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Abstract
Ventilating of multi pane-glazed windows using wasted air of buildings is an effective technique to minimize heat loss through 
windows and save heating energy in cold regions. In low-scaled occupancy buildings with high WWR ratio, buildings supply 
a low flow rate of wasted air to windows ventilation systems, resulting in a declination in its thermal performance. Therefore, 
this study introduces methods of managing the utilisation of wasted air in windows ventilation to optimise the energy saving. 
Two methods have been implemented experimentally on a small-scaled room. The first method is a time-based division of 
air pump operation, an air pump ventilates multiple windows, one window at a time repetitively. The second method shares 
the available wasted air to multiple windows. The experimental results and mathematical heat transfer model have been 
employed to evaluate thermal performance of the system in different methods. The first method showed a best energy saving 
with a duty cycle of 50% for the air pump, and on/off operation every 10 s. An energy saving of 42.6% has been realized 
compared to the traditional double-glazed windows, and the heat transfer coefficient was declined from 3.82 to 2.8 W/m2 
K. The second method showed an optimum thermal performance when the available flow rate of wasted air was shared with 
three double-glazed windows. An energy saving of 83.1% was achieved compared to the traditional double-glazed windows, 
and the heat transfer coefficient dropped from 3.82 to 2.36 W/m2 K.

Keywords  Wasted air · Forced ventilation · Ventilated double-glazed windows · Energy saving

Introduction

With the increase in energy consumption in buildings, 
numerous studies have been focused recently on energy 
saving in buildings. In modern cities, the energy consump-
tion of buildings becomes higher than transportation and 
industry sections. In China, the energy demand of buildings 
is 28.6% of the total energy consumption [1]. In addition, 
the International Energy Agency (IEA) stated that the build-
ings that are used for accommodation purposes required 20% 
of the overall energy consumption in Japan, China, Russia, 
India, and the USA [2]. In 2013, a study revealed that 40% 

of energy consumption in Taiwan goes to commercial and 
residential buildings [3]. The energy department in the USA 
stated that the energy consumption of buildings in industrial 
countries can reach 40% [4, 5].

The energy consumption of a building is influenced by 
different parameters. A study shows the impact of opting of 
the glazing type on the power consumption of a modelized 
energy model, 40% of energy consumption was reduced; in 
addition, the emission of carbon dioxide was 30% degraded 
[6]; however, for previously constructed buildings, it is 
costly to replace the glazing. One more research emphasized 
that glazing type, the orientation of the windows, and the 
dimension of the glazing should be considered altogether 
in the design of the glazing to achieve an optimum power 
performance [7], but once the construction is finished, it 
will be impossible to change the orientation of the building.

Energy consumption is also related to the window-to-
wall ratio (WWR) of the glazing, based on some research, 
the capacity of the heating and cooling systems required 
for a building is directly proportional to the WWR ratio 
[8, 9]. Another study considered the impact of various 
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WWR in four directions in Lebanon. The outcome showed 
a considerable influence of WWR on the annual energy 
consumption [10]. Similar to building orientation, WWR 
ratio should be considered at the earlier stage of the con-
struction, else, it will be difficult and costly to modify after 
construction.

Due to increase in indoor activities of occupants inside 
premises, studies focused on managing the ventilation sys-
tems to ensure air quality inside buildings [11, 12]. Conse-
quently, using of mechanical forced ventilation systems has 
been rapidly spread recently rather than depending on natu-
ral ventilation [13–17]. On the other hand, numerous studies 
utilised the inlet and outlet air of ventilation systems to inject 
it inside the cavity of multi pane-glazed windows. The major 
advantage of this action is to heat up or cool the cavity of 
windows, consequently, thermal loss through windows can 
be reduced. For instance, a study introduced a phase change 
material (PCM) ventilated window, that is, the material that 
can absorb or release an effective energy when its physi-
cal state is changed (usually liquid to solid or vice versa), 
this feature helps to provide a cooling or heating impact. 
The study employed a PCM heat-exchanger to pre-heat or 
pre-cool a double-glazed window. the study concluded that 
when the window works in heating mode, the temperature 
of the inlet air is raised by 2 °C along 12 h in the daytime, 
in addition, when it works in cooling mode, the temperature 
of the inlet air temperature decreased by 1.4 °C along 7 h 
in daytime [18].

Other researchers utilise the fresh air or warmed 
exhausted air to be injected into the double-glazed window 
(between the panes), this modification helps in reducing 
the heat transfer coefficient of the window. Lago et al. [19] 
and Zeyninejad et al. [20] used a solar reflective film with 
a double-glazed window, the thermal performance of the 
proposed system has been evaluated. Lago et al. concluded 
that a spacing of 25 mm between the panes is the best fit to 
achieve the lowest heat loss during summer. Michaux et al. 
[21] investigated the thermal performance of a triple-glazed 
airflow window and then compared it with conventional dou-
ble-glazed and triple-glazed windows, the result showed a 
declination in the heating loads of 5% during night and 90% 
during daytime. Additionally, fifteen windows with differ-
ent types have been placed in an area by Liu et al. [22], they 
evaluated the energy performance of the windows and the 
thermal comfort in the space, the study concluded that using 
ventilated windows can enhance thermal comfort and reduce 
the consumption of heating and cooling loads. Another 
design suggested by Lollini et al. [23], a dynamic glazing 
system that responds to the outdoor environmental loads, the 
factors that have an effective influence on the performance of 
the window like U-value, g-value, spacing airflow thickness, 
and airflow rate to achieve optimum performance in various 
weather conditions.

