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Abstract 

While windows play a huge role in today’s buildings, allowing for outside view and providing 

occupants with daylight, it is also often considered to be one of the weakest building components 

with high thermal losses and is often the reason for overheating and glare issues. In comparison 

to traditional static windows, dynamic solutions like adaptive and controllable smart windows 

have the ability to adjust their optical properties in response to changing boundary conditions and 

hence have the potential to improve the energy performance and the user comfort of 

buildings. The objective of this work is twofold: (1) To collect and present the state-of-the-art 

of commercially available smart windows from manufacturers, both adaptive and 

controllable products, i.e. thermochromic, photochromic and electrochromic smart windows. 

This collection provides the reader with valuable information about window properties such 

as the U-value, g-value, solar transmittance (Tsol) and visible solar transmittance (Tvis). 

However, it is currently difficult to obtain all the desired information about the products from 

the manufacturers’ websites and other open 
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channels. (2) To conduct building energy performance simulations on selected products from each 

technology. These products are also simulated using the same U-values as the reference window, 

and in addition, two theoretical cases have been simulated to investigate the theoretical potential 

of different smart windows. Here, the optical parameters take on fictitious values between 10 to 90 

% and between 0 to 100 % transmittance, respectively. All cases are simulated at three different 

locations, i.e. Trondheim (Norway), Madrid (Spain) and Nairobi (Kenya), and are compared to a 

reference static window. In total, 63 cases are simulated using the simulation software package 

IDA Indoor Climate and Energy (IDA ICE). The results shows that the electrochromic window 

controlled by operative temperature has the highest potential in lowering the energy demand for all 

cases and locations. The study also highlights the importance of having the right control strategy 

and control levels for each specific case. 

 

Keywords: Smart window, Thermochromic, Photochromic, Electrochromic, Energy saving, 

Simulation 
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1 Introduction 

On the 17th of April 2018, the European Commission gave out a press release on the new revised 

Energy Performance of Buildings Directive, approved by the European Parliament (Commission, 

2018). This approval signals the closure of the first eight legislative proposals part of the “Clean 

Energy for All Europeans” package and is a key element of one of the Juncker Commission’s 

priorities, “a resilient Energy Union and a forward-looking climate change policy”. Today’s 

building sector in the EU stands for about 40 % of the total energy consumption and about 75 % 

of all buildings are energy inefficient. By making new and existing buildings smarter and more 

energy efficient, the goal to cut CO2 emissions by at least 40 % by 2030 and the path towards a 

low and zero-emission building stock in the EU by 2050 (Commission, 2018), are closer 

achievable.  

Windows are an important building element in today’s buildings. They provide building occupants 

with daylight and outside view, which have been proven to be important for a human’s well-being. 

At the same time, windows are often considered as a large thermal bridge at the building envelope 

with high thermal losses. In addition, windows can be a source of overheating and glare issues. In 

recent years, the window performance has been improved significantly through different window 

and glazing technologies, such as multilayered (e.g. double or triple) glazing and the use of several 

types of coatings, which in general make windows more energy efficient (Jelle et al., 2012). 

Traditional windows are normally a static building component, whereas the climate is in a 

continuous shifting state with changing temperatures and solar radiation. Hence, the tradeoff 

between allowing positive solar heat gain, daylight and outside view, while preventing glare and 

overheating, is challenging. Accessory solar shading devices such as blinds or curtains are often 

used; alternatively, advanced window technologies such as dynamic windows are under rapid 

development due to their abilities to change the optical properties in response to the climate or the 

user requirements (Attia et al., 2017). These windows are often called “smart windows” and can 

be divided into different categories, namely, chromic windows (thermochromic, photochromic and 

electrochromic), liquid crystals and suspended-particle devices (Baetens et al., 2010). This study 

compares adaptive and controllable smart window technologies. From the adaptive technologies 

we have chosen windows where the colour change is determined by temperature and solar 

radiation, i.e. thermochromic and photochromic windows, respectively. In addition, we needed to 
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select one controllable technology where we have chosen windows where the colour change is 

determined by applied voltage, in this case electrochromic windows. The two adaptive technologies 

were selected as they represent two fundamentally different ways of changing colour under the 

influence of environmental conditions. Only one controllable window technology was needed to 

represent the colour changing as all these windows in principle will respond similarly to a given 

control strategy. Thus, other controllable technologies like e.g. liquid crystal display (LCD) 

windows, suspended-particle windows and gasochromic windows, have not been included. These 

windows will in the following be mentioned as smart windows. Smart windows may also be part 

of the multi-functional building envelopes of the future (Jelle et al., 2018). 

