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ABSTRACT 

The inevitability to reduce CO2 emissions to avoid preventable climate change is widely being yelped. To minimise the impact of 
rapidly changing climate, this paper presents novel research findings and contributes to developing electrochromic argon gas-filled 
glazed smart windows retrofitted to the building with IoT based transparency control. In this, the comparative analyses of the 
daylighting, electrical lighting, solar heat gain, and space-heating load of the building using the dynamic thermal and electric lighting 
modelling methods based on real weather temperatures are presented. The daylighting analysis results implicate that the building 
with electrochromic argon gas-filled smart windows reduced 19% of daylight illuminance during summer months compared with 
the building retrofitted with double air-filled glazed windows daylight factor remains consistent. As such, the solar heat gains 
analysis results implicate at least 50 % annual solar heat gain reduction predicted in the building with electrochromic argon gas-
filled smart windows in comparison to double air-filled windows. This leads to the conclusion of the space-heating energy analysis 
that implicates the highest contribution to the space heating demand is the solar heat gain caused by double air-filled glazed 
windows. The results confirm that the LED artificial electric lighting system requires fewer fittings and thus total power load 
compared to the fluorescent lighting system, throughout the year, to the building with electrochromic argon gas-filled glazed smart 
windows. The daylight controls are linked to the electrochromic argon gas-filled glazed smart windows, so they only operate when 
the glazing is tinted, or the daylight level drops below a set level; this will reduce the energy usage and also lower the space heating 
of the room. 
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1. Introduction 
 

The inevitability to reduce CO2 emissions, in order to avoid preventable climate-change, is echoed 
by the IPCC sixth assessment report in 2021 [1] that states the earth warm up of 1.1 °C since 1850-
1900 caused by human activities and over the next 20 years, the global surface temperature would 
rise to at least 1.5 °C. In order to minimise the impact of rapidly changing climate, the domestic and 
residential buildings are of particular focus because of its considerable cooling energy loss in hot arid 
countries, such as in UAE/Egypt, and space-heating energy loss in cold-arid countries, such as in 
Japan/UK/EU [2,3]. This is because the solar radiation entering the room through the windows 
generates an unpredictable quantity of heat in the hot-arid climate or more globally during summer 
months [4-6]; however, the same windows also enable heat within the room to leave, necessitating 
the production of extra heat to maintain the needed temperature during winter months in the cold-
arid climate. A conventional double air-filled glazed windows are the most common type of windows 
retrofitted in the world, and while these provide moderate thermal resistance, they still allow much 
heat to transfer through the glazing; they also do not prevent direct daylight from entering the 
building, causing further heat gains [7]. Despite having several building stock insulation methods and 
improved heating & cooling systems as retrofitting measures that are being researched [8], there is 
a cost-effective scope of minimising space-heating/cooling energy by incorporating progressive 
technologies such as electrochromic argon gas-filled smart windows. It consists of a thin 
electrochromic film and a thick layer of argon-gas between two sheets of glass. This has the potential 
to reduce the energy demand at an unprecedented level and enhance the building windows with 
consumer IoT control of transparency of the windows.  

 
An electrochromic film, which can control visible light transmittance and solar heat gain from a 

light source when a 1-2 V DC, enables chemical reaction, switching power is applied. An 
electrochromic film is a chemically designed film capable of changing its transparency by varying 
applied voltage to the film. The type of metal oxide material determines the thickness of the film on 
a substrate. Generally, it averages between 100 nm and 1500 nm [9]. For example, the most popular 
metal oxide WO3 has an average thickness of 400-700 nm depending on the design and target 
application. The state transition time is another essential characteristic. Different materials take 
different amount of time to change state (colour and transparency). However, the main factor that 
affects the transition time, despite the material’s original properties, is the film thickness. 

 
At 750 nm thickness for WO3, the light transmittance is below 10% for most of the light 

