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TECHNICAL ARTICLE

Thermal Transmittance (U-value) Evaluation of
Innovative Window Technologies

Jorge Luis Aguilar-Santana, Mariana Velasco-Carrasco and Saffa Riffat

Calculation of heat transfer in windows has a direct impact on the thermal transmittance on highly
insulated glazing components. A series of experimental tests were carried out in order to calculate the
U-value of active insulated windows using the Heat Flux Meter method (ISO 9869-1); this to compare the
insulation properties of traditional single glass, double glazing with different aerogel fillings and vacuum
glazing windows.

The use of this heat flux method utilised an environmental chamber to provide a temperature difference
of 15 °C reporting the U-values as follows: traditional double glazing 3.09 W/m2K, vacuum glazing 1.12
W/m2K, and double glazing with aerogel pillars 2.52 W/m2K. On the other hand, double glazing with KGM
wheat starch reported 3.40 W/m2K, double glazing with granulated aerogel 2.07 W/m2:K and heat insula-
tion solar glass 1.84 W/m2K.

Vacuum glazing recorded optimal results under these experimental conditions, describing a U-value 78 %
lower when compared to traditional single glazing window units (5.15 W/m?K). Installation of windows
with lower thermal transmittance are expected to increase in the global market to meet the current
construction codes, aimed for achieving net zero carbon buildings.
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Introduction

Energy consumption in the construction sector has
increased in recent years, as buildings account for more
than 40 % of the energy consumption for most countries
(IEA, 2013). In order to reduce this impact, it is relevant
to promote stricter regulations focused on the developing
of novel technologies on the building’s envelope. Fenes-
tration elements play a particular role in this interaction,
since they are the weakest point to uphold insulation in
buildings. Windows allow bringing solar heat gain, natural
light, ventilation and sound vibrations to interior spaces,
and similarly they are a barrier to inclement weather con-
ditions. These elements are extremely important to esti-
mate the building energy performance since they act as
an envelope for thermal comfort in spaces. In general, the
assessment of the window's thermal and optical proper-
ties utilises three parameters: visible transmittance, solar
heat gain coefficient (SHGC), and thermal transmittance
(or U-value) (Aguilar-Santana et al., 2020). Thermal trans-
mittance is relevant for the analysis of insulating proper-
ties of glazing materials as per the main objective of this
paper, and Figure 1 presents examples of their conven-
tional values.
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An important part of the energy consumption is associ-
ated to the heating and cooling demands from buildings,
especially those related to transparent surfaces (windows,
skylights and roof lights). These elements contribute
significantly to the energy losses in colder climates (Jelle,
Kalnaes and Gao, 2015; Velasco-Carrasco et al., 2020). An
inverse relation occurs in warmer climates, where these
glazing elements contribute significantly to the cooling
demand of HVAC systems due to the heat gains through
poor insulating materials displayed by traditional glazing
systems. Windows with materials of higher heat transfer
rate report the highest U-values regardless of the window
assembly; this as a result of the environment's interaction
through the building envelope in the building’s energy
losses (Aguilar-Santana et al., 2020).

U-value
Thermal transmittance also known as U-value, is the heat
flow rate divided by the area and temperature difference
in the surroundings of both sides of a system at a steady
state (BSI, 2014); and is a concept utilised to define the
insulation properties for building materials. Construction
elements with lower U-values are more effective to reduce
the energy consumption in buildings due to its capacity
to insulate from external weather conditions (usually uti-
lised for colder climates).

U-value rates in windows are comparatively high when
compared to other building elements such as floors (0.25
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Figure 1: Thermal and optical properties of static windows (Aguilar-Santana, et al., 2020).

W/m?K), roofs (0.16 W/m*K) and walls (0.30 W/m?K)
(Jelle et al., 2012). Likewise, traditional window tech-
nologies such as single glazing windows have a U-value
comparatively high (5.8 W/m?K), when analysed against
double glazing windows (1.2 W/m*K), and their impact
on the energy consumption of the latter is relatively low
(Aguilar-Santana et al., 2020). This contrast makes tradi-
tional static glazing technologies a conspicuous element
of improvement aiming to reduce housing energy con-
sumption, and therefore a challenge for modern building
codes worldwide.

