal conductivity of five hardwoods using laser flash apparatus (LFA) was performed to
compare and evaluate heat transmittance (U-value) and condensation resistance (CR) of three types of
timber and hybrid timber windows. For each window type, 6.1 to 10.3% of the maximum difference in
the heat transmittance among cases was calculated. Besides, a linear correlation was found between
the U-value and the CR for most cases; thus, the selection of wood species and anatomical direction
would improve the hygrothermal performance of timber windows overall. The results also indicated
that there were some cases where the overall CR of windows did not improve because the U-value of
the glazing system was not sufficiently low.

Keywords: timber windows; hybrid timber windows; wood physics; wood anatomy; thermal
conductivity; heat transmittance; condensation resistance; hygrothermal performance; heat
transfer analysis

1. Introduction

1.1. Background

Wood has been widely used as a building material since wood is grown throughout the world.
Besides using wood as a structural material, it can also be designed for nonstructural elements such as
windows, doors, walls, and other finishing elements. With the beauty of wood and cost-effectiveness,
timber windows are one of the popular options in the construction industry in North America and
Europe [1–3]. Recently, other materials such as aluminum with a thermal break have been integrated
into window frames in various ways to reduce the maintenance cost and improve the stiffness of
timber windows.

When timber windows are considered for building envelopes, several factors include cost, price,
comfort, durability, maintenance, style, integration in building, and others [4]. Those affect the
choice of wood species. As laws and restrictions for energy-efficient buildings are unprecedentedly
strict, designers and manufacturers are being pushed to develop high-performance building products.
With growing attention to energy-efficient buildings such as Passivhaus and nearly zero-energy
buildings (nZEBs), it is now essential to consider building materials’ thermal properties besides other
considerations in designing window frames.
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1.2. Purpose

Generally, wood’s thermal conductivity is much less than that of other structural building
materials [5]. Many factors affect the thermal conductivity of wood: specific gravity and density, grain
direction, and moisture content, to name a few [6–8]. Existing research has demonstrated that there
could be variations in thermal conductivity according to wood species [9–11]. Extensive research
about the calculation of thermal properties of wood has shown that the thermal conductivity of
various hardwood species with 12% moisture content ranges from 0.10 w/m·K to 0.21 w/m·K, whereas
that of softwood varies from 0.094 w/m·K to 0.17 w/m·K (TenWolde and McNatt and Krahn, 1988).
According to the 13 tropical hardwood species’ thermal conductivity, up to 490% of the difference for
transversal cut samples was found (Aggrey-Smith and Preko and Owusu, 2016). Measurement of
three wood species from east-southern Asia and Africa also have shown the maximum difference of
33% in the longitudinal section (Jankowska and Kazakiewicz, 2014). Due to its anisotropic property,
the thermal conductivity of wood differs by its anatomical directions. Conductivity in a longitudinal
direction (along the grain) is measured as more than two times the conductivity in radial or tangential
directions (across the grain), with a smaller difference between radial and tangential directions [12,13].
When wood is considered a part of building enclosure assemblies, often such differences are overlooked
by designers and manufacturers. However, the lack of consideration can result in an unintended error
in estimating thermal performance for a specific energy-saving goal. That is, such differences should
be reflected in the process of heat transfer calculation when designing high-performance building
products such as timber windows or even timber buildings.

A few building energy simulation programs such as Design Builder and Ecotect Analysis provide
thermal conductivity of wood by species as a material database for the calculation of energy usage.
However, the input value differs between programs, which makes the result unreliable [14,15].
Heat transfer analysis programs such as THERM and HEAT2 do not provide any detailed data about
the conductivity of wood by species besides a few wood-based panels. When calculating the thermal
performance of a window, glass is a decisive factor for reducing heat transmittance of the product
as glass has low thermal conductivity. Conversely, in general, window frames have higher thermal
conductivity compared to that of glasses, meaning that material selection for window frames should be
considered very carefully. For results of heat transfer analysis of timber windows to be more reliable,
wood species’ detailed input values should be provided to users. Changes in thermal conductivity
by each anatomical direction should not be overlooked as they also affect the thermal performance
of windows.