wavelengths, and at 400 nm, the transmittance stays below 20%, with blue and green colours (450-
550 nm wavelengths) being the most transmitted [10]. Sputtering, evaporation, and chemical vapour 
deposition are most commonly used to fabricate 400 nm WO3 thin films [11]. Working pressure is 
significant for electrochromic films as they are fragile to damage. Most of the electrochromic devices 
have electrochromic films located between a substrate and another material. In windows, a metal 
oxide would be applied on indium tin oxide (ITO) coated glass and covered by another glass. The 
pressure between the glasses is important to maintain the efficient functioning of the electrochromic 
film. The working pressure can vary between 0.8-2 Pa for most metal oxides [9]. Finally, most metal 
oxide films would require O2 access; hence, the electrochromic glazing should not be completely 
sealed.  
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Heavy gases such as Argon (Ar), Krypton (Kr), or Xenon (Xe) in a space between two glass sheets 
with a rim seal improves thermal performance compared to double air-filled glazing because heavy 
gases have lower thermal conductivity than air [12]. The thermal performance of Xenon or Krypton 
is better than argon gas because the density of Xenon and Krypton gas is greater than argon gas. 
Krypton gas has less density than Xenon gas, but both of these are expensive. One serious problem 
with rim seals is that as they are not perfectly leak-tight, part of the filling gas may diffuse out, and 
air could diffuse into the space, resulting in a deterioration of the thermal performance [13]. Glazings 
with cavities filled with different gases improve thermal performance (from 3.5 to 1.4 Wm-2K-1) 
depends on the cavity thickness. The predicted best thermal performance of the Xenon gas filled 
double glazing at the cavity width of 20 mm to be 1.4 Wm-2K-1 compared to other gas filled glazings. 
Predictions made by Heath et al. (2010) [14] showed that the air and argon gas filled double glazing 
could have the same center-of-pane U value (1.8 Wm-2K-1) at different cavity widths (10 mm for argon 
gas filled double glazing and 15 mm for air filled glazing). The minimum centre-of-pane U value can 
be achieved at the cavity width of 20 mm in double air-filled glazing down to 1.8 Wm-2K-1. The 
optimum cavity width with Krypton gas filled double glazing is considered to be around 10 mm and 
for Xenon around 7 mm. The centre-of-pane U value of these gas filled glazing units cannot be 
reduced to below 1 Wm-2K-1 [15]. With vacuum glazing, the thermal transmission centre-of-pane U 

value can be reduced to 0.8 Wm-2K-1 and triple vacuum glazing to 0.8 Wm-2K-1 when evacuating the 
space between two low-e coated (e.g., tin-oxide coating 𝜀of 0.15) glass sheets [16,17]. A pressure of 
less than 0.1 Pa reduces gaseous conduction and convective heat transfer to at a negligible level 
(except heat conduction through support pillars, and edges), and radiation heat transfer can be 
reduced using soft low emittance coatings (e.g., silver coating 𝜀 of 0.02) [18-20]. However, the fusion 
edge sealed vacuum glazing [21] and composite edge-sealed triple vacuum glazing [22-24], invented 
by Dr. Memon, are still in the progressive stages that might take years to achieve such technologies 
at the mass manufacturing level [25,26]. Indeed, the cost of vacuum insulation is one of the 
predominant factors, but the benefits of improved thermal and electrical efficiencies with the use of 
vacuum insulation on PV solar thermal collector [27,28] and translucent vacuum insulation [29,30] 
are meaningful. The solar thermal collectors on residential buildings also produce waste heat [31,32] 
that can be harnessed using thermoelectric [33-35], and with PV [36], the use of the water-cooling 
method is still attractive in the hot-arid humid climate. A new development in nanocomposites 
[37,38] can improve vacuum sealed solar thermal collectors' performance. In the current need, the 
electric vehicles [39-41] and its development of the charging station integrated into a residential 
building with fast charging algorithms [42-44] are also being explored where thermal heat 
management of the batteries would be required.   
 

The electrochromic film is the key to making windows ideal heat insulators, since vacuum glazing 
cannot tackle heat transmission through radiation without low-e coatings. The outer glass typically 
has an electrochromic film that can be used as a light deflector (absorber) by not letting some or all 
light pass through glass. Electrochromic argon gas-filled glazed smart windows can bring the average 
thermal insulation along with solar heat gain coefficient (G-value) as a cost-effective solution. This 
can change the transparency to reduce the amount of daylight entering a building and increase 
thermal resistance. The amount of heat from daylight that enters the building through the window 
is expressed as a value between 0 and 1 and is referred to as the G-value, common double air-filled 
glazing has a G-value of around 0.6, whereas electrochromic argon-gas filled glazing could be as low 
as 0.1. By increasing the G-Value of glazing, the amount of daylight that will enter a room can be 
reduced; by doing this, the solar heat gain within a room will reduce. Solar heat gain is the term used 
for the effect of the radiation from the sun heating an internal room when sunlight enters the room 
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through a window. The amount of solar heat gains a room will have will be dependent on the 
direction of the windows; south facing windows get more direct sunlight, so rooms with south facing 
windows will have a higher solar heat gain than other rooms in a building. At the same time, solar 
heat gain may be advantageous at some times, for example, to warm a cold room in winter. In the 
summer, this is undesirable as it will cause the room to overheat, and an increased amount of cooling 
would be required to maintain the rooms at a comfortable temperature, therefore increasing the 
electrical demand. By reducing the amount of daylight into a room to lower the heat gain causes a 
requirement for electric lighting to be used to achieve the required light levels to enable users to 
work; using electric lighting will also create heat in a room so detracts from the benefit of reducing 
the solar heat gain [45]. Stopping natural daylight from entering a building also has a negative impact 
on users as natural daylight can benefit a person’s health. 

