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Abstract—In the globe, 40% of heat losses in domestic buildings were caused by single glazing windows usage and around 20% were
due to air infiltration. Therefore, an improvement for the single glazed windows and reducing the air infiltration must be considered

to lower the energy consumption. This study aims to investigate the thermal performance of the secondary glazing sheet on the
ordinary windows in the low-income dwellers. The PVC sheets were used as the secondary glazing which easies to tailor and fit into
the windows frame in the living room. Besides, a commercial foam insulation tape was used to seal the air leakage of the windows.
The indoor and outdoor temperatures of a living room, pre- and post-retrofitting, were measure@nd the U-values were compared
based on ISO 9869:2014 standard. It is found that the respective temperature differences between indoor and outdoor at pre- and
post-retrofitting were 5.6 °C and 8.6 °C. The post-retrofitting indoor temperature was more stable, with fewer fluctuations compared

to the pre-treatment. Furthermore, the U-values were improved by 57% where the number before and after retrofitting found to be
5.71+0.01 W/niK and 3.23+0.01 W/niK, respectively. The utilization of the proposed glazing and diminishing the air infiltration on a
single glazing window play the key role in improving the thermal comfort, cheaper than commercial double glazing, eco-friendly, and
easy to install.

Keywords—airtightness; dwelling; secondary glazing; thermal performance; U-value.

to reach 80% by 2050 [3], since the domestic sector has a
[. INTRODUCTION key role in achieving the UK'’s 2050 targets [4].
Although windows are not the only one cause of heat

The UK government stated that households in 2017 have _ oo ;
sses, around the globe, its glazing is responsible for around

accounted for around 15% of the greenhouse gas emission i X - o
the UK [1] and for around one-third of the total energy use 0% of heat losses In the building [5], [6], which in turn
more than the transportation and industry sectors. Thus,Ncreases the fossil ~fuel _need and hence leads to
energy consumption in the UK has targeted a cut of 20% byenvironmental damage and climate change [7], [8].

2020 [2]. In addition, the government issued a cut of 34% Another' aspect tha_t may lead o h'gh hegt IC.)SS and
greenhouse gas emissions in 1990 by 2020 and is expecteﬂccuPa”tS discomfort is the undesirable air infiltration [9].
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This factor contributes up to 20% of all building’s heat thermal performance on site, which has different conditions
losses and even worse up to a third in a well-insulated housend unpredictable weather, is very scarce.
[10]. Air infiltrations produce a phenomenon of air mass Instead of retrofitting entire building in a single step
exchange between the indoor and the outdoor of the buildingwhich is not financially feasible for most owners, focusing
causing energy transfer with a different hygrothermal level on windows and its airtightness as the base point of high
of the air. The high airtightness mainly occurs in old heat losses will result in a more significant thermal
building stocks and caused by low-control on properties performance improvement. Besides, retrofitting millions of
installation [11] such as around old windows and doors [12], single glazing in the old housing sector using eco-friendly
as can be seen in Fig. 1 . Generally, it has been estimatechaterial could be easier and feasible. Therefore, this study
that air infiltration could increase the heating demand by 10 aims to investigate the potential of a commercial PVC sheet
kWh/n? y in moderately cold climate [13] such as material as a secondary glazing and a commercial leakage
Greenland and Finland, 2.43 to 16Kh/n? y in the air sealer against the thermal performance of the customary
Mediterranean area [14] such as Spain and Canary Islandwindow and its impact to the dwelling thermal performance.
and 20 kwWh/my in temperate climate [15] such as in the
UK. Il. MATERIALS AND METHOD