A validated novel design has been introduced by Behrouz 
Nourozi et al. [24] to minimize the thermal conductivity 
of the proposed window. The new model has an Argon-
filled double-glazed window, in addition, it is sandwiched 
by another two coated glazing panes. A heat exchanger is 
employed to provide warmed air to the window. Also, the 
waste warm air of the building is fed to the heat exchanger, 
this increases the efficiency of the system. The simulation 
showed that if the air temperature supplied by the heat 
exchanger is more than the room temperature, the U-value 
of the window could be less than 0.65 W/m2 K. However, the 
additional components in the new design add more complex-
ity to the structure, which will inflate the installation cost. 
In addition, when the WWR ratio is high in case of façade 
buildings that use multiple-glazed windows, the available 
waste air may not be adequate to heat up the big volume of 
the cavity between window’s panes.

A comparison has been made by Zhang et al. [25] to show 
the contrast in the performance of a normal triple-glazed 
and triple-glazed exhaust window, the latter window works 
in heating/cooling modes and uses the exhaust air from the 
room to be injected into the window. The study reveals that 
compared to the conventional window, the exhaust window 
has the potential to reduce the heating and cooling consump-
tion to 50.1% and 25.3%, respectively. The study assumed 
that the exhaust air source feeds the window continuously, 
but if the dimension of the window is big then more air 
quantity will be needed to maintain a certain level of energy 
saving.

The previously recalled papers used different sources 
to inject the air into the gap of the window, some of them 
preheat the fresh air from the external environment before 
directing it to the room, while other studies exhaust the air 
of the room to outdoor environment through the gap to heat 
the panes during winter or cooling them during summer. 
It can be concluded that the waste air can be considered as 
an important resource to maximize the energy saving in a 
building. Former studies usually assumed that the quantity 
of the wasted air is unlimited, and the building can continu-
ously feed the proposed ventilation systems to reduce the 
heat loss through windows. However, in some circumstances 
the wasted air of a building can be less than expected. For 
instance, American Society for Heating, Refrigerating, and 
Air conditioning Engineers ASHRAE recommends that 5 
and 4.2 cubic feet of air per minute per person is required 
to be exchanged with fresh air to ensure a certain level of 
indoor air quality in large and small buildings, respectively, 
and a minimum air change per hour of 0.35 [26]. Hence, the 
available quantity of the wasted air is restricted to number of 
residents. Consequently, buildings with few occupants may 
not provide an adequate flow rate for the ventilated windows. 
Also, the required quantity of wasted air in a building can 
be determined by the volume of the cavity of the ventilated 
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multi-glazed windows. However, the volume between glaz-
ing panes is a function to the dimension of the window and 
number of panes. As a result, ventilated windows with a 
high Window to Wall Ration WWR, especially in façade 
buildings which can be up to 70% [27–29], the demand of 
wasted air will be high.

In commercial buildings that equipped with ventilated 
double-glazed windows, when the available wasted air that 
used to ventilate the windows is limited due to the earlier 
mentioned circumstances, thermal performance of the ven-
tilated windows can be effectively declined. Therefore, 
this paper proposed methods to optimise the utilisation of 
the wasted air in ventilating of double-glazed windows to 
maximise the overall energy saving in the building. A multi-
scenarios experiment has been conducted on a small-scaled 
test room. The idea behind the experimental scenarios is 
sharing the available flow of wasted air to one or multiple 
windows. Each scenario relies on a different method to share 
the available wasted air. Sharing of the wasted air is achieved 
either by distributing the duty of the air-pump among the 
windows, or by dividing the airflow. The experimental 
results and heat transfer calculations have been employed 
to evaluate the thermal performance of the system in dif-
ferent cases. In addition to earlier research on active venti-
lated windows [19, 24, 30], the present solution optimises 
the thermal performance of ventilated windows and trans-
forms the window to an energized part in the envelope of 
buildings instead of the conventional passive windows. As 

a result, achieving minimal consumption of heating loads 
and enhance the thermal comfort in the internal environment 
for occupants.

Methodology and experimental setup

The proposed system

Figure 1 demonstrates the proposed system that will be used 
to conduct the experiment. A test room has been occupied 
with a ventilated double-glazed window. A separate small, 
isolated room is used to generate a warm air (wasted air 
generation room) with an integrated microcontroller heating 
system. The generated warm air will be considered as the 
wasted air during the experiment. The drawn warm air from 
the wasted air room is compensated from the atmosphere. 
An air pump is employed to inject the wasted air into the 
bottom inlet of the window. As a result, the air drifts towards 
the top outlet of the window and exhausts to the outdoor 
environment. The inlets and outlets of the wasted air room 
and the window are occupied with check valves to ensure 
that the air is flowing in one direction only.

The system operates in three modes: (1) when the air 
between the panes is kept without circulation, the window 
acts as a conventional double-glazed window, (2) when the 
air between the panes is exchanged with the warmed room 
air at different times or (3) continuously, in this case, the 

Fig. 1   The integrated double-glazed window
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window will be converted to the forced ventilation mode. 
The three modes are discussed and demonstrated in detail 
during the implemented experiments in the next sections, 
in addition to how different cases affect the thermal perfor-
mance of the window.

Methodology setup

Figure 2 shows the research method setup, which is used 
to process the work, validate the experimental model, and 
evaluate the experimental outcome. Two main models have 
been created in the present study. The first model is the 
test room model, it is a small-scaled room that will be used 
to conduct the experiment. The second model is the heat 
source model, it will be used to demonstrate the thermal 
response of the heat source used inside the small-scaled 
room. In other words, the generated heat from the heat 
source will be fed to the test room. Before conducting 
the experimental investigations for the case under consid-
eration, a proof-of-concept exercise was carried out. The 
experimental test room, using the conventional double-
glazed window, has been modelled by the commercial 
Design Builder software. The validation of the established 

model and the experimental setup will provide a proper 
reference setup for testing the proposed system and will 
validate the energy results of the experimental setup when 
the proposed system is deployed. It is worth mentioning 
here that the software does not have the options to model 
the proposed system. However, the following points 
illustrates the methodology setup shown in Fig. 2 that 
employed in this paper to achieve the objectives:

1.	 The initial conditions and other input parameters are 
obtained from the field by well calibrated sensors. The 
gathered data includes indoor and outdoor measure-
ments in Fig. 2.