 
For the first time, this paper presents novel research findings and contributes to the development 

of electrochromic argon gas-filled glazed smart windows with IoT-based transparency control. In this, 
the comparative analyses of the daylighting, electrical lighting, solar heat gain, and space-heating 
load of a building, as a case-study in Oxfordshire, UK, using the dynamic thermal and electric lighting 
modelling methods based on real weather temperatures. It incorporates electrochromic argon-filled 
glazed windows in comparison to double air-filled glazed windows.  
 
2. Research Methodology 

 
2.1. Physical Model 

 
The physical model of the building, located in Oxfordshire, UK, is an existing two-story office 

building, as shown in Fig. 1. In which, the ground floor has standard double air-filled glazed windows, 
while the first floor has angled roof lights, so the simulation results can be observed to see how the 
different window types affect the solar heat gain and energy performances. The building is also ‘T’ 
shaped, so it has offices with different orientations, so the effect of the orientation can also be 
observed in the results. 
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                             (a)                                                               (b)                                                      (c) 

 

                                                                                              (d) 
Fig. 1. The physical model of the building located in Oxfordshire, UK showing the (a) front view, (b) rear view, 

(c) top view, and (d) 2D AutoCAD floor plans of the physical model. 

2.2. 3D Building Model 
 

The 3D model of the designed building is shown in Fig. 2. The external doors were assumed to be 
glazed in construction to assess the extent of heat loss through double air-filled and electrochromic 
argon gas-filled windows. The front façade faced south. To accurately carry out calculations in the IES 
VE dynamic thermal modelling software, the geographical location of the building and its rotation 
are essential. A 1:1 scale of the area was taken from Google Earth and imported in SketchUp as an 
underlay and the building model was moved and rotated to sit in the correct location. With that done, 
the SketchUp model was completed and then imported to the IES VE. Although the geometry of the 
entire structure is included in the model, it is necessary to include shade from nearby objects when 
investigating daylighting. As a result, a study of the surrounding region was undertaken, and the 
model was updated to include the surrounding buildings and trees. 
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                                        (a)                                                                                               (b) 

                                        (c)                                                                                                 (d) 

Fig. 2. A 3D model designed in Sketchup showing the (a) isometric view of the whole buildings, (b) cross-
sectional view of the ground floor, (c) incorporated external shading influence of trees, and (d) incorporated 
geographical location and climate of the whole building.  

 
2.3. Implemented Parameters to the Building Design and Simulation Method 
 

The Apache dynamic thermal simulation using IES VE is used to input details of the building into 
the model, which are required to carry out accurate calculations; full details of the modelling thermal 
methods are detailsed elsewhere [46-48]. The daylighting, solar heat gain, and space heating analyses 
with windows are focused on four office spaces for this building, two office spaces are on the ground 
floor, and two are on the first floor. 

 
The Building Regulations Part L contains rules on the maximum U-values permitted for new 

buildings. As the building being analysed was constructed around 1999, the materials used would 
have had to conform to the 1995 version of the Part L Building Regulations [49]; these figures can 
therefore be utilised for the building simulation and detailed in Table. 1. For this project, the 
parameters of the exiting double air-filled glazed windows are based on the 1995 edition of the Part 
L Building Regulations; this is because the building was constructed in 1999, so as a minimum, the 
values stated in 1995 Part L regulations are implemented. The calculations are conducted as per 
CIBSE Guide A [50] and BS 10077-1 2006 [51] standard for the electrochromic argon-gas-filled glazed 
windows.  
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Table 1. 
The thermal transmittance (U values) implemented in the building designed model. 
 

Building Component U value (Wm-2K-1) 

Walls 0.45 

Roof 0.25 

Door 3.0 

Internal Partitions 1.97 

Ground 0.63 

Double air-filled glazed window 2.85 (G-value of 0.76) 

Electrochromic argon gas-filled glazed 
window 

Clear 1.97 (G-value of 0.4) 
Tinted 1.97 (G-value of 0.05) 

 
The internal heat gains by people and objects implemented in the dynamic simulation, as per CIBSE Guide 

A, and are dependent on the usage of the electrical lighting devices and the level of physical work. A 
consideration of: 75 W for people seated and moderate work; 75 W sensible; 55 W latent gain; 135 W for 
desktop computers and monitors in these office spaces and; 400 W for photocopier are implemented. 