Many studies can be found on the electrochromic windows, while few can be found on 

thermochromic and photochromic windows. The fact that different smart window technologies are 

available in the market and new materials and devices are also under rapid development may call 

for a comparison study to reveal the potential of the different smart windows. In a previous study 

made by Mäkitalo (2013), the impact of electrochromic windows with various control strategies 

was simulated for an office building in Stockholm, Sweden using the simulation software package 

IDA ICE (EQUA Simulation AB, 2018f). It was demonstrated that electrochromic windows 

yielded a better energy performance than regular windows with blinds. It was also shown, through 

a sensitivity analysis, that the tinting speed of the electrochromic windows has little or no effect on 

the buildings´ energy performance. Further, Reynisson (2015) studied the energy performance of 

electrochromic windows in various cities in Europe using a combination of the control strategies 

originally created by Mäkitalo (2013). The study showed that the energy consumption could be 

lowered by 10-30 % compared to a window with operable blinds and up to 50-75 % compared to 

a window without blinds depending on location. It was also concluded that electrochromic 

windows have a larger impact on the energy performance in warmer climates. Ajaji and Andre 

(2016) investigated the impact of electrochromic windows in an office building in Brussels. Energy 

simulations were conducted, and it was shown that primary energy consumption was reduced from 

100.9 kWh/m2 to 38.6 kWh/m2 when controlling the windows by outdoor temperature and 

illuminance. The main cut in energy consumption was due to a lower cooling demand. In addition, 

climate adaption and the implementation of suitable control strategies are important for maximizing 

the energy efficiency of switchable glazings, as reported in a recent review of active dynamic 

windows for buildings (Casini, 2018). It was concluded that electrochromic windows is the present 
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most mature technology and can improve visual and thermal comfort as well as the energy 

performance of buildings. The importance of the control range for the visual spectrum and the 

light-to-solar gain ratio was also highlighted. Piccolo et al. (2018) investigated the impact of 

electrochromic windows controlled by illuminance on a residential building compared to a 

reference window for two locations. It was found that the largest energy saving potential is in 

warmer climates and with a higher window-to-wall ratio due to a reduced cooling demand. This 

was also in accordance with experimental findings conducted in the same study. Dussault and 

Gosselin (2017) conducted a sensitivity analysis to address the relative effect of the main building 

design parameters on energy comfort improvements related to the use of smart windows. Energy 

simulations were performed for an office building for various combinations of the design 

parameters: location, façade orientation, window control, window-to-wall ratio, internal gains, 

thermal mass and envelope tightness. Also here, the conclusions are that the largest energy saving 

potential is due to a reduced cooling demand in warmer climates and higher solar radiation 

exposures. For further information about miscellaneous electrochromic materials and devices it is 

referred to the available literature, see e.g. the studies by Granqvist et al. (2010), Granqvist (2012), 

Jelle et al. (1993), Jelle and Hagen (1993), Jelle et al. (1998), Jelle et al. (2007), Jelle (2013), 

Lampert (1984), Lampert (1998), Monk et al. (1995), Mortimer et al. (2006) and Mortimer et al. 

(2015). For different dynamic window studies also including simulations, see e.g. various studies 

from Lawrence Berkeley National Laboratory (LBNL) by DeForest et al. (2015), Firlag et al. 

(2015), Hoffmann et al. (2014), Hoffmann et al. (2016), Lee et al. (2013) and Wang et al. (2018). 

The objective of this work is twofold: (1) To collect and present state-of-the-art commercially 

available smart window products on today’s market and (2) to conduct energy performance 

simulations of selected products from this collection and for three theoretical cases. The products 

have been collected from manufacturers mainly through websites and represent both adaptive 

(thermochromic and photochromic) and controllable (electrochromic) smart windows. The 

collection provides the reader with information valuable for energy performance of smart windows, 

e.g. U-value, g-value (also called solar factor (SF) and solar heat gain coefficient (SHGC)), solar 

transmittance (Tsol) and visible solar transmittance (Tvis). Definitions can be found in Jelle (2013). 