2.	 For indoor data, test room temperature is essential for 
heat transfer calculations, also the operation of the heat 
source and the air-pump are necessary for energy calcu-
lations.

3.	 For outdoor data, the weather data is required to pre-
pare the weather data file to complete the simulation by 
Design Builder software.

4.	 The mathematical model of the heat source has been 
determined using a special calculation process of tung-
sten filament in the next sections.

Fig. 2   Research method
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5.	 The standard equations of heat transfer were employed 
to create the test room model. Heat transfer calculations 
were used to calculate the overall thermal performance 
of the window.

6.	 The mathematical model of the heat source, and the 
indoor and outdoor measurements provide the input 
conditions to the mathematical test room model.

7.	 The thermal performance of both the simulated test 
room (by Design Builder software) and the mathemati-
cal test room model have been compared to validate the 
system, and to evaluate the overall thermal performance.

8.	 Finally, the experimental result has been utilised to per-
form energy calculations and verify the objectives of the 
study.

Test room

Figure 3-A shows a sketch of the experimental room and the 
ambient atmosphere. A test room is placed inside a bigger 
box, the space between the room and the outer box repre-
sents the atmosphere. Thus, the experiment can be done in a 
controlled environment. The temperature of the atmosphere 
will be controlled by an external cooling system. Figure 3b 
shows a cross-sectional area for the experimental setup, an 
external cooling system was used to inject the cooled air into 
the outer box, the air spreads in the atmosphere space and 
then is exhausted from small holes to the outside environ-
ment keeping it at a specific temperature. The advantage of 
the outer box is to provide a dark environment for the test 
room, this helps to investigate the thermal loss through the 
window without the effect of solar radiation [31].

In Fig. 4, where the experimental setup is shown, the test 
room, and the outer box have been made from an insulated 
board. The board consists of a thick layer of polystyrene with 
a thermal conductivity of 0.046 W/m K, the polystyrene 
is sandwiched by two thin layers of steel. A 7-inches hose 

is attached between the front side of the outer box and the 
external cooling device.

The heat source used in the experiments is a conventional 
tungsten-based heater. It utilises a tungsten wire with an 
electrical resistivity of 168 Ω (at room temperature 25 °C) 
placed inside a pottery base with a mass of (0.53 kg) and 
heat capacity of (0.85 kJ/kg °C). Table 1 provides details 
about the test room structure, double-glazed window, the 
outer box, and the heat source.

Test room model

The experimental test room has a heating source to warm the 
room. The generated heat should be transferred to the avail-
able different parts of the room, which act as thermal loads. 
For instance, a part of the generated heat warms the internal 
environment and the pottery, while the residual heat is dis-
sipated by the walls and the glazing of the window. However, 
the equations introduced in this part are as suggested by 
Ghosh et al. [32], have been modified to include the heat 
absorbed by the pottery according to the given heat system 
as shown below, the subscript “1” is used here for some 
abbreviations to avoid the duplication in the next sections.

QTungsten heat generated by the tungsten wire (W), Qpot1 
heat stored in the pottery (W), Qg heat transfer through 
the glazing (W), Qroom1 heat stored inside the test room 
(W), Mroom1 mass of the air inside the room, Vroom1 vol-
ume of the test room, Cair heat capacity of the air = 1.006 
kj/kg ℃, Tin temperature inside the room in ℃, Qw1 heat 
transfer through inside and outside air convection and 
conduction through the insulation board wall (W), Uw1 
combined U-value of the test enclosure’s wall with inside 
and ambient air in (W/m2K), h0 outside convection heat 
transfer coefficient in (W/m2K), hi inside convection heat 
transfer coefficient in (W/m2K), L thickness of the insula-
tion board (m), K thermal conductivity of the insulation 
board in (W/m K), Aw area of the insulation board in m2, 

Fig. 3   a Test room with the outer box; b Cross-section area for the test room with the cooling system
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T0 temperature of the atmosphere in ℃, Ug heat transfer 
coefficient (U-value) of the glazing (W/m2K), ρair density 
of the air = 1.2250 kg/m3

Qroom1 is calculated as following:

where Mroom1 = �airVroom1.
Qw1 can be estimated as following:

(1)QTungsten = Qpot1 + Qg + Qroom1 + Qw1

(2)Qroom1 = Mroom1Cair

dTin

dt

Uw1 is determined by:

where h0 = 5.7 + 8.8 Vwind, Vwind : the wind velocity in m/s 
and hi = 7 (W/m2 K).

After solving Eq. (1) to find the value of Qg , then the 
U-value of the glazing Ug is given in Eq. (5):

(3)Qw1 = Uw1Aw1

(

Tin − T0
)

(4)Uw1 =

[

1

ho
+

L

K
+

1

hi

]−1

Fig. 4   The experimental setup: A The outer box; B The test room inside the outer box

Table 1   Specifications of the 
test room and the outer box

Item Part Details

Board Polystyrene thickness 4.9 cm
Steel thickness 0.05 cm

Wall dimension of the room 55 × 55  cm2

Wall dimension of the outer box 100 × 100  cm2

Double glazed window Area 30 × 30 cm2

WWR​ 44%
Glazing type Clear
Glazing thickness 0.4 Cm
Thermal conductivity for the glazing 0.9 W/m K
Depth of the air layer 2 cm
Outside reveal depth 0 cm

Room dimension 45 × 45 × 45 cm3

Outer box dimension 90 × 90 ×  cm3

Heat source AC input voltage 225 V
Tungsten wire resistance at 25 °C 168 Ω
Mass of the pottery 0.53 kg
Heat capacity of the pottery 0.85 kJ/kg °C
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Through cooling period, heat generation of the tungsten 
wire turns to zero. The pottery starts discharging its heat 
to the room as it absorbed the effective percentage of heat 
during heating duration, hence, Eq. (1) can be reformed to 
match the cooling condition as below:

Now to determine the net input power to the test room in 
heating/cooling cases, it is necessary to find the mathemati-
cal model of the heat source, represented by the tungsten 
wire and the pottery. Thus, a new test room will be created 
to achieve this demand in the next section.