 
In terms of the heating and cooling load requirements, the building has a gas-fuelled combi-boiler that 

serves radiators at 60 °C and hot water. The boiler has seasonal controls to allow the heating to be on at 
specific times; during the winter, the boiler is set to heat the building between 6 am and 1 pm, and during 
summer, between 8 am and 9 am. A thermostat determines the temperature the building is heated to during 
these times (for the purpose of this simulation, a temperature of 21 °C was used); outside these times, the 
temperature is set to be maintained at 12 °C. A small ICT server room contains an air conditioning unit that is 
constantly on to keep the room below 21 °C. 

 
The heating, ventilation, lighting, equipment, and occupancy profiles are implemented in the model of the 

building. The profiles were selected from templates within IES that are based on National Calculation 
Methodology (NCM) modelling guide [52] and are shown in Fig. 3. A control function was setup for the 
electrochromic argon gas-filled glazed windows so that the glazing remains clear while the room requires 
heating to allow solar gain; when the room reaches the heating set point of 21° the electrochromic film will 
activate and begin to tint linearly between fully clear to fully shaded based on the solar irradiance.  The IES VE 
uses dynamic weather data files created by CIBSE, containing information such as outside temperature, wind 
speed, and direction every hour for a typical year. The weather file used for this simulation is the Swindon TRY 
weather file. 
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                           (a)                                                             (b)                                                               (c) 

                           (d)                                                                (e)                                                               (f) 

 

 

 

 

 

 

                                                                                                  (g) 

Fig. 3. (a) Ventilation profile showing ventilation running from 7 am to 7 pm, (b) Occupancy profile showing 

people start entering building at 07:00 and it ramps up until full occupancy at 09:00, drop between 12 pm and 

2 pm as people leave for lunch and people start leaving at 17:00 until 19:00 when building is unoccupied, (c) 

lighting profile showing lighting running fully from 7 am to 7 pm, (d) equipment profile showing equipment 

running fully between 7 am to 7 pm, outside this time 5% of equipment is running and (e) weekend profile for 

equipment running at 5%, (f) cooling profile showing cooling running 100% between 5 am and 7 pm when the 

temperature reaches above 21 °C, (g) heating profile showing heating running when the temperature drops 

below the threshold between 5 am and 7 pm whilst maintain 12 °C throughout. 
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3. Results and discussion 
 
3.1. Daylighting analysis  
 

Simulations were run for the building with double air-filled glazed windows and electrochromic 
argon gas-filled smart windows to determine the amount of daylight that is let through the glazing 
into the room; this was carried out for each of the four rooms being analysed and carried out during 
the summer period and the winter period. The simulation was carried out using FlucsDL and the 
measurements taken on the horizontal plane of the room with a 0.5 m border. The method that 
FlucsDL uses to determine the daylight factor within a room examines the amount of daylight for a 
set time and date and displays the results rather than simulating it over some time. For this reason, 
the date selected for the summer period analysis was July 15th at midday; for the winter period, Jan 
15th at midday was used. 

 
Table 2 shows the daylighting results for the building with double air-filled glazed windows. It can 

be seen from the results that during the winter period, the illuminance within each room is reduced, 
but the daylight factor remains consistent. 

 
Table 2. 
The daylighting illuminance and factor for the summer and winter periods for the building with double air-
filled glazed windows. 
 

Summer Period Min. Ave. Max. 

Room 1 Daylight factor 0.8 % 8.1 % 22.4 % 

Daylight illuminance 136.27 lux 1319.05 lux 3650.88 lux 

Room 2 Daylight factor 6.0 % 12.7 % 25.1 % 

Daylight illuminance 975.42 lux 2076.08 lux 4097.51 lux 

Room 3 Daylight factor 1.8 % 4.9 % 12.9 % 

Daylight illuminance 290.75 lux 793.76 lux 2107.61 lux 

Room 4 Daylight factor 0.5 % 2.8 % 13 % 

Daylight illuminance 88.56 lux 459.79 lux 2124.03 lux 

Winter Period Min. Ave. Max. 

Room 1 Daylight factor 0.8 % 8.1 % 22.4 % 

Daylight illuminance 43.82 lux 461.82 lux 1280.50 lux 

Room 2 Daylight factor 5.9 % 12.7 % 25.1 % 

Daylight illuminance 338.53 lux 726.74 lux 1436.59 lux 

Room 3 Daylight factor 1.7 % 4.9 % 12.9 % 

Daylight illuminance 99.66 lux 278.27 lux 738.44 lux 

Room 4 Daylight factor 0.5 % 2.8 % 13 % 

Daylight illuminance 28.21 lux 160.93 lux 744.94 lux 

 

Table 3 showed the daylighting analysis when the electrochromic argon-gas-filled glazed smart 
windows are retrofitted to the building. The illuminance in the winter season is reduced, but the 
daylight factor is stable, similar to the daylight simulation done with the double air-filled glass 
windows. The illuminance levels and the daylight factor are lower when using the electrochromic 
argon gas-filled glazed smart windows, which is to be expected as this has a lower transmittance 
value than the double-glazed windows. As shown in Table 3, the illuminance control contributes to 
the decrease of daylighting, particularly during the summer months. 
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Table 3. 
The daylighting illuminance and factor for the summer and winter periods for the building with electrochromic 
argon gas-filled smart windows. 
 