The main purpose of this paper is to build reference data of the thermal conductivity of various
wood species with differences in anatomical direction for further development of high-performance
timber windows and other building products. The parametric heat transfer analysis of timber windows
in this research aims to reduce unintended errors when manufacturers or designers have specific goals
in the hygrothermal performance of timber windows—such as heat loss reduction and condensation
resistance—without any knowledge of thermal conductivity differing between wood species and
anatomical direction. With an emphasis on the anistropic characteristics of wood and its impact on the
hygrothermal performance of timber-based windows, the outcome of this research can be of great use
for designers and engineers.

1.3. Scope

Figure 1 illustrates the brief outline of this research flow in three steps. The first part of the research
measured the thermal conductivity of wood species with two different axes: radial and tangential
direction. If the thermal conductivity characteristics are different depending on the measurement
direction, such as in wood, it is necessary to accurately know the thermal conductivity in consideration
of the direction and angle of the element suitable for the particular application. As a long linear element
is commonly used in designing a window frame, the thermal conductivity in the radial and tangential
directions, excluding the fiber direction, becomes an important factor in heat transfer. Therefore, in this
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study, the measurement results for radial and tangential directions were compared for each wood
species. Since the degree angle of wood can also influence the difference regarding the main sawn
direction [16], this study measured the thermal conductivity of the sawn wood in the principal direction.
Following results from the previous study (Vay et al., 2015) showing approximately 8.1–17.6% of the
difference in thermal conductivity between radial and tangential direction, it was anticipated there
would be a certain amount of the difference that should not be overlooked.

The next part was a comparative analysis of thermal transmittance (U-value) of several timber
window frames with different wood proportions in the frame design, wood species, and anatomical
direction. The U-value of the frame may vary depending on factors such as the aforementioned wood
species and placed orientation [17] and other parameters. For instance, changes in window spacers and
glazing greatly affect the overall performance of the window [18–20]. Besides, when the application
ratio of wood is changed in designing windows, the shape of other design elements of the frame
is inevitable, which also makes changes in heat flow [21]. Therefore, to prevent the possibility of
misinterpretation due to these unintended variables, this study focused on the sensitivity analysis
of individual windows according to the change of the set variables—wood species and anatomical
direction—rather than the specific performance comparison according to the type of window.

Finally, a performance assessment of timber windows with a focus on heat and moisture resistance
was performed to analyze the impact of varying thermal properties in wood. Specifically, it was
examined whether improvement of the U-value of window frames by wood considerations also
strengthens resistance to condensation on the surface of wood or not, which is also called condensation
resistance (CR) and is extremely important for any timber-based windows because of the moisture issue.
Often there are cases when the improvement of a window component such as glazing is not linearly
related to CR. Even though there are significant changes in U-value by different glazing configurations,
inconsistent changes in CR can be shown [22]. This is because CR is determined by the lowest surface
temperature of windows. As high-performance glazing is easily achieved, it is important that the
thermal performance of the frame and edge of the glass are improved, which can reduce the U-value
of the overall window by 36% [23].

Figure 1. Research workflow: from raw material to frame assembly to product scale.

2. Materials and Methods

2.1. Materials

Five types of hardwoods, including ash, cherry, maple, white oak, and walnut, were selected
for the measurement of thermal conductivity since they have been widely used for windows and
other building products. Wood samples were delivered after being sourced and then cut into small
pieces with a size of 12.7 mm in width and height, which was recommended from a manual for the
measuring instrument. For the reliability of the measurement, sample surfaces were prepared to be flat
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and smooth with the thickness ranging from 1 mm to 2 mm, which was also specified in the manual.
Samples were cut to have two different sections—radial and tangential—for measurement of the main
directional heat flow (Figure 2). A minimum of three samples was measured for each wood species
and anatomical direction.

Figure 2. Sample preparation of five types of hardwoods.

2.2. Methods

2.2.1. Measurement of Thermal Conductivity

There are three main measurement techniques for the thermal conductivity of building materials,
which are the steady-state method using guarded hot plate, transient hot-wire method, and laser flash
method using laser flash apparatus [24,25]. The advantage of the laser flash method is that it reduces
the measurement time, and it allows relatively small samples with a wide range of materials compared
to other methods [26]. Among the three analytical methods, the laser flash method was applied using
an apparatus from Netzsch (Figure 3).