Heat source model

To determine the net input power to the test room in heat-
ing/cooling cases, it is necessary to find the mathematical 
model of the heat source, represented by the tungsten wire 
and the pottery. A separate experimental model was created. 
The tungsten-based heat source is placed inside a small box 
with a dimension of (0.245 × 0.175 × 0.375 m3); the same 
insulated board that used in constructing the test room is 
utilised for the walls of the box. For easy calculation, the 
box has been constructed without a window to eliminate the 
loss through the glazing, also, the purpose of the box is to 
determine the heat source generation.

Thus, equations of heat transfer model can be adopted 
to define the heat source model after ignoring the glazing 
loss, therefore:

Qpot2 heat dissipation in the pottery inside the heat source 
model (W), Mpot mass of the pottery = 0.53 kg, Cpot heat 
capacity of the pottery = 0.85 (kj/kg ℃), Tpot temperature 
of the pottery (℃), Qroom2 heat stored inside the heat source 
model (W), Qw2 heat transfer through inside and outside 
air convection and conduction through the insulation board 
wall of heat source model, R electrical resistivity of the 
tungsten wire at the steady-state temperature, R0 electrical 
resistivity of the tungsten wire at the initial temperature, for 
the executed experiments 25 ℃ and R0 = 168 Ω, T0 initial 
temperature of the tungsten wire in kelvin, for the executed 
experiments 25 ℃ or 298 K, Ts steady-state temperature of 
the tungsten wire in kelvin, Ts has been measured experi-
mentally by a K-type thermometer, it was 306 ℃ or 579 K, 
ν root-mean-square value of the applied ac voltage = 225 V

Qpot2 : can be calculated as following:

(5)Ug =
Qg

A
(

Tin − T0
)

(6)Qpot1 = Qg + Qroom1 + Qw1

(7)QTungsten = Qpot2 + Qroom2 + Qw2

Qroom2 and Qw2 can be estimated using Eq.  (2) and (3), 
respectively, based on the given data of the heat source 
model.

During cooling period, like the test room model, the 
input power of the tungsten turns to zero, and the heat 
stored in the pottery starts transferring to the room as it 
absorbed the effective percentage of the heat source during 
heating time, then, Eq. (7) can be reformed to match the 
cooling condition as below:

Before conducting the experimental investigations on 
the test box, the heat generation characteristics of the 
source will be estimated and validated. Therefore, the heat 
source was operated inside the test box, in addition, two 
calibrated K-type thermocouples were used to measure 
the temperature inside the room and the temperature of 
the pottery, as well as a heat sensor outside the box to 
record the outside temperature. By solving Eq. (7), the 
heat generation of the source is depicted in Fig. 5. The 
supplied heat starts increasing once turned on the source 
and it takes approximately 200 s to approach the steady 
state. Also, the average steady-state heat generation (from 
200 to 600 s) is 117.32 watts.

Agrawal [33] determined the steady state of the heat 
power for the tungsten wire P as shown in Eqs. (10) and 
(11):

x : the index x is determined to make R
/

R0
=

(

Ts
/

T0

)x

 based 
on Eq. (10), the ratio of R

/

R0
 is obtained from the table of 

the resistivity of tungsten on [34] in the range of 298–579 K. 
According to the given data, the best fit of the index x is 
1.31.

Solving Eqs. (8) and (9), the steady-state heat gener-
ated by the source is 123.46 watts as shown in Fig. 5. The 
theoretical value of the steady state is quite close to that 
determined experimentally, 117.32 W, the variation could 
be because of ignoring the heat absorbed by some objects 
inside the box such as electrical wires and thermocouple 
wires. Thus, the experimental model of the heat source can 
be assumed to be valid for further considerations.

(8)Qpot2 = MpotCpot

dTpot

dt

(9)Qpot2 = Qroom2 + Qw2

(10)R = R0

(

Ts
/

T0

)x

(11)P =
v2

R0

(

Ts
/

T0

)x
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Simulation and validation

A separate experiment has been conducted to validate 
the test room. The profile of the atmosphere temperature 
shown in Fig. 6 has been applied on the test room, and 
the heat source was OFF. Simultaneously, the heat sen-
sor recorded room temperature, while the weather station 

gathered the atmospheric conditions: temperature, humid-
ity, pressure, and wind speed.

On the other hand, the Design Builder software has been 
employed to model the test room based on the parameters 
mentioned in Table 1. Also, the weather data file (required 
for the simulation) has been prepared to match the experi-
mental conditions; this includes the data measured by the 
weather station. For the solar and illuminance data, they 

Fig. 5   Heat generation of the tungsten-based heat source

Fig. 6   The validation of the experimental room
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were set to zero as the experiment has been executed in a 
dark space (inside the outer box).

The room temperature has been obtained by the simula-
tion and experimentally as depicted in Fig. 6. The result 
shows that the simulated and experimental curves are 
responding according to the variation of the atmosphere 
condition. Furthermore, the average deviation between the 
simulated and the experimental room temperature is 0.2 °C. 
Therefore, it is possible to assume that the experimental test 
room is a valid reference for further consideration when the 
proposed system is deployed.