Summer Period Min. Ave. Max. 

Room 1 Daylight factor 0.7 % 6.4 % 17.7 % 

Daylight illuminance 117.33 lux 1047.30 lux 2885.22 lux 

Room 2 Daylight factor 4.8 % 10.1 % 19.9 % 

Daylight illuminance 781.72 lux 1652.15 lux 3244.67 lux 

Room 3 Daylight factor 1.4 % 3.9 % 10.3 % 

Daylight illuminance 235.28 lux 635.03 lux 1678.70 lux 

Room 4 Daylight factor 0.4 % 2.3 % 10.3 % 

Daylight illuminance 72.28 lux 372.95 lux 1678.61 lux 

Winter Period Min. Ave. Max. 

Room 1 Daylight factor 0.7 % 6.4 % 17.7 % 

Daylight illuminance 39.10 lux 365.75 lux 1012.68 lux 

Room 2 Daylight factor 4.7 % 10.1 % 19.9 % 

Daylight illuminance 270.87 lux 577.77 lux 1137.15 lux 

Room 3 Daylight factor 1.4 % 3.9 % 10.3 % 

Daylight illuminance 79.03 lux 221.04 lux 587.57 lux 

Room 4 Daylight factor 0.3 % 2.2 % 10.2 % 

Daylight illuminance 20.02 lux 127.50 %  586.07 lux 

 

3.2. Solar heat gains analysis 
 
A solar heat gain simulation was run in the IES VE using SunCast and Apache to calculate how 

much heat enters the building through the windows [53]. The simulation is run throughout the entire 
year, as well as the winter and summer months. 

 
Fig. 1 shows the annual solar heat gain analysis comparing the building of double air-filled glazed 

windows with electrochromic argon gas-filled smart windows for Room 1, Room 2, Room 3, and 
Room 4. The results indicate that the building retrofitted with electrochromic argon gas-filled smart 
windows achieved a higher reduction in overall for all rooms. However, it was noticed that Room 4 
received the least solar heat gains compared to other rooms due to the location of Room 4 not facing 
south.  

 
Table 4 shows a maximum of 68.3 % reduction of annual solar heat gains with electrochromic 

argon gas-filled smart windows achieved in the Room 1. This is due to the fact of installation of 
electrochromic argon-gas filled smart windows to angled roof lights that provide a slightly better 
reduction than on vertical windows in other rooms. Overall, at least 50 % annual solar heat gain 
reduction was predicted in the building with electrochromic argon gas-filled smart windows 
compared to double air-filled windows. 
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                                       (a) Room 1                                                                                 (b) Room 2 

 
 
 
 
 
 
 
 
 
 
 
 

                                       (c) Room 3                                                                                 (d) Room 4 

 
 
Fig. 4. Annual solar heat gain analysis comparing the building of double air-filled glazed windows with 
electrochromic argon gas-filled smart windows for (a) Room 1, (b) Room 2, (c) Room 3 and, (d) Room 4 of the 
simulated building. 

 
Table 4. 
The total annual solar heat gain for four rooms of the simulated building is retrofitted with electrochromic 
argon gas-filled glazed windows compared to double air-filled glazed windows. 
 

Building with Room 1 Room 2 Room 3 Room 4 

Double air-filled glazed windows 3032.4 kWh 4355.4 kWh 2359.5 kWh 2002 kWh 

Electrochromic argon gas-filled glazed windows 961.5 kWh 1339.9 kWh 889 kWh 1002.2 kWh 

Annual reduction of solar heat gains with 
electrochromic argon gas-filled glazed windows 

68.3 % 69.2 % 62.3 % 50 % 

 
It is pertinent to precisely distinguish the performance of the building with double air-filled 
windows with electrochromic argon-gas-filled windows for summer months and winter months 
separately. As with the control-to-consumers of electrochromic switching characteristics with IoT 
[54], it is possible to tint during summer months when unwanted solar heat gains can increase 
discomfort and cooling energy requirement. For this, Fig. 5 shows the solar heat gain analysis 
comparing the building of double air-filled glazed windows with electrochromic argon gas-filled 
smart windows for the summer months and winter months.  Fig. 5a indicates a higher reduction of 

 Building with Double Air-filled Glazed Windows 
 Building with Electrochromic Argon Gas-filled Smart Windows 
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solar heat gains during the summer months than winter months, as shown in Fig. 5b, with 
electrochromic argon gas-filled smart windows.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          (a)                                                                                  (b) 

 
 
 
Fig. 5. Solar heat gain analysis comparing the building of double air-filled glazed windows with electrochromic 
argon gas-filled smart windows for (a) summer months and, (b) winter months. 