Figure 3. Apparatus used for the measurement (LFA-447).
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To calculate the thermal conductivity of materials using LFA, thermal diffusivity should be
measured at first. To measure thermal diffusivity, the lower surface is heated by a laser pulse, and then
temperature change on the opposite surface is detected. Using the half measurement time and
sample thickness, the thermal diffusivity, and finally, the thermal conductivity can be calculated using
Equations (1) and (2).

a = 0.1388 · d2 / t1/2 (1)

λ = a · cp · ρ (2)

where a is the thermal diffusivity (mm2/s), d is the sample thickness (mm), cp is the specific heat
capacity(J/kg·K), ρ is the density(kg/m3), and λ is the thermal conductivity (W/m·K). Ten iterative
measurement values have been averaged for each sample.

2.2.2. Calculation of Heat Transmittance of Window Frames

For comparative analysis of heat transfer through window frames with different wood
compositions, three types of the commercially available timber-based window have been referenced;
traditional timber window, aluminum-clad timber window, and timber-clad aluminum window are
modeled for the analysis (Table 1).

Table 1. Types of timber-based windows for the analysis.

Window Type Opening Type Glazing Type Graphical Representation

Timber Window Horizontal Slider 22 mm Double Pane
(5 cl+12 argon+5 lowE)

Aluminum-Clad Timber
Window Horizontal Slider 28 mm Double Pane

(6 cl+16 argon+6 lowE)

Timber-Clad Aluminum
Window Horizontal Slider

43 mm Triple Pane
(5 cl+14 argon+5 lowE+14

argon+5 lowE)

When it is necessary to measure the U-value of various types of windows with different wood
species and directions, it is very costly and time consuming to prepare mock-ups for measurement.
In consideration of practical problems, the U-value was calculated using THERM, a simulation program
used to evaluate the performance of windows instead of actual measurement. The program, which was
developed by LBNL (Lawrence Berkeley National Laboratory), is a two-dimensional heat transfer
analysis program that is the most popular in the world when designing windows. It is widely used as
the program is provided for free and is used for certification of passive house products [27].
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To proceed with the analysis, a user should either import the CAD drawing of window frames or
draw the shape directly. Besides, to calculate the heat transmittance of various windows, the property
values of the materials should be specified. In this study, a drawing was prepared by referring to the
customer product brochures and exhibits published outside. For the thermal conductivity of materials
other than wood, the general value provided by the program was applied. The thermal conductivity
of wood reflected the measured value obtained through the measurement. The timber frames for
comparison were set to a quarter sawn and flat sawn (Figure 4), as it is realistic for frame materials to
be sourced along the longitudinal direction.

Figure 4. Conceptual drawing of window frames with a different sawn direction.

2.2.3. Calculation of Heat Transmittance (U-value) and Condensation Resistance (CR) of Windows

The U-value and CR of windows based on precalculated U-values of window frames were
estimated for comparison of overall thermal performance with a focus on the effect of the selection
of wood species and fiber directions. WINDOW, a program also developed by LBNL, was used
to calculate the performance of windows with U-value and CR of window frames data coupling
from THERM. Condensation resistance is an index expressed as a value between 1 and 100 by
comparing the condensation prevention performance of the interior of windows and doors under
environmental conditions specified in NFRC 500-2020 [28], an association standard provided by the
National Federation Rating Council (NFRC) of the United States. In the case of all timber and timber
hybrid windows, as wood is exposed on the interior surface, the CR based on the interior surface to be
calculated in this study would have an important influence on the design of the window, considering
the characteristics of wood related to the moisture. Overall, impacts of changes in wood species and
anatomical direction have been examined from two perspectives: one as the thermal performance
related to the U-value, and the other as the durability issue from the condensation risk.

3. Results and Discussion

3.1. Thermal Conductivity of Wood

For the calculation of thermal diffusivity, and finally the thermal conductivity, the density of each
wood species was measured using the electronic densimeter with precision 0.0001 g. Specific heat
values were calculated following Volbehr’s previous work completed in 1896 [29]. Equation (3) is
described below:

cp = 0.2590 + 0.000975 m + 0.000605 T + 0.000025 mT (3)

where cp is the specific heat capacity(cal/g·C), m is the moisture content between 0 and 27%, and T
is the endpoint temperature over the range of 0 ◦C to 100 ◦C. The moisture content of wood species
was measured before sample preparation following ISO 13061-1 [30], and then samples were stored in
the laboratory with a constant temperature of 25 (±1) ◦C and 50 (±5) % relative humidity before the
measurements. For the measurement of thermal diffusivity, the temperature in the chamber was set to
25 ◦C, which is close to normal room temperature. Table 2 lists the results of the thermal diffusivity
and conductivity measurements of each wood species. Detailed measurement data are also provided
in Table S1.
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Table 2. Thermal diffusivity and conductivity of wood species in radial and tangential directions.