Purpose of experimentation

This paper evaluates a series of static windows that utilise
passive technologies to improve heat and optical perfor-
mance in buildings. This would be achieved by calculating
their thermal transmittance coefficients via experimental
process, using the heat flux meter method described in
the international standard I1SO 9869-1:2014. The paper
objective includes analysing the significance and implica-
tions for testing windows under standardised conditions,
as well as providing experimental results on the applica-
tion of this code. The analysis aims to report the heat flow
and temperatures on the glazing surface, as well as the
assessment of thermal imagery and the formulae applied
to the experimental setup.

Methodology

The analysis of building elements in-situ, helps to
evaluate their thermophysical properties, their per-
formance for building design, construction and refur-
bishment. This is applicable in the implementation of
thermal comfort and insulation strategies to minimise
energy consumption in buildings (Gori et al., 2017).
There are several methods for calculating the thermal
transmittance in building elements and a summary
of the norms for their calculation is listed in Table 1,
using the codes for the International Organisation for
Standardisation.

Calculation of thermal transmittance

For the calculation of U-values in windows and particu-
larly for commercial products, ISO 10077-1:2017 and 1SO
10077-2:2017 are a recommended method to utilise since
it combines the geometry of the window and their thermal
interactions among components (BSI Standards, 2017b,
2017a). Using this method guarantees the consideration
of most elements in a traditional window assembly, these
including: glazing(s), frames, shutters and blinds. These
methods are particularly helpful when comparing rat-
ing reports in commercial window products defined as
“declared values” by manufacturers, also denoted as “U, ".

For the purpose of this research, the U-value calcula-
tions will focus on the thermal transmittance of glazing
“U,”or “glazing U-value”; this is to promote an equilibrated
comparison of insulating capacities among prototypes.
Moreover, the selection of this methodology presents a
baseline for comparison given the novel characteristics of
the glazing technologies involved, where the heat transfer
focuses mainly in the central area of glazing.

For the focus of this experimental process, the selected
code was the heat flow meter method (average process)
due to its scalability, accuracy and adaptability. Since it is
a non-invasive method, it could be adjusted to different
glass sizes and save the experimentation process from the
use of duplicate specimens. Contrastingly, the size restric-
tions and measurement periods linked to this standard
make this method challenging for achieving a calculation
balance. However, the use of infrared thermography helps
in the validation of results, comparing the collected data
throughout the experimental process (Figure 5).

Heat flow meter method (ISO 9869-1:2014)

Considering that a steady state plausible for on-site exper-
imentations, the ISO standards recommends the average
method to estimate the thermal transmittance. Their cal-
culation are based on recording the heat flow rate, ambi-
ent and interior temperatures for relatively long periods
(at least 72 hours). This method is valid only if the heat
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Table 1: Comparability of application of ISO standards in the calculation of thermal transmittances (BSI, 2014) (Inter-
national Organization for Standardization, 1994) (International Organization for Standardization, 2010) (BSI, 2018).

Standard code

Advantages

Disadvantages

HFM
ISO 9869-1:2014
Heat flow meter method

GHP
ISO 10291-1994
Guarded hot plate

CHB
[SO 12567-1:2010
Calibrated hot box

- Portable and versatile test.
- Reduced calibration times of HFM (every

two years).

- Not limited to specimen size.
- Not an invasive method.

- It can be applied to multiple glazing.
- Medium-scale equipment outline.
- Relatively inexpensive compared to other

methods.

- Method approached to simulated steady-

state.

- Imposes steady-state conditions on speci-

mens.

- Considered as a high-precision method.
- 95 % of confidence level in results.
- Scalability of specimen size.

IRT - It does not require direct thermal contact
ISO 9869-2:2018 to surfaces.
Infrared thermography - Can be used in specimens with larger study

dareas.

- Allows measurements on site (with

temperature differences >10 °C interior-to-

- Requires a flow rate constant for a considerable

amount of time (72 hours as a minimum).

- Requires direct thermal contact.
- The specimen should not be exposed to solar

radiation.

- Total uncertainty from 14 to 20 %.

- Requires two nearly identical specimens.
- Size dependant (ideally a square specimen fitted

to 800 x 800 mm).

- Requires cooling units.
- Not suitable under solar radiation.

- Requires initial calibration panels.

- Specimen size restricted (to fit the hot-box size).

- Aperture size greater than 0.8 m?.

+ Minimum of nine temperature positions required.

- Requires no incidence of solar radiation.
- Only for specimens with small heat capacity per

unit area 30 kJ/m*K or less.

- At least 6 hours of night data as measurement

period (3 days is recommended).