 
Table 5. 
The total summer and winter months solar heat gain for four rooms of the simulated building retrofitted 
with electrochromic argon gas-filled glazed windows compared to double air-filled glazed windows. 
 

Time Period Building with Room 1 Room 2 Room 3 Room 4 

Summer 
Months 

Double air-filled glazed windows 1309.2 
kWh 

1911.6 
kWh 

962 kWh 863.7 
kWh 

Electrochromic argon gas-filled glazed windows 319.4 
kWh 

453.1 
kWh 

266.5 
kWh 

361  
kWh 

Reduction of solar heat gains with electrochromic 
argon gas-filled glazed windows 

75.6 % 76.3 % 72.3 % 58.2 % 

Winter 
Months 

Double air-filled glazed windows 278.9 
kWh 

348.2 
kWh 

234 kWh 169.1 
kWh 

Electrochromic argon gas-filled glazed windows 130.3 
kWh 

165.1 
kWh 

142.2 
kWh 

120.7 
kWh 

Reduction of solar heat gains with electrochromic 
argon gas-filled glazed windows 

53.3 % 52.6 % 39.2 % 28.6 % 

 
Table 5 shows the total summer and winter months solar heat gain for four rooms of the 

simulated building retrofitted with electrochromic argon gas-filled glazed windows compared to 
double air-filled glazed windows. In which, at least 58% reduction of solar heat gains was found 
during summer months compared to 28% during winter months. The room's location and orientation 
to the south are important factors. However, the thermal stress on the glazing itself, such as vacuum 

 Building with Double Air-filled Glazed Windows 
 Building with Electrochromic Argon Gas-filled Smart Windows 
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glazing, is reported elsewhere [55,56]. In this, during the summer months, Room 1 has the most 
significant decrease of 75.6 % solar heat gains, compared to 53.3 % during the winter months. The 
above findings are all based on the electrochromic film’s automated control feature linked to profiles 
and sun path; thus, they were taken at different levels of transparency for comparison. 
 

To understand the influence of different levels of transparency of electrochromic argon gas-filled 
smart windows, Fig. 6 shows the dynamic solar heat gain analysis at varying electrochromic argon 
gas-filled smart windows in comparison to double air-filled glazed windows of the building. From 
these results, it can be seen that even when the electrochromic film is off so the glazing is fully clear 
that the solar gain is lower than that of the building with double air-filled glazed windows due to the 
improved characteristics of the electrochromic film, as it does minimise the heat transfer through 
radiation that can be said as improved low-emittance coating. When the electrochromic film is tinted, 
it reduces the solar gain linearly between the fully clear and fully tinted states; the automatic control 
function for the glazing appears to be maintaining the tint at around 50% with an increase to around 
75% in the summer months. 
 

 
Fig. 6. Dynamic Solar heat gains analysis at varying electrochromic argon gas-filled smart windows compared 
to double air-filled glazed windows of the building. 
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3.3. Space-heating and energy gains analysis 
 

In this section, the amount of heat that enters the building from the outside through the windows 
and building fabric, the amount of heat generated within the building from sources such as 
occupants, computers, lighting, heating sources (radiators, etc.), and finally the amount of heat that 
leaves the building through the windows and building fabric are all parameters for Room 1 presented 
in Fig. 7 and Fig. 8. The space heating simulation was run for one year; this yearly simulation uses the 
profiles, as shown in Fig. 3, to control the operation of the heating, cooling, vent, and lighting to 
accurately determine how much heat is being created from each element. The results for Room 1 for 
a reason understood that has the greater influence of daylighting as discussed in section 3.2. Fig. 7 
shows that the highest contribution to the space heating (heat plant sensible load) is the solar heat 
gain caused by the use of double air-filled glazed windows retrofitted to the building. On the other 
hand, Fig. 8 shows a significant reduction of space heating resulting from electrochromic argon gas-
filled glazed windows. By comparing Fig. 7 and Fig. 8, the results imply that the solar heat gains within 
room 1 reduce, and the external conduction gain is also improved. The results for the summer 
months show almost similar space heating energy requirements. The results for the winter months 
show that the building with double air-filled glazed windows requires less than 50% of space heating 
compared to the building with electrochromic argon-gas-filled glazed windows, which is a trade-off. 
However, the internal energy gains with the room 1 are the combination of Infiltration, equipment, 
lighting, people, and conduction gains through the fabric remain consistent when compared Fig. 7, 
which shows the building with double air-filled glazed windows, with Fig. 8, that shows the building 
with electrochromic argon gas-filled glazed smart windows.  
   