Wood
Species

Moisture
Content

(%)
Density(kg/m3)

Specific Heat
(cal/g·C) 1

Thermal Diffusivity
(mm2/s)

Thermal Conductivity
(W/m·K)

Radial Tangential Radial Tangential

Ash 13.3 670 0.292 0.179
(±0.002)

0.154
(±0.010)

0.147
(±0.002)

0.127
(±0.008)

Cherry 12.4 697 0.291 0.221
(±0.010)

0.157
(±0.002)

0.181
(±0.008)

0.129
(±0.001)

Maple 13.2 732 0.292 0.190
(±0.006)

0.149
(±0.003)

0.156
(±0.005)

0.122
(±0.002)

Oak,
White 13.8 884 0.293 0.206

(±0.010)
0.165

(±0.001)
0.169

(±0.008)
0.136

(±0.001)

Walnut 11.3 566 0.289 0.185
(±0.002)

0.162
(±0.002)

0.152
(±0.002)

0.133
(±0.001)

1 For the calculation of thermal conductivity, 1 cal/g·C has been converted to 4200 J/kg·K.

As a result of a series of measurements performed, the heat transfer rate of all wood species was
found lower in tangential direction compared to that of radial direction; the thermal conductivity
of selected wood species ranged from 0.12 W/m·K to 0.14 W/m·K for tangential direction and from
0.15 W/m·K to 0.18 W/m·K for radial direction. Overall, all the measured values fell within the range
of 0.12–0.18 W/m·K, which aligns with previous studies of 0.10–0.21 W/m·K (TenWolde and McNatt
and Krahn, 1988) and 0.14–0.19 w/m·K (Jankowska and Kazakiewicz, 2014). Inconsistency between
wood density and thermal conductivity was exhibited, which was also shown in the previous study
(Aggrey-Smith and Preko and Owusu, 2016), as thermal conductivity also depends on various factors
other than the density of the wood.

For each wood species, the difference in avergated thermal conductivity between radial and
tangential directions varied (Figure 5).

Figure 5. Thermal conductivity of wood species in radial and tangential directions.
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The thermal conductivity of oak in the radial direction was about 24.3% higher than that of the
tangential direction, whereas 17.1% of the difference was found in the previous study (Vay et al., 2015).
However, regarding the standard deviation shown in the two studies, the difference fell within
the acceptable rate. There was the least value of the proportional difference in walnut, which was
approximately 12.5% on average, whereas the measurement result of cherry showed approximately
28.7% difference on average when the direction changed from radial to tangential. The results show
that the selection of species and sawn direction of wood for designing building components would
affect the thermal performance of products.

3.2. Heat Transmittance of Window Frames

To acquire the U-value of window frames, the simplified drawing of each window frame was
created in THERM for the calculation. For the boundary condition of the exterior and interior surfaces,
the temperature was set to −18 ◦C and 21 ◦C, respectively, which is a default setting in the program and
also specified in NFRC 100-2020 [31]. The thermal properties of materials except wood are summarized
in Table 3, and are referenced from NFRC 100-2020 and ISO 10077-2 [32].

Table 3. Thermal properties of materials used in THERM.

Material Thermal Conductivity (W/m·K) Reference

Aluminum 160 ISO 10077-2
EPDM (gasket) 0.25 ISO 10077-2
Frame cavity automatically calculated for

each cavity within THERM ISO 10077-2Frame cavity
(slightly ventilated)

Mohair 0.14 ISO 10077-2
Spacer 0.01 NFRC 100
Steel 50 ISO 10077-2

Wood measured value -
Urethane

(thermal break) 0.12 NFRC

The results from the series of calculations are listed in Table 4. Graphical representations with
detailed results in THERM are also provided (Table S2).