- Standard uncertainty of 13.8 %.

exterior).

transfer coefficients are constant during the entire testing
period (BSI, 2014).

Using the average method allows a more robust valida-
tion of data, being that it assumes the glass transmittance
as a quotient of the mean density of heat flow rate, by
the mean temperature difference between the interior
and exterior sides of the specimen (defined in equation 1).
This assumption is only valid however, when the experi-
mentation occurs isolated from direct solar radiation and
is carried out at intervals of 0.5 hours for longer periods
(BSI, 2014). Calculations of the thermal resistance and
conductance of materials are included in equation 2 and
3, accordingly.

2.0
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" (T —T.
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where,

U = thermal transmittance (W/m?K).
R = thermal resistance (m*K/W).

A =thermal conductance (W/m-K).
@ = heat flow rate (W).

q = density of heat flow rate (W/m?).

T, = interior surface temperature or ¢, ("C).

T, = exterior surface temperature or ¢, (°C).

By using this method, it is endorsed an accuracy rate in
the limits of 14 to 28 %j; this as a result of the data acquisi-
tion system, operational errors and its variation over the
sampling period. A thermal network model is presented in
Figure 2 detailing the resistances involved for the analy-
sis of windows. In this particular case, it is described for
the utilisation of vacuum glazing with aerogel pillars and
the resistance model is included for both the window cen-
tre of pane (U ) as well as for the window edge or frame.
This model is particularly useful to detail the temperature
points for the glass panes (0, —0_ ), including the heat flux
monitoring points (¢~¢_) and the flux of heat (q) through
the window. The particular resistances for every window
depend on various characteristics: the number of panes,
material composition and gas encapsulation (air, argon or
vacuum). Additionally, materials utilised in the construc-
tion of windows present different thermal conductivi-
ties that are directly associated to the heat flux through
glazing units, therefore these factors are investigated and
listed in Table 2.

Experimental setup

An experimental rig was set at the University of Notting-
ham, analysing the glass samples by using a WIR36-55
environmental chamber (SS] System Services Ltd, Rhym-
ney, UK), described in Figure 3. This chamber was modi-
fied to adapt the glazing samples on a wooden frame with
thermawall insulated boards (described in Figure 4a and
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Figure 2: Layer composition and thermal circuit model for testing vacuum windows using the HFM method.

Figure 3: Experimental setup diagram of the environmental chamber (WIR36-55) at the University of Nottingham.

4¢), this to allow the controlled temperature at the inte-
rior of the chamber (0.0 °C) while promoting a contact
with the exterior ambient temperatures (~12.0 °C). Eight
k-type thermocouples were installed away from thermal
bridges and heat sources. Additionally, two heat flux
meters HFPO1 (Hukseflux Thermal sensors BV, Delft, NL)
with sensitivities of @, = 61.54 pV/(W/m? and ®_=62.77
uV/(W/m?) were attached at the centre of the pane to
monitor the heat flow rate. The location of these heat sen-

sors is described in Figure 4b. This test was continuously
reporting results at intervals of 30 minutes for a period of
72 hours in the experimental setup detailed in Figure 5.

The data was recorded on a data acquisition system
model DT80 (Omni Instruments Ltd, Dundee, UK) and
was complemented by radiant energy imagery using
an infrared thermal camera FLIR-E6 (FLIR Systems Inc.,
Wilsonville, US) every 24 hours on the external side of the
experimental setup.
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Figure 4: Details on the setup construction: a) environmental chamber testing plane, b) glazing support assembly,
c) section of experimental wall.

Table 2: Materials, configuration and properties of the window samples tested with the average method on ISO 9869-

1:2014.
Code and name Configuration Gasesingap Solids in gap and thermal Edge conf. and Additional
and thickness and ratio (%) conductivity (W/m-K) thermal conductivity characteristics
(mm) (W/m-K).