 
Fig. 7. Annual months space heating and various energy gains analysis for the Room 1 of the building with 
double air-filled glazed windows. 
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Fig. 8. Annual months space heating and various energy gains analysis for the Room 1 of the building with 
electrochromic argon gas-filled smart windows. 

 
3.4. Artificial electric lighting energy analysis 
 

As one of the variables that contribute to space heating, it was got to examine LED lighting to 
fluorescent lighting in a modelled building with a reference Room 2 to determine if it impacts the 
building's heat gain. Artificial electric lighting within a building needs to be carefully considered to 
achieve the required lux levels within various standards. The requirements for lighting levels can be 
found in CIBSE lighting guides [57], the SLL Code for Lighting [58], and British Standard BS EN 12464-
1:2011 [59]. The CIBSE lighting guides are split into sections LG0 – LG17 and cover the requirements 
for different buildings; the lighting guide applies to office buildings in Lighting Guide 07: Offices [60].  
By using energy efficient electric lighting, the number of luminaires required to meet the requirement 
of the standards can be reduced; this will create several benefits, including reducing the amount of 
energy required to light a room and lowering the heat gain within the room. [61]. Various electric 
lighting technologies have been used as artificial lighting, each with advantages and disadvantages; 
the two familiar sources of lighting systems utilised nowadays are fluorescent and LED.  

 
LED lights are more energy efficient than fluorescent, so they have the potential to save energy, 

and they also do not radiate heat into the room, so they can serve to reduce thermal heat gains with 
the building [62]. To enable these analyses to be investigated, a lighting design will need to be carried 
out to determine how many lights are required to comply with the British Standards and CIBSE 
Lighting guides. To carry out the lighting calculations, Relux Desktop is utilised; this has been chosen 
as it is also highly recognised in the industry as a suitable program for lighting design, and all the 
major lighting manufacturer's data is incorporated into the software, finding a suitable light fitting 
easier. The 2D AutoCAD drawing of the building, as shown in Fig. 1, was imported in Relux and used 
to create the 3D space of the offices that are being used, as shown in Fig. 9. 
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Fig. 9. 3D artificial lighting analysis of the modelled Room 2 with reference plane at desk height. 

 
The room 2 lighting details are added; this included setting the reflectance values for the walls, 

ceiling, and floor; the default values relux added were 70% for the walls, 50% for the ceiling, and 20% 
for the floor. From a survey of the office, these values seemed reasonable and were kept. The 
measuring area was then set; as this is an office, the area requiring lighting will be the desks, so the 
measuring area was set at 0.75 m. The British Standard BS EN 12464-1 [59] and CIBSE Lighting Guide 
7 [60] were reviewed to establish the required lighting level for an office space. From this, it was 
found that for these offices 500 lux would be required. 

 
According to BS EN 12464-1 [59], the glare rating cannot exceed 19; this was considered when 

selecting a light fitting for the offices. Suitable light fittings were chosen for the office spaces; the 
ground floor offices contained a 600 x 600 ceiling grid, so a recessed modular fitting with an 
appropriate diffuser was chosen to comply with the glare rating. The first floor offices have a 
plasterboard ceiling, so a suspended linear fitting with a suitable diffuser was chosen. A fluorescent 
tube fitting and an LED fitting was chosen for each type of fitting. 

 
With the light fittings selected and the required lux level determined, the calculation was carried 

out to determine the number of lights required for each office. The built-in EasyLUX feature of relux 
was used for this, as shown in Fig. 10. The type of light proposed for the space is selected, the 
maintenance value is then added; the default value for this is 0.8 and was left at this figure, the 
mounting of the light fitting is then chosen, and the required lux entered. Once the information is 
entered, the program calculated how many light fittings are required to achieve those conditions 
within the building. 
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Fig. 10. The Easylux feature of relux implemented for lighting luminaires calculations of the modelled 
building with electrochromic argon gas-filled glazed smart windows.  

 
The results from the calculations are shown in Table 6. It shows that the LED lighting system 

requires a lower number of fittings and thus total power load compared to the fluorescent lighting 
system.  

 
Table 6. 
The results of comparing the fluorescent lighting with LED lighting and required total power for all rooms of 
the building with electrochromic argon gas-filled glazed windows. 