However, the collection is not complete due to missing information not available from the 

manufacturers. Hopefully, this work can serve as an incentive for manufacturers to provide the 

necessary information and for customers to demand these. 
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From the list of products, three smart window technologies, namely, thermochromic window 

(TCW), photochromic window (PCW) and electrochromic window (ECW),  have been simulated 

using IDA ICE and their impact on the energy performance of a building has been compared for 

three different locations, i.e. Trondheim (Norway), Madrid (Spain) and Nairobi (Kenya). The ECW 

are simulated using three different control strategies based on operative temperature, indoor 

daylight and solar radiation. The work presents many tables and diagrams with a lot of information 

concerning simulations setup, control strategies and results. In addition to “real cases”, each 

technology has also been simulated for three fictitious cases. The real cases are simulated with the 

same U-value as for the reference window, denoted “real cases with same U-value”. Further, 

theoretical and more ideal cases are simulated with transmittance regulations between 10 to 90 % 

and between 0 to 100 %, denoted Range 10-90 and Range 0-100, respectively. The theoretical cases 

are included in the study to investigate the theoretical potential of smart windows, where all 

technologies take on the same optical properties and only the control strategies separates them.  
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2 Commercial smart window products 

The first main objective off this study is to collect information about commercial smart window 

products available on today’s market. Smart windows can be defined by several factors such as the 

optical properties, heat transfer coefficient, durability, switching times etc. Because the second 

main objective of this study is to perform energy simulations, the focus has been on collecting the 

most crucial factors for this purpose, i.e. U-value, g-value, Tsol and Tvis. Other valuable information 

presented about the products are the switching levels, i.e. temperature switching levels for TCW 

and solar radiation switching levels for PCW, switching times, durability, electricity demand 

(ECW), maximum size of window products and additional material specifications.  

In the following subchapters, products of thermochromic, photochromic and electrochromic 

windows along with their various properties have been collected and presented in comprehensive 

tables (Tables 1-3). These tables add information to previous studies made by Baetens et al. (2010) 

and Jelle et al. (2012). The products are divided into technology and manufacturer. It is currently 

hard to obtain all the desired information from all the manufacturer’s websites or other open 

information channels. It is especially difficult to find information concerning control strategies and 

control levels for all smart windows. Fields that are missing information about the U-value, g-

value, Tsol, and Tvis mean that information could not be found from the manufacturer. Other 

information can be found in “Further information”. The readers may also find additional 

information about the products on the respective websites of the manufacturers. In general, many 

specific property values are often not available at the manufacturers’ websites or other open 

information channels, which is then seen as open spaces in our tables within this work. Hopefully, 

our addressing of this fact could act as an incentive for the manufacturers to state all the important 

properties of their products at their websites and other information channels, and also as an 

incentive and reminder for the consumers and users to demand these specific values from the 

manufacturers. 
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2.1 Thermochromic window products 

Information about the TCW is relatively easy to find through the manufacturers’ websites and other 

open channels. However, some information is missing from some manufacturers. From Table 1, 

the following can be observed: 

 

 The g-value vary between 0.62-0.2 for the clearest state and between 0.449-0.1 for the 

darkest state. 

 Tsol varies between 0.499-0.09 for the clearest state and between 0.357-0.02 for the 

darkest state.  

 Tvis varies between 0.6-0.26 for the clearest state and between 0.13-0.043 for the darkest 

state. 

 Information about control levels are missing from some manufacturers. 

 

Note that the highest and lowest values for the clearest and darkest state does not occur for the 

same product. The largest span for the g-value is 0.21, while most spans lie between 0.10-0.15. 

The largest span for Tsol is 0.18, while most spans lie between 0.10-0.15. The largest span for 

Tvis is 0.5, while most spans lies between 0.25-0.45. Often the window has a low U-value when 

the transmittance values are low and vice versa. The U-values vary between 2.76-1.31 

(W/(m2K)) depending on the product and the number of window panes. The U-value can 

always be tweaked by changing the second/third window pane and/or the gas mixture. All 

commercial TCW products included in this work are presented in Table 1. 
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Table 1. Commercial TCW products collected from manufacturers. Empty spaces are due to missing 
information from the producers. 
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Table 1. Commercial TCW products continued. 
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Table 1. Commercial TCW products continued. 

 

Manufacturer Product
Ug 

(W/(m2K))
Tvis Tsol g‐value Further Information

Magic Glass 

Limited, Unit 8, 

Lawnhurst Trading 

Estate Ashurst 

Drive, Cheadle, 

Cheshire SK3 0SD, 

UNITED KINGDOM. 

Tel.: +44 (0)161 495 

3650. fax: +44 

(0)161 495 3651. 

magicglass@magicg

lass.co.uk. 

www.magicglass.co

.uk

Magic Glass 

SRT
0.60‐0.10 … ‐ 0.11

[Accessed 26.06.2014]. 

Continuous transition.