Wo1sG 4 N/A N/A N/A Low-e soda-lime

Single glazing glass pane

W02 DG + Air 4-15-4  Air mixture None Warm edge spacer bar  Transparent
(23) (100 %) (0.03) window

W03 DG Argon 4-15-4 Argon gas None Warm edge spacer bar  Transparent
(23) (98 %) (0.03) window

W04 DG 4-15-4 Argon gas Konjac-glucomannan poly- ~ Warm edge spacer bar  Opaque window

KGM + Ar (23) (98 %) saccharide aerogel (0.05) (0.03)

WO05 DG 4-15-4 Argon gas Konjac-glucomannan aerogel Warm edge spacer bar  Opaque window

KGMWS + Ar (23) (98 %) + wheat straw (0.04) (0.03)

W06 DG 4-15-4  Air mixture Granulated aerogel (0.01) Warm edge spacer bar  Translucent

Aerogel (23) (100 %) (0.03) window

W07 DG 4-4-15-4  Argon gas None Warm edge spacer bar  High insulating

HISG + Ar (27) (98 %) (0.03) glass + semi-

transparent PV

W08 VG Manu- 4-0.03-4 Vacuum Aerogel pillar array 33 pcs Indium solder (86.00)  Transparent

factured vacuum (8) (2 MPa) (0.03) window

W09 VG Com- 4-0.03-4 Vacuum Steel pillar array 33 pcs Indium solder (86.00) Transparent

mercial vacuum (8) (2MPa) (50.20) window

Windows tested

A series of fenestrations that do not include movable or
switchable components (static windows) were tested in
the laboratory (Table 2). All specimens were manufac-
tured in a 300 x 300 mm size, utilising a soda-lime glass (4
mm thickness) in combination to a light grey tinted low-e
coating (except for sample WO7, high-insulated glass).

This metal oxide low emissivity coating reduced the glass
surfaces emissivity while allowing visible light to pass
through the glass samples.

The gap filling and insulation technology were used as a
criteria for testing these novel windows. Initially, the single
glass sample (SG) was utilised as a control sample, making
apparent to compare the thermal transmittance of this
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fundamental window against other specimens. Secondly,
adouble glazing sample with air filling was tested to com-
pare the impact of encapsulating air in windows. Lastly,
the novel window samples were experimentally tested:
argon filling, bio aerogels, aerogel and vacuum glazing;
making possible to compare their thermal transmittances
against each other. Furthermore, the array of solid materi-
als in this gap could have a great impact on their insulat-
ing capacity, being an example the starch-based organic
aerogel polysaccharides, granulated aerogel mixtures and
supporting pillars. Supporting arrays in this test include
the use of steel and aerogel pillars that compare the heat
transfer properties on vacuum glazing prototypes.

It is expected for these window samples to describe a
contrast in their U-value coefficients at the centre of glaz-
ing “U,", depending on the pane configuration (single
glazing, double glazing and vacuum glazing). The low-e

Aguilar-Santana et al: Thermal Transmittance (U-value) Evaluation of Innovative
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coating and colour tinting for example, is expected to
influence significantly the results for single glazing win-
dows, while double glazing windows are determined by
the thermal conductivity of the materials contained in the
glass gap. Alternatively, U-value on vacuum glass could be
altered by its contained vacuum quality, edge soldering
and the pillar materials in the supporting array (Aguilar-
Santana, et al., 2020).

Results

A summary of the outcomes derived from the experi-
mental procedure is presented in Figures 6 and 7, along
with the interior and exterior temperatures on the sur-
face of the glass specimen (T &T, ); additional parameters
analysed included the density heat flow rate (q) and the
calculated thermal transmittance (U-value) during the
72 hour period. Figure 6 is presented as a control sam-

Figure 5: Experimental rig (a), manufactured vacuum glazing sample in test (b) and its infrared thermography (c).
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Figure 6: Experimental data of thermal transmittance for the single glazing window.
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Figure 7: Experimental data of thermal transmittance for novel window technologies.
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Table 3: Summary of results of the “heat flux meter method” for novel window prototypes.

Name of window and code U-value

R-value A-value

Thermal transmittance Thermal resistance Thermal conductance

(W/m2K) (m2.K/W) (W/m-K)
01 SG Single glazing 5.15 0.20 2.04
WS00-SG-NOM-NOM
02 DG Double gl. + Air 5.52 0.18 23
WS01-DG-NOM-AIR
03 DG Argon 3.09 0.32 1.41
WS13-DG-NOM-ARG
04 DG KGM + Ar 3.40 0.29 2.34
WS02-DG-KGM-ARG
05 DG KGMWS + Ar 3.30 0.30 1.60
WS04-DG-KGW-ARG
06 DG Aerogel 2.07 0.48 1.16
WS05-DG-GRA-AIR
07 DG HISG + Ar 1.84 0.54 1.05
WS11-DG-HIG-ARG
08 VG Manuf. vacuum 2.52 0.40 1.59
WS10-VG-STP-VAC
09 VG Comm. vacuum 1.12 0.90 0.95
WS12-VG-STP-VAC

ple with a predicted behaviour for a static single glazing
unit, whereas Figure 7 summarises the experimental data
obtained by the novel window technologies. These sets
of data are presented at intervals of 0.5 hours while the
summary of calculations (considering thermal resistance
and conductance) and their thermography images are pre-
sented in Table 3.