Table 4. Summary of window type categories for the analysis with resulting U-value.

Window Type Wood Species Anatomical
Direction ID

U-value of
Window Frame

(W/m2
·K)

Timber Window

Ash
Radial T-AR 1.908

Tangential T-AT 1.764

Cherry Radial T-CR 2.124
Tangential T-CT 1.779

Maple Radial T-MR 1.969
Tangential T-MT 1.725

Oak, White Radial T-OR 2.052
Tangential T-OT 1.831

Walnut
Radial T-WR 1.942

Tangential T-WT 1.809
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Table 4. Cont.

Window Type Wood Species Anatomical
Direction ID

U-value of
Window Frame

(W/m2
·K)

Aluminum-Clad
Timber Window

Ash
Radial AcT-AR 2.422

Tangential AcT-AT 2.316

Cherry Radial AcT-CR 2.566
Tangential AcT-CT 2.327

Maple Radial AcT-MR 2.465
Tangential AcT-MT 2.287

Oak, White Radial AcT-OR 2.516
Tangential AcT-OT 2.365

Walnut
Radial AcT-WR 2.446

Tangential AcT-WT 2.409

Timber-Clad
Aluminum

Window

Ash
Radial TcA-AR 2.219

Tangential TcA-AT 2.146

Cherry Radial TcA-CR 2.317
Tangential TcA-CT 2.154

Maple Radial TcA-MR 2.248
Tangential TcA-MT 2.126

Oak, White Radial TcA-OR 2.285
Tangential TcA-OT 2.181

Walnut
Radial TcA-WR 2.235

Tangential TcA-WT 2.170

It should be noticed that although the geometric characteristics of wood are the same, up to 11.3%
of the difference in the U-value of the window frame could be found depending on the wood selection.
The U-value could increase up to 19.4% if the sawn direction of wood components in the window
frame changes from radial to tangential while the type of wood remains the same. Those results align
with a finding from the previous study that changes in the frame and edge without changing the
glazing system could even greatly reduce the U-value of the window. This indicates the wood design
in window frames could also be a critical issue.

It should be stated that depending on the type of windows, the impact of changes in the thermal
conductivity of wood varies. Figure 6 illustrates the range of the U-value of the frame by window
types according to the selection of wood and its anatomical direction.

It was found that the range of changes in the U-value was reduced as the proportion of wood
was decreased. Up to 23% of the difference was calculated with an assumption of the window frames
being solely made of wood, whereas cases of the timber-clad aluminum window frame resulted in a
9% difference. While aluminum-clad timber window frames showed up to 12% difference, the average
U-value of frames was the highest among three window types since the frame lacked a thermal break.
The results showed that timber-clad aluminum window frames have relatively low value compared
to that of aluminum-clad timber window frames since thermal breaks are applied within the frames
of timber-clad aluminum windows. According to the analysis, timber window frames had relatively
lower U-value as wood has relatively lower thermal conductivity compared to that of aluminum.
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3.3. Heat Transmittance and Condensation Resistance of Windows

Window frames modeled in THERM were imported to WINDOW to calculate the U-value and
the CR of overall window products by specifying the glazing system and opening type of the window.
The program calculated the U-value using Equation (4).

Uw = (
∑

Ug·Ag +
∑

Uf·Af +
∑

ψg·lg)/(
∑

Ag +
∑

Af) (4)

where Ux is the heat transmittance of each window component (x = w-overall window product,
f-window frame, g-center of glass), ψg is the linear heat transmittance of glass edge, Ax is the area of
each window component (x = g-glass, f-frame), lg is the length of the glass edge.

The program also calculated the condensation rate using Equation (5) [33].

CRx = [1 − [
∑

j = 1,2,3{
∑

(Tdp,j − Ti)+ · Ax,i}/{(Tdp,j − To) · Ax}j = RH@30,50,70%]
1/3 /3] · 100 (5)

where CRx is the condensation resistance of each window component (x = w-overall window product,
e-edge of glass, f-window frame, g-center of glass), Tdp,j is the dew point temperature, Ti is the indoor
temperature, To is the outdoor temperature, Ax is the area of each window component (e-edge of glass,
f-window frame, g-center of glass) in the interior surface.

With environmental conditions following NFRC 100-2020, the results from the series of calculations
are summarized in Figure 7. WINDOW calculation data of each component and the overall product
are provided in detail (Table S3).