Moreover, to tackle the heat losses caused by low thermal
performance of the single glazing and uncontrolled air A- Methodology
infiltration, the new houses must comply with the L1A UK  This study was based on an in-situ experimental where the
building regulation [16] and L1B for the existing houses [17]. U-value measurement of the samples was carried out under
The U-value of the windows according to L1A and L1B UK normal environmental atmosphere based on ISO 9869:2014.
building regulation is 2.0 W/fK and 1.6 W/fK, Hence, the measurements period were conducted for at least
respectively. In fact, as much as 2.25 million houses in the72 h [20]. In order to obtain good data, a living room faces
UK until 2011 have not used double glazing windows [2]. the north direction where it is protected from the direct
The old windows were commonly made of lacquered wood sunlight has been considered. Moreover, the U-value
and simple glass with a thickness of 4 mm [14] where the U-calculation was determined in an average method as shown
value varies from 5.2 W/ to 6.7 W/nfK [18]. In addition, in equation (1). The uncertainty of the average methéq (
the UK building regulation requires an air infiltration rate at was determined by the standard error formula based on

10.0 nf/(hn¥) at 50 Pa for new buildings [16]. standard deviation in equation (2).

The published literature found that increasing the
airtightness quality determined in the UK building regulation 2q; 1)
standard of 11.5 #(m*h) to be 5 M(m’h) at 50 Pa may U= YT —TL )

result in a 15% reduction of heat loss [13]. Furthermore, in
terms of windows thermal performance, Smith et al [19]
reported the performance of four different types of 1 [Y(U; —U)? 2)
secondary glazing; a plastic film, a plastic sheet, an acrylic AU = ﬁ -1
sheet, and a low-E glass; applied to a single glazing base

window in a guarded hot box. The results have shown a

notable thermal performance improvement as can be seeq .

n—1

where U is the thermal transmittance (Vi) g is the
at flux through the window considered at regular time

from TABLE . . ; ; )
intervals | (W/nf), Tqir» andTy;, g, are the internal and the
TABLE | external air temperature’g), respectively, and n is the
SECONDARY GLAZING RETROFIT MEASUREMENT[19] number of data popu|ation_
Panel system ExternaThi%?ZSaT)(mn?znernal U-value B. Experimental Procedures
glass glazing (WIm?K) The testing was conducted in the period from February to
Base window 4.0 - - 6.9+2.0 March 2019 under the climatic condition of Nottingham, UK.
Base + Plastic 40 614 6.0 3.040.5 In this period, the minimum and maximum ambient
glazing ' ' ' T temperature ranged between 1 an8C8[23]. An occupied
slzz(teigfmm 4.0 88.1 0.2 29404 Ii\{iné; roor;: in <'|;1 dV\;eIIing Wasb ijsed tod in;t/estigatef. the
windows thermal performance before and after retrofittin
Base + Acrylic 4.0 48.5 3.0 2.8+0.4 [24] P 9
Base + low-E ’
- 4.0 61.4 6.0 1.8+0.3 . L .
glazing 1) Pre-Retrofit Investigatian The first step was

measuring the U-value of a 4 mm thickness ordinary
Based on TABLE, the experimental results have shown window glass for over three days with additional heating
that the thermal transmittance or the effectiveness offrom an electric heater in the room and controlled by a plug
material for preventing heat transmittance from one side toin a wireless thermostat as shown in Fig. 2. A heat flux
another (U-value) could be remarkably improved by around sensor PU11T with an accuracy of +5% at“Z) with a
74% by using low-E glass as secondary glazing. This resulttemperature dependence typically 0.17%/K [25] was used to
shows the potential of secondary glazing on a single glazingmeasure the heat exposed to the glass of the window. The U-
window to improve the thermal performance and reduce thevalue measurements were conducted for both the base
energy consumption. However, a research on measuring thavindow glass and the retrofitted windows double-glazing.
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The heat flux sensor was used to measure the heat flux per In addition, measuring the average air infiltration was
square meter through the glass; hence it was placed on thearried out using Testo 405i hot-wire anemometer Bluetooth
glass internal surface, together with the thermocoupleswith accuracy 0.1 m/s. The recording was undergone in
which were placed on the internal and external glass surfacegvery two seconds for an hourhe measurement of the air
The other two thermocouples were used to measure thenfiltration speed was carried out on the micro gap between
ambient temperature and the indoor air temperature at ahe window sashes and the frame. Since the air infiltration
distance of 1.0 m in front of the heat flux sensor [26]. The rate fluctuates depending on the outside wind speed, an
outside thermocouples for the external glass surface andaverage calculation was used. These measurements were
ambient temperature measurements respectively wereperformed on pre- and post-refurbishment after the base
covered from the direct sun exposure by using aluminumwindow has been sealed as shown in Fig.. 1The
tape and hung under the shadow of the walls. The sensorsommercial foam tape seal was used and installed
were connected to the data logger DT-80, which recordedsurrounding the sashes windows. It must be well-sealed by
every 30 seconds on average for a period of 4 days. Thechecking the air leakage using the anemometer thermal tool.