Thermal transmittance (U-value) analysis

The results condensed in Table 3 summarise the thermal
transmittance calculations for the nine novel windows
samples utilised in this research. The single glazing unit
(WO1 in Figure 6) and double glazing air filled (W02 in
Figure 7) recorded U-values of 5.15 W/m*K and 5.52
W/m?*K, respectively. These values show a contrast to pre-
viously described values of 5.80 W/m>K and 3.0 W/m*K
presented by (Leung et al., 2020) and (Schultz and Jensen,
2008).

Double glazing window with argon filling (WO03)
recorded a U-value of 3.09 W/m?*K, comparably higher to
2.0 W/m*K usually reported for similar glazing structures
(Cuce, Young and Riffat, 2014). The utilisation of triple
glazing units with a double argon gap filling have dem-
onstrated their capacity to reduce the U-factor to coeffi-
cients as low as 0.79 W/m*K (Lolli and Andresen, 2016),
representing a promising assembly for insulating pur-
poses when its overall thickness and window mass (which
is usually +30 % heavier) are not a restriction for building
implementation.

Novel applications of polysaccharide-based aerogels
Konjac-glucomannan (W04) and Konjac-glucomannan
strengthened with wheat starch (W05) showed U-values of
3.30W/m*Kand 3.40 W/m?K, respectively. The reduction
of thermal conductivity by using KGCWS described ther-
mal conductivities of 0.046 W/mK by previous research-
ers, using the technology for building applications (Wang

et al., 2019). KGCWS relies on its porous structure, insu-
lating ability and sustainable manufacturing process for
becoming an alternative that could match the insulating
capabilities of argon-based double glazing windows.

Within this experimental range, double glazed windows
with aerogel granules filling (W06) reported a U-value of
2.07 W/m*K; other researchers have found that a simi-
lar structure could reduce insulating capacity to further
1.00 W/m?K or to 0.60 W/m*K using a monolithic aero-
gel composite contained in gaps of 14 mm (Buratti and
Moretti, 2012). Adopting a similar structure can gener-
ate a reduction of up to 19 % in energy savings using
aerogel solutions; this when compared to triple glaz-
ing units with low-e coatings and argon fillings (Schultz
and Jensen, 2008). However, the fragility of pure aerogel
material applications requires the silicon aerogel to be
contained in a consolidated (and usually with a higher
thermal conductivity) container. This without taking into
account the visual impact it has in the scattering of light,
demonstrated by its traditional translucent appearance.
Moreover, applications of aerogel in the glazing industry
are very promising, especially when privacy and insulat-
ing capabilities are required; this demonstrates an opti-
mal performance on this window for providing indirect
natural lighting; especially in clerestories, skylights and
greenhouse applications.

Results for the heat insulation solar glass window (WO07)
showed a U-value of 1.84 W/m?>K that is well below their
argon-based counterparts. Similar studies on thermal
transmittance on HISG have shown U-values in the range
of 1.30 to 1.70 W/m?K, for low and high transmittances
(Li et al., 2019). Alternatively, PV-integrated solutions
provide an new approach to insulation characterisation,
reporting U-values as low as 1.10 W/m?*K and marking a
record for energy production of 40 W in panels with area
of coverage of 0.66 m? (Cuce, Young and Riffat, 2014).
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Thermal transmittance for manufactured vacuum
(W08) and commercial vacuum (W09) are summarised
in Figure 7 and Table 3. Experimental values of 2.52
W/m>K and 1.12 W/m?>K respectively, are in agreement
with the manufacturers’ data that described U-values of
0.7 to 1.4 W/m?>K (Aguilar-Santana et al., 2020). Finally,
it was found that the experimental procedure could be
optimised by testing larger samples of vacuum glass and
the use of additional temperature sensors. Limiting the
effect of thermal conduction through the window and
the addition of more thermocouples on the glass panes
would present a more detailed spectrum of the surface
temperatures.