Experiment scenarios

The scenarios shown in Table 2 have been executed on the 
test room, a logging and a control system were created. It 
is assumed that the available flow rate of wasted air is only 
2000 cc/min in all scenarios. The wasted air will be fed to 
the proposed ventilated double-glazed window. In each sce-
nario, the main challenge is to consume a minimum possible 
quantity from the available wasted air, hence, the residual 
quantity can be exploited for other windows. In this manner, 
overall energy saving can be maximized. Utilising of wasted 
air quantity per one ventilated window will be implemented 
based on the following methods:

i.	 For the first scenario, the window worked in conven-
tional double-glazed mode as the air pump was OFF. 
This scenario will be considered as the reference case.

ii.	 The pump works in a duty cycle of 50% as below:
a.	 According to the given dimension of the proposed dou-

ble-glazed window and the maximum available flow of 
the wasted air (2000 cc/min), the pump should run 54 s 
to exhaust the air in the cavity of the window and replace 
it with the wasted warm air. Therefore, in the second 
scenario, the pump was operated only 54 s and turned 
off for 54 s during one duty cycle, or an on/off operating 
frequency of (1/108 Hz).

b.	 The on/off operating frequency of the pump was 
increased to (1/20 Hz) and (1/10 Hz) in the third and 
fourth scenarios, respectively.

The pump works continuously (duty cycle of 100%) 
with different flow rates. The flow rate of the wasted air 
was adjusted to 2000 cc/min, 1000 cc/min, 666 cc/min, and 
500 cc/min during the fifth to eighth scenarios, respectively.

During each scenario, the test room will pass through 
two states, heating and cooling. Heating state starts at ini-
tial room temperature of 22 °C, the target is to warm up the 
room to 27 °C; then, the heating device will be turned off. 
During cooling state, the test room will be left to operate 
under atmosphere conditions. Cooling interval is the time 
required for the room temperature to fall to 22 °C.

In the next sections, the results of the eight scenarios will 
be demonstrated, furthermore, the impact of (1) the duty 
cycle and on/off operating frequency of the pump and (2) 
flow rate of the wasted air on thermal performance of the 
window will be analysed.

Results and discussion

The eight scenarios demonstrated in Table 2 are conducted 
on the test room inside the outer box. The weather station 
was fixed in the atmosphere space to record the weather 
conditions. Also, the test room temperature has been logged 
by the K-type thermocouple with a time step of 10 s. The 
temperature of the wasted air was 24.5 °C in all mentioned 
scenarios.

Figure 7 shows test room temperature when the air pump 
was off. In this scenario, the window acts as a conventional 
double-glazed window. This condition will be considered as 
the reference case. As depicted in the figure, during heating 
period, it was required to run the heat source 100 s to raise 
the room temperature from 22 to 27 °C. During the cooling 

Table 2   Experimental scenarios

No Flow rate 
(cc/min)

Pump duty 
cycle (%)

Pump on/off 
frequency (Hz)

Initial room temperature (°C) Highest room temperature (°C) Final room temperature (°C)

1 0 0 0 22 27 22
2 2000 50 1/108
3 2000 50 1/20
4 2000 50 1/10
5 2000 100 0
6 1000 100 0
7 666 100 0
8 500 100 0
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period, room temperature declined to 22 °C again after 
3390 s.

Figure 8 demonstrates room temperature for scenarios 
2, 3, and 4. The window acts as a ventilated double-glazed 
window. The heat source was required to operate for 100 s 
during heating period to increase room temperature from 22 
to 27 °C. During cooling period, room temperature dropped 
to 22 °C again after 4690 s, 4830 s, and 4870 s, respectively.

Figure 9 elucidates room temperature for scenarios 5, 6, 
7, and 8. The window acts as a ventilated double-glazed 
window. Room temperature grew from 22 to 27 °C after 
running the heat source for 100 s during heating period. 
During cooling period, room temperature declined to 22 °C 
again after 7230 s, 6420 s, 5120 s, and 4050 s, respectively.

It is noted that temperature of the test room has the same 
envelope in all scenarios, initial temperature of 22 °C, maxi-
mum target temperature of 27 °C, and final target tempera-
ture of 22 °C. However, the cooling period varied in different 
scenarios, as the heat transfer conditions were different in 
each scenario.

As the heating and cooling durations were not equal in 
different scenarios, hence, the input heat power is varied in 
each experiment, because the source needs a time of (200 s) 
to reach its designated steady-state output. In other words, 
in the case of heating, the longer the heat source is ON the 
higher generated power; while in the cooling case, the longer 
the cooling interval the lower supplied power. In the fol-
lowing steps, the net heat transferred from the source to the 
test room will be estimated during heating/cooling intervals 
for all scenarios. Then it will be possible to determine the 
glazing heat loss and the heat transfer coefficient. However, 
Table 3 lists heating and cooling intervals of the test room 
in the implemented experiments. Since the initial and target 

test room temperature in all scenarios were 22 °C and 27 °C, 
respectively, heating intervals are slightly different. There-
fore, the average heating interval of (594 s) will be consid-
ered in the following calculations to avoid redundant results.

During the heating period, referring to Eqs. (1) and (7), 
the power dissipation in the pottery inside the test room and 
inside the heat source box are equal 

(

Qpot1 = Qpot2

)

 , because 
the heat absorption is the same in both cases, thus, the net 
heat transferred from the source to the test room is given as 
follow:

On the other side, referring to Eqs.  (6) and (9) that 
govern cooling state, the power dissipation in the pot-
tery inside the test room and the heat source box are not 
equal 

(

Qpot1 ≠ Qpot2

)

 , because the temperature difference 
between the pottery and the room is not the same in both 
cases. To overcome this obstacle, the difference in heat dis-
sipation of the pottery ΔQpot can be calculated in terms of 
the average temperature differences (Tpot1av − Troom1av = 44 
–  24 .5  = 19.5   °C)  and (Tpot2av − T room2av = 44 
– 28.6 = 15.4 °C), hence, ΔT1,2 = 19.5 – 15.4 = 4.1 °C is the 
temperature difference that causes the deviation between 
Qpot1 and Qpot2 , where Tpot1av and Troom1av are the average 
temperatures of the pottery and the room in the test room, 
while Tpot2av and Troom2av are the average temperatures of the 
pottery and the room in the heat source box. Thus:

(12)

Heat supplied to the test room during heating period

= QTungsten − Qpot2 = Qroom2 + Qw2

(13)ΔQpot = Qpot1 − Qpot2 = MpotCpot

d
(

ΔT1,2
)

dt

Fig. 7   Test room temperature in scenario 1
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Fig. 8   Test room temperature in scenarios 2, 3, and 4
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Fig. 9   Test room temperature in scenarios 5, 6, 7, and 8
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Hence, the heat supplied to the test room during the cool-
ing period is:

In all experimental scenarios, the heat source was turned 
on for 100 s to reach the target temperature, in addition, the 
longest time required to decrease the test room temperature 
to 22 °C was in scenario 5, which is 7230 s. Therefore, a sep-
arate experiment has been conducted to estimate the average 
heat supplied to the room during heating and cooling periods 
in different scenarios. The heat source has been turned on 
for 100 s inside the box, then the temperature of the room, 

(14)

Heat supplied to the test room during cooling period

= Qpot1 = Qroom2 + Qw2 + ΔQpot

the pottery and the external environment were taken along 
7230 s. The gathered data was used to solve Eq. (12) and 
(14). Consequently, the heat supplied to the test room during 
the heating/cooling periods have been estimated as shown 
in Table 4.

Returning to Eqs.  (5) and (6), heat loss in the win-
dow Qg and heat transfer coefficient Ug in the conducted 
experiments have been estimated. Figures 10, 11, and 12 
elucidate the U-value and heat loss of the window in the 
implemented scenarios. Since the atmosphere temperature 
is fixed at (17 °C) and only room temperature is varied 
during the experiments, therefore, glazing heat transfer 
coefficient and heat loss have same envelope of room tem-
perature. Alternatively, they respond to the temperature 

Table 3   Heating/Cooling 
intervals

Scenario 1 2 3 4 5 6 7 8

Heating period (sec) 560 600 605 610 610 600 610 560
Cooling period (sec) 2830 4090 4225 4260 6620 5820 4510 3490

Table 4   Supplied heat during 
heating/cooling intervals

Scenario Average heating period (sec) Supplied heat (W) Cooling period 
(sec)

Average sup-
plied heat (W)

1 594 6 2830 5.1
2 4040 4.68
3 4090 4.43
4 4230 4.32
5 6460 4.36
6 5700 4.25
7 4500 4.51
8 3610 4.86

Fig. 10   Glazing U-value and heat loss in scenario 1
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Fig. 11   Glazing U-value and heat loss in scenarios 2, 3, and 4
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Fig. 12   Glazing U-value and heat loss in scenarios No. 5, 6, 7, and 8
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difference between the test room and atmosphere accord-
ing to Eq. 5. The average values will be considered to 
investigate the thermal performance of the glazing in dif-
ferent scenarios.

In Fig. 10, thermal performance of the traditional dou-
ble-glazed window is shown, glazing loss and heat transfer 
coefficient decreased with the increase in temperature dif-
ference between the room and the atmosphere, reflecting 
an enhancement in the thermal performance during heating 
period. Oppositely, system performance degraded during the 
cooling duration while the room temperature is dropping. 
However, the minimum and maximum recorded values of 
heat transfer coefficient are 1.7 W/m2 K and 7.69 W/m2 K, 
respectively, and 1.52 W and 3.46 W, respectively, for the 
glazing loss. For other scenarios 2 to 8 in Figs. 11 and 12, 
the thermal performance responds to the temperature differ-
ence in the same manner. The average values of heat transfer 
coefficient were 3.24, 2.86, 2.89, 3.06, 2.46, 2.36, and 3 W/
m2K, respectively. However, these values reveal a dispa-
rate performance in experiment scenarios. In the following 
paragraphs, the relation between thermal performance and 
applied conditions in different scenarios will be analysed 
after completion of energy consumption calculations.

Table 5 illustrates energy calculations in the experiment. 
Since the operating duration for the heat source are equal 
in all scenarios (100 s), then the heating device consumed 
the same energy in different cases. The pump consumption 
is the product of its power consumption (1.5 W) and the 
corresponding experiment interval, except in the first case, 
it equals to zero as the pump was off. Then the total energy 
consumption is the sum of heating and pump consumption.

Furthermore, Table 6 demonstrates energy saving cal-
culations in the experiment. The experimental intervals of 
different scenarios are not equal as mentioned earlier. There-
fore, to find energy saving for each case, energy consump-
tion in different scenarios should be referred to the first case 
based on the time (conventional double-glazed window). For 
instance, the experimental interval in second scenario is 1.38 
times that of the first scenario. Therefore, energy consump-
tion in the first scenario is (31,457.5/1.38 = 22,737.9 W sec) 
with respect to the reference case. In other words, if the test 
room operates with the condition of scenario 2 for 3390 s 
(experimental interval of scenario 1), then the consumption 
would be 22,737.9 W sec. Similarly, energy consumption in 
other cases have been referred to the first case.

Moreover, energy saving per one window has been esti-
mated for the executed experiments with respect to the 

Table 5   Energy calculations

Scenario Air-pump operation Experiment 
duration (sec)

Heating consumption (W sec) Pump con-
sumption 
(W sec)

Total con-
sumption 
(W sec)Flow (cc/min) Duty cycle % Frequency (Hz)

1 0 0 0 3390 27,940 0 27,940
2 2000 50 1/108 4690 3517.5 31,457.5
3 2000 50 1/20 4830 3622.5 31,562.5
4 2000 50 1/10 4870 3652.5 31,592.5
5 2000 100 0 7230 10,845 38,785
6 1000 100 0 6420 4815 32,755
7 666 100 0 5120 2560 30,500
8 500 100 0 4050 2025 29,965

Table 6   Energy saving calculations

Scenario Consumption w.r.t. 1st 
scenario (W sec)

Energy saving 
(W sec)