room temperature was maintained atQ@lby a wireless 2) Post-Retrofit Investigation:After the first testing

thermostat with an accuracy of +1F to control the portable LT ?
electric heater of 2.4 kW. T%/e heater was positioneg to facecompleted and norchaw infiltration, the 2 mm PVC sheet with a
the other wall, so the heat can be indirectly circulated in thedenSIty of 1.7 g/cmand a thermal conductivity of 0.14-0.17

. W/mK was installed on the base windows as secondary
room using the heater fan. : . . .
glazing with an air gap of 4.5 cm. The secondary glazing
was stuck with magnetic tape around the edge as can be seen
f::::f)’;:n‘fnfg’am”“d in Fig. 2. The measurement above procedure for air
infiltration, indoor and outdoor temperatures, and the U-
value were repeated completely. A dual thermal camera

At joints in the frame

FLIR android-based with an accuracy up to 0.1 °C (0.18 °F)
Between the sash and frame and a measurement range from -20 °C to 120 °C was used to
show the temperature differences between the original single
Between the glass and sash glazing and the double glazing resulted from the post-
r retrofitting of windows.

A Fig. 2 U-value measurement tools setting; 1) PU11T Heat flux sensor, 2)

Fig. 1 Air infiltration in a single glazed window [21] and air leak sealing Datalogger, 3) wireless thermostat transmitter, 4) thermocouples, 5) Testo
process [22]. 405i anemometer transmitter, 6) Smartphone Testo logger receiver, 7)

magnetic tape, and 8) PVC sheet.

In order to understand the temperature differences on pre-
and post-retrofit against the thermal comfort, the indoor and IIl. RESULTS ANDDISCUSSION
outdoor temperatures were also measured. Two K-type As predicted before, the old building used has air leakage
thermocouples with limits of error + 19C or 0.4% were @S depicted in Fig. 3. It is clearly seen that the average
used for five days before secondary glazing was applied andlglocny was 0.12 m/s and it differs erendlng on Fhe outside
without any additional heating. To avoid disturbance from Wind speed and the temperature difference betveeaor
direct solar radiation, the thermocouple was installed close@nd outdoor. For this reason, air infiltration will lead to 40%
to the outside wall, which protected from the sunlight. heat loss in a _bwldlng [27]. Th(_arefore,_ retrofitting should
Moreover, to get a homogenous reading on indoor Pay more attention to the prevention of air leakage. _
temperature, the indoor thermocouple was placed in the AS @ consequence of the heat losses caused by the air-
middle of the room 1 m below the ceiling. The temperature |nf|Itrat_|on from the original windows, as can be seen in Fig.
data from both thermocouples were logged utilizing data 4. the indoor temperature was very low; approximately 16.1
logger DT80 series 2 and recorded every 5 minutes for 5°C, which is 5.6°C different from the outside temperature.
days. The indoor temperature is getting worse as the outside

temperature drops. The only factor that assisted in keeping
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the living room warm enough was the building’s position; Building—Part 2: Floatglass” method. Nevertheless, the
other occupied houses on the left and right sides flank it. Fortrivial differences of 0.1 from both methods are negligible

this reason, heat losses from those sides are negligible. and considered in accordance.
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Fig. 3 The air infiltration velocity entering the building pre-retrofitting Fig. 5 U-value measurement results of the original single glass window