Thermal insulance (R-value) analysis

The specific thermal resistance of the glazing technologies
tested defined how efficient are windows to resist the heat
flow. This parameter is a reciprocal value of the thermal
conductance and it measures the transversal resistance
of heat flow of a given window based on its temperature
difference (6_-6, in Formula 2). A detailed outline of the
estimated R-values is registered in Table 3. Windows with
fewer layers of glass, especially single glazing unit (WO0T1)
presented a lower thermal insulance (0.20 m*K/W) attrib-
utable to the soda-lime glass resistance which could be
strengthen by the use of additional insulation layers. The
use of argon filled solutions on this test reported (0.29
and 0.30) m*K/W for the bio-aerogels solutions, in sam-
ples W04 and WOS5 respectively.

The comparably higher R-value of the granulated aero-
gel window (0.48 m*K/W) when contrasted to argon-
based filling solutions, demonstrates the insulating
capability of the aerogel material itself. The addition of
argon to the filling mixture could significantly increase
the overall thermal resistance on this window for future
analysis. A similar performace was illustrated by the win-
dow W07 (heat insulation solar glass) with 0.54 m*K/W,
demonstrating the insulating properties of this technol-
ogy in comparison to traditional argon gas double glazing
units (0.32 m*K/W).

Commercial vacuum glazing sample W09 showed a pro-
ficient thermal resistance (0.90 m*K/W), in relation to
all the tested window solutions detailed in this paper; a
higher vacuum pressure in the gap layer and the use of
fewer supporting pillars could have helped for decreasing
this coefficient. Alternatively, the sample manufactured
at The University of Nottingham (W08), reported a lower
thermal resistance (0.4 m*K/W) due probably to a lower
vacuum pressure and sample ageing, illustrating the
importance of vacuum quality in evacuated windows.

Thermal conductance (A-value) analysis

Thermal conductivity in windows respond to several fac-
tors such as the material thicknesses, metal coatings and
the interior-to-exterior conditions of testing. The calcula-
tions for this value are usually made using Fourier's law
of heat conduction, finding that larger differences in tem-
perature are desirable to reduce the uncertainty during
experimentation (Zhao et al., 2019). In this regard, the
samples analysed demonstrated a proportional relation
from thermal conductance to the thermal transmittance
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values, varying the temperature difference from 6.0 °C in
the single glass sample, to 9.8 °C for the commercial vac-
uum glazing sample. Larger temperature differences can
also be tested using the hot-box method, obtaining more
reliable estimations using customisable temperature set-
tings. The use of a laser flash apparatus could show a sig-
nificant reduction the testing period, this being further
detailed in Zhao's research.

Other factor that significantly affects the overall thermal
conduction of samples is the particular thermal conduct-
ance of the elements composing the prototypes. The glass
utilised in the samples manufactured for this experiment
have a thermal conductivity of 1.0 W/m‘K and reported
thermal conductivities of 0.025 W/m:K in double glaz-
ing units filled with air, while 0.016 W/m-K was reported
in the samples filled with argon gas. Materials utilised
for the edge configuration, such as the warm edge space
bars (0.03 W/m-K) and metallic edge soldering materials
(86.00 W/m-K) have demonstrated to have a direct impact
on the overall thermal conductance of windows.

Impact of gas molecules in the gap filling

The number of panes and the gas gap had an important
effect in the thermal performance of novel glazing win-
dows. Some researchers have pointed out that smaller
gaps between panes filled with argon gas result in heat
loss by diffusion between panes, while larger gaps pro-
mote internal heat convection (Cuce, 2018). In this regard,
samples filled with an air mixture (with a thermal conduc-
tivity of 0.026 W/m'K) have higher U-values in general;
especially when compared to samples filled with argon gas
mixture with 98 % in concentration (A = 0.018 W/m-K).
This is especially noticeable between the sample W02 and
WO3, where a difference in the gas filling had a reduction
of -44 % in the U-value for the argon-filled sample alone.
Furthermore, the thermal conductivity of an air mixture
reduced the insulation properties of aerogel in prototype
WO6, where the integration of an argon gas filling is then
advised. A comparison of the impact of the gas molecules
on the U-value of windows during the 72 hour testing
period is illustrated in Figure 8.