Solar Smart 1" 

Window IGU 

with SN68 clear

1.46 0.57‐0.12 0.25‐0.08 0.37‐0.18

Solar Smart 1" 

Window IGU 

with SN68 

crystal gray

1.46 0.42‐0.09 0.18‐0.06 0.30‐0.16

Solar Smart 1" 

Window IGU 

with SN68 gray

1.46 0.29‐0.06 0.13‐0.04 0.24‐0.14

Solar Smart 1" 

Window IGU 

with SN68 

bronze

1.46 0.35‐0.07 0.15‐0.05 0.27‐0.15

Solar Smart 1" 

Window IGU 

with SN68 

azuria

1.46 0.44‐0.09 0.16‐0.04 0.26‐0.13

Solar Smart 1" 

Window IGU 

with SNX62 

clear

1.42 0.52‐0.11 0.18‐0.04 0.32‐0.15

Solar Smart 1" 

Window IGU 

with SNX62 

crystal gray

1.42 0.38‐0.08 0.13‐0.03 0.26‐0.13

Innovative Glass 

Corp., 130 

Newtown Road, 

Plainview, New 

York 11803, USA. 

Tel.: +1 516 777 

1100. fax: +1 516 

777 1106. 

info@InnovativeGla

ssCorp.com. 

www.InnovativeGla

ssCorp.com

[Accessed 22.02.2018]. 

Continuous transition. 

Switching time: 30 min, 

Durabilty: ‐22 ‐ 160°C, 

Electrical demand: 0, 

Max size: 152.4x304.8 

cm, Switching 

temperatures: Clearest 

=10°C, Darkest = 65°C. 
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Table 1. Commercial TCW products continued. 

 

Manufacturer Product
Ug 

(W/(m2K))
Tvis Tsol g‐value Further Information

Solar Smart 1" 

Window IGU 

with SNX62 

gray

1.42 0.26‐0.06 0.09‐0.02 0.21‐0.12

Solar Smart 1" 

Window IGU 

with SNX62 

bronze

1.42 0.31‐0.07 0.10‐0.03 0.23‐0.12

Solar Smart 1" 

Window IGU 

with SNX62 

azuria

1.42 0.40‐0.09 0.13‐0.03 0.25‐0.12

Solar Smart 

7/8" Window 

IGU with SN68 

clear

1.46 0.59‐0.12 0.27‐0.09 0.39‐0.19

Solar Smart 

7/8" Window 

IGU with SN68 

crystal gray

1.46 0.50‐0.11 0.27‐0.09 0.39‐0.19

Solar Smart 

7/8" Window 

IGU with SN68 

gray

1.46 0.40‐0.09 0.19‐0.06 0.30‐0.16

Solar Smart 

7/8" Window 

IGU with SN68 

bronze

1.46 0.45‐0.09 0.21‐0.07 0.32‐0.16

Solar Smart 

7/8" Window 

IGU with SN68 

azuria

1.46 0.51‐0.11 0.20‐0.05 0.31‐0.14

Solar Smart 

7/8" Window 

IGU with SNX62 

clear

1.42 0.54‐0.11 0.19‐0.05 0.33‐0.15

Solar Smart 

7/8" Window 

IGU with SNX62 

crystal gray

1.42 0.46‐0.10 0.16‐0.04 0.29‐0.14

[Accessed 22.02.2018]. 

Continuous transition. 

Switching time: 30 min, 

Durabilty: ‐22 ‐ 160°C, 

Electrical demand: 0, 

Max size: 152.4x304.8 

cm, Switching 

temperatures: Clearest 

=10°C, Darkest = 65°C

Innovative Glass 

Corp., 130 

Newtown Road, 

Plainview, New 

York 11803, USA. 

Tel.: +1 516 777 

1100. fax: +1 516 

777 1106. 

info@InnovativeGla

ssCorp.com. 

www.InnovativeGla

ssCorp.com
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Table 1. Commercial TCW products continued. 
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2.2 Photochromic window products 

Information about the PCW is difficult to obtain through the manufacturers’ websites and other 

open channels, hence a lot of information is missing concerning both the U-value and the optical 

parameters. From the list of products with information, it can be seen that there is a big difference 

in the optical properties for the PCW. From Table 2, the following can be observed:  

 

 The g-values vary between 0.48-0.31 for the clearest state and 0.41-0.22 for the darkest 

state. 

 Tvis varies between 0.78-0.13 for the clearest state and 0.73-0.09 for the darkest state. 

 The information about Tsol is very limited, and most of the values are missing. 

 The information about control levels is missing from all manufacturers. 