Besides the air infiltration, thermal transmittance of the ~ Compared to the post-retrofitting results, the air sealing
windows also influences the thermal comfort of the and the secondary glazing application significantly reduced
occupants. In this respect, the investigation of the windows’ the heat loss and improved the thermal performance of the
glass U-value is very important to be carried out. Based onwindows. In turn, the indoor temperature could be increased
the in-situ measurements, it is obviously revealed that the U-up to 8.6°C higher than the pre-retrofit as revealed in Fig. 7.
value was found to be 5.71+0.01 WKras presented in Fig.  Furthermore, the indoor temperature could be maintained
5. The testing was conducted in an environmental stability even though the outdoor temperature dropped.
temperature condition that is recommended by the 1SO
9869-1:2014 standard and the temperature differences 25

| I | I
obtained in average were never less thaR@@s shown in T = 211
. i I - .
Fig. 6 [20]. =
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1 1 1 s |1 OO Fig. 6 The environmental condition on the U-value measurement of the
0 | | | T original single glass window
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Time (days) However, the sensible temperature difference between
ime (days

indoor and outdoor air is affected by the occupants’ behavior.
Hence, there were some data discrepancies, such as a high
fluctuation while the outdoor temperature dropped as can be
seen from the graphs. Yet, it does not affect the graphs trend
line.

Fig. 4 Environmental conditions outside and inside at pre-retrofitting

However, the U-value was 5.8 Wikna bit lower than
the similar type of a 4 mm single glass from a commercial
manufacturer [28]. This difference might be attributed to the
measurement method used by the manufacturer, which is
based on the European standard EN572-2:1994 "Glass in
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24 T r T r obviously shows the thermal comfort enhancement that can
| | 1 | be achieved by the secondary glazing application against the
| X
20 : old dwelling.
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Fig. 7 Environmental conditions outside and inside at post-retrofitting | : | Indoor
O T T

In respect of windows thermal transmittance at post- ~ 9/3/19 10/3/19 10/3/15 11/3/19 11/3/19 11/3/19 12/3/19
retrofitting, Fig. 8 shows a significant improvement of U- Fig. 9 The environmental cond'I'Ig;le(()dat\Z'sc:e and inside at post-retrofitting
H H 9. VI It utsi Insi - It
value of 3.23+£0.01 _W/ﬁK, i.e. up to 57%. This resqlt has a  ° aiue measurement
good agreement with reference [19], where the air gap was
wider than in the present study. The air thermal conductivity
is low; therefore, the wider the air gap layer, the lower the N e

U-value of the window.
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Time (days) IV. CONCLUSIONS
Fig. 8 The U-value measurement resulted from post-retrofitting The present study investigated the potential performance

of a secondary glazing application to single glazing windows
Furthermore, this improvement was achieved since thejn dwellings. It is commonly known that airtightness and
windows were very airtight; where no air leakage was thermal transmittance of the windows play a key role in the
detected around the micro gap between the window sashegermal performance of a building, affecting the heat loss
and its frame. Consequently, it can be said that airand energy consumption. The low-cost and easy-to-install
infiltration and thermal properties of the secondary glazing solutions must be taken into account in order to retrofit and
are also determining the U-value of the retrofitted windows. jmprove the life quality of the occupants in millions of single
Likewise, to lower the U-value, using thicker PVC sheet glazing dwellings in the UK. From the experimental results,
film can be used. Additionally, the temperature difference it is evident that an eco-friendly PVC sheet could reduce the
between the inside and outside of the window was thermal transmittance of the old single glazing windows by
appropriate and even reached’@as shown in Fig. 9. up to 57%, providing a stable indoor air temperature,
To show the thermal appearances between the originalsignificantly higher than the ambient temperature by around
single glazing window, which can be represented by theg g °C. Overall, it can be stated that the proposed new
similar single glass above the door, and the post-retrofittingwindow design is capable of reducing the energy
windows, a thermal camera was utilized as shown in Fig. 10.consumption for the heating significantly and aiding the low-
The red color above the door shows the area with the highesncome dwellers to refurbish their houses toward 20% UK
heat loss. It shows &C on average higher than the average energy consumption reduction in 2020.

temperature of 3.8C on the post-retrofitting windows. This
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