Energy saving per one 
window (%)

Number of windows can share 
the available flow

Overall energy saving 
w.r.t. 1st scenario (%)

1 27,940 – – – –
2 22,737.9 5202.1 18.62 2 37.24
3 22,152.6 5787.4 20.7 2 41.4
4 21,991.5 5948.5 21.3 2 42.6
5 18,185.5 9754.5 34.9 1 34.9
6 17,295.9 10,644.1 38.1 2 76.2
7 20,194.3 7745.7 27.7 3 83.1
8 25,081.8 2858.2 10.2 4 40.8
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reference case. The highest saving of 38.1% was achieved 
with a flow of 1000 cc/min in scenario 6. However, in 
some scenarios of the experiment, the window utilised 
the available wasted air partially as shown in table. In this 
case, it will be assumed that the residual air can be fed to 
other windows in the building simultaneously to accom-
plish more energy saving. Consequently, overall energy 
saving can be illustrated in the following cases:

1.	 In scenarios 2, 3, and 4, pump duty cycle was 50%, 
therefore the available flow is adequate to ventilate two 
windows, hence, overall energy saving will be doubled.

2.	 In scenario 5, all available flow was used to ventilate 
only one window, thus, overall energy saving will be the 
same (34.9%).

3.	 In scenario 6, the window was ventilated by a flow of 
1000 cc/min, hence, two windows can be operated in 
forced-ventilation mode. Therefore, overall energy sav-
ing will be doubled.

4.	 In scenario 7, a flow of 666 cc/min has been applied on 
the window, then the 2000 cc/min is adequate to serve 
three windows. As a result, overall energy saving will 
be tripled.

5.	 In scenario 8, the flow was 500 cc/min, therefore it is 
possible to supply four windows, then overall energy 
saving will be quadruple.

The experiment demonstrated two kinds of control on 
the available wasted air to achieve highest possible energy 
saving. Firstly, in scenario 2, 3, and 4, the pump duty cycle 
is set to 50%, while the pump turned on/off in different rep-
etitions within its duty. Figure 13 shows the performance 

of the ventilated window vs on/off intervals control, more 
details are explained in the following three cases:

1.	 When the pump works 54  s per one duty cycle, 
the  U-value of the window declined from 3.82 to 
3.24 W/m2 K, achieving an overall energy saving of 
37.24% compared to the conventional double-glazed 
window. During the experiment, it was assumed that 
turning off the pump for 54 s per one duty cycle could be 
a long time to allow heat loss to take place through the 
window. Therefore, a decision has been made to shorten 
the on/off intervals within one duty cycle in the next 
steps.

2.	 After setting on/off intervals of the pump to 10 s per one 
duty cycle, the system showed a notable improvement 
in its U-value to be 2.86 W/m2 K, and an energy saving 
of 41.4%.

3.	 With an on/off intervals of 5  s per one duty cycle, 
the thermal performance was almost saturated, with an 
energy saving of 42.6% and a U-value of 2.8 W/m2 K. 
This was the best obtained performance via controlling 
the on/off duration as it is not possible to turn the pump 
on/off within less than 5 s.

Secondly, in scenario 5, 6, 7, and 8, the pump duty cycle 
was set to 100%, while the window has been fed with differ-
ent flow rates. Figure 14 demonstrates the performance of 
the ventilated window vs the flow rate control; more clarifi-
cations are elucidated in the following four cases:

1.	 When the flow rate was set to 2000 cc/min, the U-value 
of the window declined from 3.82 to 3.07 W/m2 K, 

Fig. 13   Ventilated window performance vs on/off intervals control
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achieving an overall energy saving of 34.9% compared 
to the conventional double-glazed window.

2.	 With a flow rate of 1000 cc/min, the U-value of the 
window fell to 2.46 W/m2 K, and an energy saving of 
38.1% has been accomplished. However, as the avail-
able waste air can drive two windows with same thermal 
performance, an overall energy saving of 76.2% can be 
achieved.

3.	 The system showed a slight enhancement in the U-value 
of the window and an overall energy saving of 83.1% 
with a flow rate of 666 cc/min. It is worth noting that the 
available flow can drive three windows simultaneously.

4.	 Heat transfer coefficient has been declined when the flow 
was adjusted to 500 cc/min, achieving an overall energy 
saving of 40.8%.

To sum up the method of the conducted scenarios, when 
the wasted air is distributed by choosing the optimum on/
off interval for the pump (in scenarios 2 to 4), the first inter-
val should be opted that completely fills the cavity of the 
window every time the pump is on. The attempts should be 
repeated using shorter periods, until the minimum possible 
interval for the pump. The longer on/off interval allows more 
heat to be lost through the window while the pump is off. 
However, the optimum interval is the one that realise a high-
est energy saving. On the other side, when the wasted air is 
shared by dividing the flow (in scenarios 5 to 8), multiple 
attempts should be conducted on single window, two, three 
windows, and so on, then the optimum number of windows 
can be considered when a highest energy saving is achieved.

Comparing to the first scenario, the major change in sce-
narios 2 to 8 that led to enhance the thermal performance is 
increasing the velocity and the temperature of the air inside 

the cavity by the forced ventilation. This modification affects 
the rate of convective heat transfer in the gap of the window 
[24]. The result shows that cooling span of the test room is 
related to (1) pump on/off interval, (2) the flow rate of the 
wasted air, and (3) number of windows can share the avail-
able wasted air. For instance, the best performance of the 
system took place when three windows shared the assumed 
available flow rate (2000 cc/min) simultaneously. Under 
this condition, the thermal conductance of the window is 
decreased, as a result, the room becomes able to maintain 
the desired temperature range for a longer period.