Alternatively, the reduction of gas molecules in the gap
(vacuum) has demonstrated to have a considerable impact
on the thermal transmittance of manufactured and com-
mercial vacuum samples. These results demonstrate the
high potential for vacuum glazing windows for the reduc-
tion on the heat transfer in window technologies, decreas-
ing the overall glass thickness (to less than 8.1 mm), and
additionally improving the thermal transmittance of the
window prototypes. These characteristics made possible to
reduce the U-values to 2.52 and 1.12 W/m?K in the manu-
factured and commercial vacuum glazing, respectively.

Impact of heat transfer through the window contour
Within the experimental range of the thermal transmit-
tance calculation previously presented, three temperature
stations were located in all glazing samples during for the
72 hour procedure. This in order to report the U-value of
the windows in their weakest point (usually close to the
edge of samples). The summary of the average tempera-
tures reported is included in Table 4.
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Experimental U-value comparison of novel window technologies
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Figure 8: Thermal transmittance comparison of window samples over a 72-hours period.
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Figure 9: U-value comparison for the top, centre and bottom section of a commercial vacuum window.
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According to the experimental data presented in
Table 3, results confirmed that the thermal transmittance
of glazing units is higher at the borderline areas. An exam-
ple of this behaviour is given for the test on the commer-
cial vacuum window in Figure 9, where the top corner
station recorded the highest U-value (1.48 W/m*K), whilst
the bottom corner observed 1.33 W/m?*K; this is compara-
bly 32 % and 19 % higher in contrast to the centre U-value
(1.12 W/m*K). Cuce reported a similar trend on the edge
insulation, finding 4 % and 11 % increase on top and bot-
tom corner for an argon filled double glazing unit (Cuce,
2018). This results indicate that vicinity of other materials
near the window rim (frame, soldering material, sashes),
contribute to an increase in the heat transfer rate due to
conduction of the composing materials; similarly as for
the occurrence of convection motion in those samples
that contain a gas mixture in the internal gaps. However,
air leakage from the cooling chamber and diaphragm
framing structure (see Figure 5) may have contributed to
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irregular measurements and abnormalities on the rates
described.

Discussion and conclusions

This study presents the application of the heat flux meter
method defined in ISO 9869-1:2014 to calculate the ther-
mal transmittance (U-value) of eight novel window tech-
nologies. This contrasted against argon filling windows,
novel aerogel, bio aerogel solutions, heat insulation solar
glass and vacuum glass samples. An environmental cham-
ber at The University of Nottingham was modified to ana-
lyse the thermal transmittance of windows using the heat
flux meter method. The thermal transmittance of nine
samples has been determined and their results are con-
densed and presented in Figure 10.

In terms of their U-value rate and thermal resistance,
the windows tested are classified into three groups: the
low efficiency solutions represented by the single glaz-
ing (WO01) and double glazing air filled windows (W02),

Table 4: Average temperatures of window samples, for the stations defined in Figure 6 and Figure 7.

Code and Av.air  Av.air T diff. Av.Surf. Av.Sur. Av.Sur. Av.Sur. T.diff. Av.Sur. Av. Sur.

window Temp. Temp.  Be-6i Tem. Tem. Tem. Tem. 6e-0i Tem. Temp.
ambient chamber (°C) Oe-top Oi-top Oe-centre Oi-centre (°C) Oe-bottom 6i-bottom

e ('C)  6i(°C) () Q) Q) () (9 Q)