 

Note that the highest and lowest values for the clearest and darkest state do not occur for the same 

window. Depending on the product, there is a large variation of the highest and lowest values for 

the clearest and darkest state, respectively. However, the interval between the clearest and darkest 

state are very narrow for most products with a maximum span of 0.09 for the g-value and 0.17 for 

Tvis. The majority of the span for Tvis lie, however, between 0.1-0.9. Also, few U-values were found, 

and the ones listed are significantly high and vary between 5.7-5.9 (W/(m2K)). All commercial 

PCW products included in this work are presented in Table 2. 
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Table 2. Commercial PCW products collected from manufacturers. Empty spaces is due to missing 
information from the producers. 
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Table 2. Commercial PCW products continued.  
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2.3 Electrochromic window products 

The information about the ECW is easier accessible through manufacturers’ websites and other 

open channels, hence less information about the products is missing. From Table 3, the following 

can be observed: 

 

 The g-values vary between 0.63-0.27 for the clearest state and between 0.31-0.04 for the 

darkest state.  

 Tsol varies between 0.52-0.19 for the clearest state and between 0.06-0.01 for the darkest 

state.  

 Tvis varies between 0.75-0.35 for the clearest state and between 0.17-0.01 for the darkest 

state.  

 

It can be seen that the ECW has the largest span for all the optical parameters compared to both the 

TCW and the PCW. Note that the highest and lowest values for the clearest and darkest state does 

not occur for the same window. The largest span for the g-value is 0.38, while most spans lies 

between 0.25-0.37. The largest span for Tsol is 0.46, while most spans lie between 0.2-0.36. The 

largest span for Tvis is 0.67, while most spans lie between 0.4-0.55. Note that all spans for all optical 

parameters are largest for the ECW compared to both the TCW and the PCW. The maximum U-

value is 5.5 (W/(m2K)) and the minimum is 0.5 (W/(m2K)), most values lie, however, in the span 

of 1-1.6 (W/(m2K)) depending on the amount of window panes. All commercial ECW products are 

presented in Table 3.  

In addition, the optical properties for the commercial ECW products can be compared to a previous 

study made by Jelle (2013), where spectroscopial measurements were made on three different ECW 

devices at various colouration levels. In that study g-values ranging between 0.79-0.37 with a span 

of 0.42 (ECW1), and between 0.69-0.31 with a span of 0.38 (ECW2) and 0.74-0.30 with a span of 

0.44 (ECW2) were shown. Tsol values ranged between 0.74-0.17 with a span of 0.57 (ECW1), and 

0.61-0.10 with a span of 0.51 (ECW2) and 0.67-0.08 with a span of 0.59 (ECW3). Tvis values 

ranged between 0.78-0.17 with a span of 0.61 (ECW1), and 0.62-0.1 with a span of 0.52 (ECW2) 

and 0.69-0.09 with a span of 0.6 (ECW3). 
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Table 3. Commercial ECW products collected from manufacturers. Empty spaces is due to missing 
information from the producers.  
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Table 3. Commercial ECW products continued. 
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Table 3. Commercial ECW products continued. 

 



 

23 
 

Table 3. Commercial ECW products continued. 
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Table 3. Commercial ECW products continued. 
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3 Building energy performance simulations 

To investigate the energy saving potential of adaptable and controllable smart windows, selected 

commercial products and theoretical cases have been simulated in the software package IDA ICE 

(EQUA Simulation AB, 2018f). This process will be presented in the following subchapters. 

 

3.1 Building modelling 

3.1.1 Building envelope 

The building geometry and material specifications for this work are based on the BESTEST case 

600 from the ANSI/ASHRAE standard 140-2017 - Standard Method of Test for the Evaluation of 

Building Energy Analysis Computer Programs (Ashrae, 2017). Note that only selected inputs are 

taken from BESTEST case 600 and other building settings will be explained in later chapters. 

The geometry and material specifications from BESTEST case 600 represent a low mass building 

with two windows facing south with a window-to-wall ratio of 55 %. See Fig.1 for an illustration 

of how the model is represented in IDA ICE and Fig.2 for the associated dimensions. 

 

 

Fig.1. 3D building model in IDA ICE (EQUA Simulation AB, 2018a). External walls and roof with two 
windows facing south. 
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Fig.2. Building geometry based on BESTEST Case 600 (Ashrae, 2017). 

 

All building surfaces are considered external and the floor is connected to the ground. The ground 

model is calculated in IDA ICE according to ISO 13370 (International Organization for 

Standardization, 2017). There are no nearby shading objects, so the building will continuously be 

exposed to solar radiation from dawn to sunset. The building consists of a single thermal zone and 

all geometry, material specifications and other settings are equal for every simulated window 

technology and location. See Table 4 for a detailed presentation of each building component and 

the associated layers.  
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Table 4. Material specifications BESTEST case 600 - Low mass building. 