For each window type, as the glazing system remains the same, changes in the U-value of the edge
of the glass are negligible regardless of various wood species and their anatomical direction. As glass
is an important factor in determining the thermal performance of the window, the overall U-value of
window products would be lowered as the glazing system with high performance is applied. However,
varying U-value of window frames as calculated in the previous analysis could also affect the U-value
of overall window products, as the results have shown—the number of changes differed by window
types. For timber windows being analyzed in this research, approximately 10.3% of ranging U-value
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was calculated if a specific type of wood and sawn direction are chosen. In cases of aluminum-clad
timber windows, up to 7.9% of the difference was calculated when compared from the highest to the
lowest. A relatively low range of 6.1% among cases for timber-clad aluminum windows was estimated
since the proportion of wood elements in the frame design was assumed.
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The CR of each window component for three relative humidity levels was considered for the
calculation specified in NFRC 500-2020. For the individual cases, the minimum CR among the results
from a window frame, an edge, and a center of glass was regarded as the final value. As indicated
in Figure 8, the CR of each window frame fluctuated as material properties of the wood element in
the window frame changed, whereas that of the edge of each glass remained stable. The CR of the
edge of the glass can be lower than that of window frames when frames are made of materials with
low thermal conductivity, and the thermal performance of the glazing system is not sufficiently high.
For all cases, the CR of the center of glass was the highest as it is common that glass on contemporary
windows has relatively high performance.

As previous studies have implemented, the overall CR did not always have a linear correlation
with the U-value as the thermal performance of a window was improved (Figure 9). Through
the series of heat transfer analysis of windows, it was found that the U-value and the CR have a
linear relationship for cases except for timber windows. As the thermal performance was improved
by changing either wood species or anatomical direction, achieving lower thermal conductivity,
condensation resistance was improved as well. For timber windows, however, an only marginal
improvement on the condensation resistance was found, although U-value was lowered. The reason
was that the glazing system had not been changed throughout the analysis, and the minimum value
among calculations from window parts was set to overall CR. As per results, for higher overall CR,
both the edge of the glass and window frames should be thermally improved depending on a specific
window type.
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As results indicated, the selection of wood in detail is important in improving both U-value
and CR in general. Selecting a high-performance glazing system could also be considered to avoid
additional condensation risk on the edge of the glass.
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4. Conclusions

The main objective of this study was to identify the impact of differences in thermal conductivity
of various wood species and anatomical directions on the hygrothermal performance of timber-based
windows. To evaluate the performance of windows, measurements of thermal conductivity were
performed using LFA. Then, each window frame was modeled in a heat transfer analysis program
to calculate thermal conductivity, heat transmittance, and condensation resistance index for the
comparison and the evaluation.

As a result of evaluating the heat transmittance of three different window frames with changes in
wood species and anatomical direction, up to 19.4% of difference depending on the sawn direction
of wood elements within the window frame design was found, whereas 11.3% of the difference was
made solely by the selection of wood species. For overall window products, maximum changing rates
ranged from 6.1% to 10.3% for each window type. The condensation resistance of windows was also
affected by changes in the thermal properties of window frames.

When correlation analysis was performed to clarify whether changes in thermal properties of
timber-based window frames by wood specification affect both the heat transmittance and condensation
resistance of overall window products or not, windows, in general, showed a linear relationship if
the glazing system had much higher performance than window frames. It was also found that there
were cases where the thermal improvement of window frames could not lead to changes in improving
overall condensation resistance unless the glazing system would improve as well. This aligns with
the result from the literature that the relationship between the U-value and CR is neither direct nor
linear, as there might still exist a localized thermal bridge across the window. The study showed that
wood species and anatomical direction could improve the hygrothermal performance and durability
of timber and hybrid timber windows, as decisions would affect both the amount of heat transfer and
the condensation risk of the designated window frame design. It should also be stated that, however,
there are always trade-offs in selecting wood species and anatomical direction. For instance, choosing
a quarter-sawn wood for the frame material would result in a lower U-value, which increases the
cost compared to that of the frame with flat-sawn wood. Efforts for improving the hygrothermal
performance of windows by optimization of the frame and other components as well as proper
environmental control would be able to minimize such trade-offs.
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