W01 SG 19.85 235 1750 12.56 5.34 11.05 5.24 5.81 8.96 3.48

Single glazing

W02 DG + Air 17.64 202 15.63 11.63 492 10.97 447 6.50 8.68 2.89

WO03 DG 19.11 1.59 1752 12.42 5.79 11.09 5.06 6.03 8.91 3.65

Argon

W04 DG KGM 12.96 137 1158 11.74 3.15 1113 3.15 7.98 8.27 2.48

+Ar

WO05 DG 17.52 209 1543 13.08 4.35 11.05 3.58 747 6.84 241

KGMWS + Ar

W06 DG 18.52 1.08 1744 13.60 4.44 13.18 3.46 9.72 10.82 2.62

Aerogel

WO07 DG 14.19 0.74 1345 10.92 3.28 9.86 2.20 7.66 7.30 1.86

HISG + Ar

WO08 VG Man. 12.53 123 1130 11.08 5.05 10.97 2.88 8.09 11.31 3.09

vacuum

WO09 VG Com. 11.10 0.72 10.38 10.08 3.46 11.73 2.89 8.84 10.33 2.97

vacuum

515W/m2K 552 Wim2K 3.09 Wim2K 340Wm2K  330Wm2K  2.07W/m2K  1.84 Wim2K 252 Wim2K  1.12 Wim2K
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Figure 10: Thermal transmittance (U-value) of the nine novel window prototypes tested.
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whereas the medium-efficiency solutions comprise the
rates obtained by traditional double glazing window (WO03)
and novel bio aerogel solutions (W04 and WO05). Finally,
the most advantageous rating level range was achieved by
the granulated aerogel glazing (W06) with the possibility
to further enhance their U-value with an integrated argon
gas filling is included. Heat insulation solar glass (W07)
and the vacuum solution (W08 and W09, explicitly). The
optimised U-value of the commercial vacuum glazing 1.12
W/m?K was defined for several factors like vacuum pres-
sure, thermal conductivity, pillar array and a reported low
heat transfer at the centre of the pane (listed in Figure 9).

This experimental analysis presents a detailed compari-
son of thermal transmittance in novel window glazing
based on their multi-layered composition, gas cavity and
utilisation of novel materials towards a higher insulating
capacity. From this testing the following conclusions are
presented:

- Window elements play a key role in reducing the
energy consumption in buildings since they are usu-
ally the weakest point in the thermal transmittance
capacity of buildings.

- An experimental method utilising the ISO 9869-
1:2014 heat flow meter method, along with radiant
energy imagery as a non-invasive approach to calcu-
late the thermal transmittance at the centre of glazing
(U,)) on novel window technologies.

- Low efficiency solutions included single glazing unit
(W01, 5.15 W/m*K) and double glazing air filled win-
dow (W02, 5.52 W/m*K).

- Medium efficiency solutions integrated by argon
filled double-glazing (W03, 3.09 W/m?*K), KGM aero-
gel (W04, 3.40 W/m*K) and KGM aerogel with wheat
starch (W05, 3.30 W/m?K).

- A high efficiency tier that comprise granulated
aerogel glazing (W06, 2.07 W/m?>K), heat insula-
tion solar glass (W07, 1.84 W/m?*K) manufactured
(W08, 2.52W/m*K) and commercial vacuum glazing
windows (W09, 1.12W/m?*K).

- Insulating capabilities of granulated aerogel were
demonstrated by the R-value of this window (0.48
m?*K/W), when contrasted to argon-based gap fillings.

- An argon-filled gap (W03, with 98% in concentra-
tion) reported a reduction of —44 % in the thermal
transmittance coefficient when compared to a sample
filled with air mixture (W02).

- A variable thermal transmittance was reported for a
vacuum glass window on a top (1.48 W/m?K), centre
(1.12 W/m*K) and bottom (1.33 W/m#K) station, due
primarily to the conduction of materials and convec-
tion in the air volumes in contact to the glazing. This
represented higher U-values of 32 % and 19 % for the
top and bottom corner when compared to the central
section of a vacuum glass.

Limitations of the study

Due to the nature of the testing and the conceptualisation
of thermal transmittance, this study has potential limita-
tions. The test conducted focused mainly on the thermal
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transmittance of glazing systems (at the centre of pane),
also described as “U " or U-value of glazing and it requires
to be differentiated from the thermal transmittance of a
whole window “U " that includes the effects of window
framing, spacers and the thermal properties of each com-
ponent. As a result, it is reasonable to identify the results
contained in this paper as a comparable measure against
reports including similar methodologies and that may be
an interesting approach for future studies using these
innovative technologies.

Suggestions for future research
The results presented in this paper complement the ther-
mal transmittance studies on glazing due to the novelty of
the prototypes as well as the window's area size. However
these outcomes could be further analysed using alterna-
tive thermal transmittance calculation approaches, such
as the calibrated hot-box method (ISO 12567-1:2010) for
comparison purposes. Additionally, the analysis of ther-
mal bridging and air leakage in the samples could lead
to improvements in the testing method. The utilisation
of alternative window technologies, such as triple glazing
with argon filling and triple vacuum glazing are advised for
enhancing the insulating capacity of building elements.
It is important to highlight that innovative window tech-
nologies with low U-value coefficients are often required
in building codes as an effective method to reduce the
energy consumption in buildings.

This study demonstrate the heat flux meter method as
a mechanism to calculate U-value of windows utilising
an environmental chamber to induce a temperature dif-
ference in window panes with satisfactory results. From
this analysis, an estimation of the heat flux and ultimately
heat transfer in novel window assemblies is presented.
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