 

 

Note here that the U-value from the IDA ICE input report for the floor is deviating from the 

BESTEST case 600 inputs. This is due to that the software takes into consideration the ground 

Layer k   (W/(mK))
Thickness 

(m)
U-value 

(W/(m²K))
R-value 

(m²K/W)
Density 
(kg/m³)

Cp (J/(kgK))

Interior surface coefficient - - 8.29 0.12 - -

Plasterboard 0.16 0.012 13.33 0.08 950 840
Fiberglass quilt 0.04 0.066 0.61 1.65 12 840
Wood siding 0.14 0.009 15.56 0.06 530 900
Exterior surface coefficient - - 29.30 0.03 - -
Total air-air 0.51 1.94

Interior surface coefficient - - 8.29 0.12 - -
Timber flooring 0.14 0.025 5.60 0.18 650 1200
Insulation 0.04 1.003 0.04 25.08 0.0001¹ 0.0001¹
Total air-air 0.04² 25.38

Interior surface coefficient 8.29 0.12
Plasterboard 0.16 0.010 16.00 0.06 950 840
Fiberglass quilt 0.04 0.112 0.36 2.79 12 840
Roofdeck 0.14 0.019 7.37 0.14 530 900
Exterior surface coefficient - - 29.30 0.03 - -
Total air-air 0.32 3.15

Building component

Walls

Floor

Roof

Windows

Total

Volume

128 m³

Window-to-envelope

7 % 1.33 m²/m³

N/A³

U-value (W/(m2K))

0.51

0.03²

0.32

N/A³

Envelope area per volume

63

47

47

12

² Total air-to-air floor U-value does not match to the input report from IDA ICE due to that the software takes into 
consideration the ground properties in the calculations of the U-value according to ISO 13370.
³ Non-applicable. Window properties will vary from each case, hence will also the heat transfer coefficient and total 
values vary from each case. 

¹ The underfloor insulation has a minimum density and specific heat capacity as according to ashrae standard 140-
2017.

N/A³

Window-to-wall

55 %

170 N/A³

32

2

15

U*A (W/K)

Material Specifications BESTEST Case 600 - Low mass building

Exterior Wall (inside to outdoors)

Floor (inside to outdoors)

Roof (inside to outdoors)

Summary - Input report from IDA ICE

Area (m²)
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properties in the calculations (EQUA Simulation AB, 2018d). This is however a relatively small 

deviation and will be the same for all simulated cases.  

 

3.1.2 Climate and location 

To investigate how the various technologies perform in different climates, three separate locations 

have been chosen based on their latitude, i.e. Trondheim (Norway), Madrid (Spain) and Nairobi 

(Kenya). The climate files are gathered from ASHRAE IWEC2 database, which has been 

documented in ASHRAE Fundamentals 2013 (EQUA Simulation AB, 2018b). Each climate file 

represents the airport in the respective city. See Table 5 for a presentation of the locations.  

 

Table 5. Geographical information of the chosen locations. Table shows latitude, longitude, elevation 
and time-zone for each city and country. 

 

 

Each climate file contains hourly mean values of dry-bulb temperature, relative humidity, direct 

normal radiation, diffuse radiation on horizontal surface, windspeed (x- and y-direction) and 

cloudness. However, the most important variables for this work are the direct normal radiation, 

diffuse radiation on horizontal surface, dry-bulb temperature and the cloudness. All variables are 

presented in Table 6 for all three locations. 

City and Country Latitude (°) Longitude (°) Elevation (m) Time zone (h)

Trondheim, Norway 63.47 N 10.93 E 17 1.0 E

Madrid, Spain 40.45 N 3.55 W 582 1.0 E

Nairobi, Kenya 1.32 S 36.92 E 1624 3.0 E
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Table 6. Climate data for Trondheim, Madrid and Nairobi. Table shows monthly values for dry-bulb 
temperature, direct normal radiation, diffuse radiation on horizontal surface and cloudness.

 

 

3.1.3 Internal gains and setpoints 

Internal gains are modelled as an office building and consist of occupants, equipment and lighting. 

The number of occupants is set to one person that is present from 07h to 17h during weekdays. 

Activity level is set to 1 MET (reading, seated) with a constant CLO 0.85 ± 0.25, both are calculated 

according to Fanger’s model for thermal comfort (EQUA Simulation AB, 2018c). The equipment 

emits 150 W and is also set to be active only during occupied hours. All energy from equipment is 

delivered to the zone as thermal energy. The lighting has an input of 50 W with a luminous efficacy 

of 12 lm/W and is located in the center of the zone. Lighting is also set to be active only during 

occupant hours (07h-17h on weekdays), where it is controlled by user-defined setpoints, i.e. max 

power when daylight is below 100 lux and is turned off when it reaches 500 lux. For values between 

100-500 lux the software linearly interpolates so that the lighting gradually increases the lighting 

power as natural daylight decreases.  