The proposed system showed that the heat transfer coef-
ficient of the window is adapted to the management of utilis-
ing the available wasted air, this is conditioned to the con-
stancy of other factors related to the thermal performance. 
However, the present paper studied only the effect of heat 
transfer due to conduction and convection. For instance, 
solar radiation has an effective impact on the thermal per-
formance of the window, the increase in outdoor temperature 
can reduce the temperature difference across the window, 
hence the overall glazing heat loss can be dropped. Simi-
larly, deploying the proposed method in hot regions could 
be a feasible choice to minimize the cooling loads of build-
ings. In this case, the cooled air will be injected into the 
double-glazed window. However, heat storage due to solar 
irradiance reduces window ventilation efficiency because it 
inflates the cooling loads [35–37].

Various factors can impact the proposed methods of 
wasted air management. For instance, number of occupants 
determines air change per hour in a building, therefore, the 
more residents the more expected available wasted air. The 
higher flow rate of the air mitigates heat conduction and 
convection through the window, as a result energy saving 

Fig. 14   Ventilated window performance vs flow rate control
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can be inflated. In addition, high difference between the 
designated indoor comfort temperature and outdoor tem-
perature increases the heat current through windows, con-
sequently, higher flow rate of the wasted air is required to 
sustain a same level of heat transfer. In modern design of 
buildings, it is necessary to opt windows with high WWR 
ratio to maintain a certain level of visual comfort towards 
external views and to provide a luminous indoor environ-
ment for occupants. However, increasing the dimension of 
windows add a challenge to provide a higher flow rate for 
window ventilation. Therefore, such practical cases eluci-
date the importance of managing the use of the wasted air 
in buildings.

Circulating of the warmed air through the cavity of win-
dows is also used by other studies to increase the efficiency 
of double-glazed windows, for instance, Nourozi et al. [24] 
concluded and stated explicitly that increasing the velocity 
of the circulated air leads to a declination in the U-value of 
the window. The authors designed a complex structure and 
used Argon gas to reduce the thermal conductivity of the 
window. In addition, they used a separate heat-exchanger 
to warm up the air before injecting it to the window. As a 
result, it was possible to reduce the U-value to 0.2 W/m2K 
which reflects a very efficient performance, this is logical 
as they paid more. However, this complexity in their system 
is worthy to be added in the extremely cold regions. While 
what this study tried to demonstrate is, in the average cli-
mate regions where very efficient windows are not needed, 
the experiment result showed with aid of the mathemati-
cal model of heat transfer system that the proposed wasted 
air management system can achieve an energy saving up to 
83.1% in heating consumption. For an already constructed 
building, the proposed method could be much easier and 
a cheaper option to be applied than exchanging the windows 
with triple-glazed windows or other modern types.

As mentioned earlier that higher velocity and temperature 
of the wasted air leads to a better thermal performance of 
the ventilated window [24], however, raising of air velocity 
requires more flow rate, which means more quantity of air. 
The available volume of the wasted air in a building is deter-
mined by the designated air-change-per-hour of the forced 
ventilation system [26].

In the present study, the test room operates in a dark 
environment to ignore the effect of solar radiation on the 
thermal performance of the window. However, in practical 
applications where the ventilated windows are influenced 
by the sun, heat storage inside buildings will be exacerbated 
due to the solar irradiance effect. Consequently, the overall 
thermal performance of the proposed ventilated window will 
be higher.

Wasted air management strategies proposed by the pre-
sent study depends on sharing the available wasted air to 
ventilate maximum possible number of windows to achieve 

highest possible energy saving. Therefore, the main chal-
lenge that may face the proposed system is the availability 
of the wasted air regardless the method of sharing the air.

Considering the best performance in scenario 7, an annual 
energy saving of 56.5 kWh can be achieved in the heating 
load of the three small-scaled test rooms. In the same man-
ner, if a real-dimension room such as 6 × 5  m2 and a height 
of 3 m is equipped with the proposed ventilated window, an 
annual consumption of 40.6 MWh will be saved, further-
more, for a building of 30 rooms, the annual energy saving 
will be 1.22 GWh.

Conclusion

This paper aimed to optimise the utilisation of the wasted air 
in ventilation of double-glazed windows to achieve highest 
possible energy saving in heating loads. Optimisation pro-
cess has been deployed using two methods, both methods 
rely on sharing the wasted air to multiple windows. The first 
method is a time-based division of air pump operation, an 
air pump ventilates multiple windows, one window at a time 
repetitively. The second method shares the available wasted 
air to multiple windows simultaneously. The experimental 
results and heat transfer calculations have been employed to 
evaluate the thermal performance of the system. The main 
findings are:

1.	 The overall energy saving of heating loads in a build-
ing can be maximized by distributing the wasted air to 
multiple ventilated double-glazed windows.

2.	 The first ventilation method showed a best energy sav-
ing of 50%, with a duty cycle of 50%, i.e. the wasted 
air was supplied to two windows, and on/off operation 
every 10 s. An energy saving of 42.6% has been realized 
compared to the traditional double-glazed windows, and 
the heat transfer coefficient was declined from 3.82 to 
2.8 W/m2 K.

3.	 The second method showed an optimum thermal perfor-
mance when the available flow rate of the wasted air was 
fed to three double-glazed windows simultaneously. An 
energy saving of 83.1% was achieved compared to the 
traditional double-glazed windows, and the heat transfer 
coefficient was dropped from 3.82 to 2.36 W/m2 K.

Therefore, this study recommends considering the pro-
posed strategies in the earlier design stages of commercial 
buildings in cold regions. In addition, due to the simple 
structure of the proposed system, it can be applied to the 
double-glazed windows in old buildings easily with low cost. 
However, for a building, the designated air change per hour, 
flow rate and temperature of the wasted air, number of occu-
pants, window to wall ratio, indoor comfort temperature and 
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outdoor conditions impact the proposed ventilation meth-
ods of double-glazed windows in the practical applications. 
Overall, applying the proposed wasted air management 
methods can effectively enhance the thermal performance 
of the ventilated windows and maximize energy saving of 
heating loads in cold environments.
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