 
Fluorescent Lighting 

Room Number of Fittings Calculated Lux Level Total Power 

Room 1 11 530 lux 671 Watts 

Room 2 10 507 lux 610 Watts 

Room 3 12 583 lux 540 Watts 

Room 4 20 522 lux 900 Watts 

LED Lighting 

Room 1 7 607 lux 441 Watts 

Room 2 6 486 lux 318 Watts 

Room 3 9 592 lux 297 Watts 

Room 4 16 548 lux 528 Watts 

 
The LED lighting specifications were entered into IES VE modelled building with electrochromic 

argon gas-filled glazed windows. The simulation was conducted to evaluate the illumination gain of 
fluorescent compared to the LED lighting system implemented based on the calculations above. 
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Fig. 11. Annual artificial lighting energy requirement analysis compares the LED lighting with fluorescent 
lighting systems implemented in the building with electrochromic argon gas-filled glazed smart windows 
showing the LED lighting requires a much lesser amount of power throughout the year.  
 

Fig. 11 shows the artificial lighting power requirement with LEDs is much lower than the 
fluorescent luminaires, so by using these and having them setup with daylight controls linked to the 
electrochromic argon gas-filled glazed smart windows. Hence, they only operate when the glazing is 
tinted, or the daylight level drops below a set level; this will reduce the energy usage and lower the 
room's space heating.  

 
4. Conclusions 

To minimise the impact of rapidly changing climate, this paper presents the comparative analyses of 
the daylighting, artificial electric lighting, solar heat gain and space-heating energy performance of 
the building with a new electrochromic argon gas-filled glazed smart windows retrofitted to the 
building, as a case-study in Oxfordshire, UK, using the dynamic thermal and electric lighting modelling 
methods with real weather temperatures. The following five features summarise the key conclusions: 
 

(i) The daylighting analysis results imply that the building with double air-filled glazed windows 
can achieve a higher daylight illuminance of 1491 lux in the summer months and 510 lux 
during the winter months. When comparing to the building with electrochromic argon gas-
filled smart windows, the daylight illuminance of 1207 lux in summer months and 409 lux in 
winter months. The daylight factor remains consistent when comparing the building with 
double air-filled glazed windows with electrochromic argon gas-filled smart windows.  
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(ii) The solar heat gain analysis results implicate that at least 50 % annual solar heat gain 
reduction was predicted in the building with electrochromic argon gas-filled smart windows 
compared to double air-filled windows. The maximum of 68.3 % reduction of annual solar 
heat gains with electrochromic argon gas-filled smart windows achieved in the Room 1. This 
is due to the fact of installation of electrochromic argon-gas filled smart windows to angled 
roof lights that provide a slightly better reduction than on vertical windows in other rooms. 
The total summer and winter months solar heat gain for four rooms of the simulated building 
retrofitted with electrochromic argon gas-filled glazed windows compared to double air-filled 
glazed windows show at least 58% reduction of solar heat gains during summer months 
compared to 28% during winter months. The room's location and orientation to the south are 
important factors. For example, Room 1 has the largest decrease of 75.6 % solar heat gains 
during the summer months, compared to 53.3 % during the winter months. 

 
(iii) The influence of the dynamic solar heat gains analysis at varying electrochromic argon gas-

filled smart windows compared to double air-filled glazed windows of the building are 
analysed. The results implicate that when the electrochromic film is tinted it reduces the solar 
gain linearly between the fully clear and fully tinted states; the automatic control function for 
the glazing appears to be maintaining the tint at around 50% with an increase to around 75% 
in the summer months. 

 
(iv) The space-heating energy analysis results implicate that the highest contribution to the space 

heating (heat plant sensible load) is the solar heat gain caused by the use of double air-filled 
glazed windows retrofitted to the building. On the other hand, a significant reduction of space 
heating resulted from using electrochromic argon gas-filled glazed windows is concluded. 
However, the results for the summer months show almost similar space heating energy 
requirements in both types of windows. In the winter, the building with double air-filled 
glazed windows uses less than half the amount of space heating as the building with 
electrochromic argon-gas-filled glazed windows is a trade-off. 

 
(v) The results of artificial electric lighting energy analysis implicate that the LED lighting system 

requires a lower number of fittings and thus total power load compared to the fluorescent 
lighting system. When incorporated into the building with electrochromic argon gas-filled 
glazed smart windows, the results confirmed that artificial lighting power requirement with 
LEDs is much lower than the fluorescent luminaires throughout a year for the building with 
electrochromic argon gas-filled smart windows. The daylight controls are linked to the 
electrochromic argon gas-filled glazed smart windows, so they only operate when the glazing 
is tinted, or the daylight level drops below a set level; this will reduce the energy usage and 
also lower the space heating of the room. 
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