Temperature setpoints for the thermal zone are set to 21°C for heating and 25°C for cooling, which 

are default settings in IDA ICE, and are associated with the mean air temperature. The software 

also categorizes each heat flux entering or leaving the zone into “during cooling”, “during heating” 

and “rest of time”. When the zone temperature is above or slightly below the cooling setpoint, all 
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January ‐2 5 20 21 136 168 6 44 118 77 40 47

February ‐1 7 20 67 159 218 19 61 112 64 40 45

March 1 10 21 122 184 148 48 84 124 62 35 55

April 5 12 20 175 169 90 81 114 131 57 49 68

May 9 17 19 172 188 66 118 127 125 63 47 72

June 13 22 18 150 248 79 142 121 115 74 36 74

July 15 26 17 153 267 68 125 113 113 70 28 76

August 14 25 17 138 259 77 98 99 120 64 30 74

September 10 20 19 117 206 127 61 86 124 66 41 65

October 5 15 20 86 155 137 29 67 126 62 49 63

November 3 9 19 42 136 67 9 48 127 75 42 70

December 1 6 19 13 126 140 2 40 119 72 46 55

Mean 6 15 19 105 186 115 62 84 121 67 40 64

Min ‐2 5 17 13 126 66 2 40 112 57 28 45

Max 15 26 21 175 267 218 142 127 131 77 49 76

Cloudness (%)Dry‐bulb temperature (°C)
Direct normal radiation 

(W/m²)

Diffuse radiation on 

horizontal surface (W/m²)



 

30 
 

heat fluxes are collected in “during cooling”. Similary, all heat fluxes are collected in “during 

heating” when the zone temperature is below or slightly above the heating setpoint. “Slightly” 

mean in both cases 1°C which is the default setting in IDA ICE. When the zone temperature is in 

between, i.e. 22 - 24°C, the heat fluxes are collected in “rest of time”.  

 

3.1.4 Heating and cooling  

The modelling of the heating and cooling of the building is done in IDA ICE by so called ideal 

heaters and coolers. These have no physical representation in the model and are set to 10 000 W 

each such that they always will be able to meet the heating and cooling demands to obtain the 

setpoints for the zone. The coefficient of performance (COP) is set equal to 1 for both heating and 

cooling, which means that they are 100 % efficient. No air handling unit (AHU) is connected to 

the building and heating for domestic hot water is not considered in the model. All energy delivered 

to the building are electric energy and no distribution losses are accounted for. Also, there are no 

losses due to thermal bridges, infiltration or other system losses. These factors are of no interest in 

this study and makes the comparison of each case easier.  
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3.2 Smart window modelling 

Since building performance simulation (BPS) tools were not originally developed for smart 

windows, simulating the performance can be significantly more complex than for conventional 

static windows (Favoino et al., 2017). Loonen et al. (2017) investigated the capabilities of five 

widely used BPS tools in terms of their ability to model energy and occupant performance of 

adaptive facades. Here, it was concluded that IDA ICE has the capability to model smart windows 

by the use of custom-made control macros. However, it requires a higher level of work and 

expertise from the user because a script for the control strategy needs to be manually developed 

(Favoino et al., 2017). When modelling and simulating smart windows, three important aspects 

considering the different technologies can be summarized as followed (Favoino et al., 2017): 

 

1. Control mechanism. The controllable windows (referred to as extrinsic (Loonen et al., 

2013)) , i.e. ECW, which responds to an external signal, and the adaptable (referred to as 

intrinsic), i.e. TCW and PCW, which responds to changing boundary conditions. 

2. Wavelength range. The smart windows can change their optical properties, as they tint, 

differently in the whole spectrum.  

3. Optical properties. Depending on the refractive index of the materials embedded in the 

functional layer, the smart window could have a diffuse behavior when activated. 

 

IDA ICE is widely used in the architecture, engineering and construction (AEC) industry, 

especially in the northern European countries, for whole-building energy simulations and was 

chosen for this work based on its user flexibility and high transparency, offering the user to create 

own models and to log any variable or parameter (EQUA Simulation AB, 2018h). This was an 

important feature since the program does not contain any default model for smart window 

simulations. However, the software allows the user to model these by custom made algorithms for 

shading control. By logging relevant variables, the custom-made algorithms could be validated 

while running the simulations. The modelling of the smart windows is carried out by using the 

“standard window” model. Here, the various layers of the windows are not modelled in detail and 

it uses a fixed curve for the angle dependence and does not take into consideration the spectral 

dependency of the optical parameters (EQUA Simulation AB, 2018e). For the tinting of the smart 
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windows, an integrated shading device is used to change the optical properties by multiplying the 

clear state values with the relevant multiplier. (EQUA Simulation AB, 2018e). Inside a zone, 

diffuse light is spread diffusely, while the exact target location of the direct beam is computed. 

After the first reflection on a zone surface, the direct beam is spread diffusely in the room. Here 

the whole surface that is hit is regarded to reflect with equal intensity, not just the lit portion of this 

surface (EQUA Simulation AB, 2018e). By using the “standard window” model and an integrated 

shading device, it is possible to model the behavior of a smart windows in a reasonable way.  

 

3.2.1 Emulating the tinting of smart windows in IDA ICE 

Two types of window models are available in IDA ICE, i.e. “standard window” and “detailed 

window”. Since there is no built-in function for modelling smart windows in IDA ICE and the 

information concerning smart windows provided by the manufacturers are for entire window 

systems, these are modelled with the standard window model in this work. Here, the technical 

aspects of the smart windows are modelled by implementing an integrated shading device. The 

user inputs are the U-value, g-value, Tsol and Tvis. These are given for the clearest state of the smart 

windows. In IDA ICE, the solar spectrum for Tsol lies between 300-2500 nm while Tvis is ranging 

between 380-780 nm (the visual spectrum). The input for the integrated shading device is given as 

multipliers for the U-value, g -value and Tsol. The multiplier for the U-value is set to 1 since it does 

not change with various tinting states. The multipliers for the g-value and Tsol are obtained by the 

following equation: 

 

 	

	
 (1) 

 

where 

 mg is the multiplier for the g-value ranging between 0 and 1. 

 gdarkest state is the g-value at the darkest state of the smart window (-). 

 gclearest state is the g-value at the clearest state of the smart window (-). 
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Note that Eq.1 presents the calculations for the multiplier for the g-value, but the same calculation 

is also valid for the multiplier for Tsol. 

Together with the actual shading signal, the optical properties of the tinted smart window at any 

shading state are calculated by the following equation: 

 

 g– value ∗ 	 ∗ 	 	 ∗ 1  (2) 

 

where 

 g-value is the value of the tinted window at a given shading signal (-). 

 mg is the multiplier for the g-value ranging between 0 and 1. 

 gclearest state is the g-value at the clearest state of the smart window (-). 

 s is the shading signal ranging between 0 and 1, where 0 is equal to no shading and 1 is 

equal to full shading.  

Note that Eq.2 presents the calculations for the g-value, but the same calculation is also valid for 

Tsol.  

 

3.2.2 Assumptions and limitations 

Due to that IDA ICE does not currently have a default function for smart windows, the standard 

window model with an integrated shading device has been used. The smart windows are controlled 

by custom made algorithms that have not been validated with an actual case of other simulation 

programs so there may be deviations accordingly. The following assumptions and simplifications 

have been made: 

 

 Energy consumption by the ECWs is not accounted for in the simulations. This energy 

consumption is however low, and it is assumed that power is only required to tint the 

window and not to maintain a certain tinting level. Some ECWs may however need power 

to maintain a certain tinting level. 
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 The control strategies are not optimized considering controller setpoints/thresholds or 

control levels for the different technologies. Further, the control strategies are not adapted 

to fit a certain climate/location. 

 From previous work made by (Mäkitalo) it was shown that the tinting speed of the ECW 

had negligible effect on the energy results, hence a PI-controller could be used for the 

operative temperature and daylight control algorithms. This avoids oscillations, which 

could occur when smart windows are controlled based on the same variables that are 

affected by the tinting. This makes the simulations more robust. 

 Increased heat absorption due the fact that TCW absorb more irradiance as the tint gets 

darker is not taken into consideration in the model in IDA ICE. This could have an effect 

on how the TCW behaves, causing accelerated tinting, since it adapts to the temperature of 

the window pane, but a recent study by Giovannini et al. (2018) has shown that such 

secondary effects have a negligible impact on the energy performance of smart windows. 

 The effect of long-term irradiation at low intensity, which could affect the tinting of PCW, 

is not considered in the model. 

A limitation to this study, that has not been mentioned in previous work by Reynisson (2015) or 

Mäkitalo (2013), is the issue concerning Tvis. The fact that IDA ICE does not have a default function 

for handling smart windows when using the standard window model, mean that it cannot take into 

consideration the spectral dependency when a smart window tint, as was stated as an important 

aspect concerning smart windows by Favoino et al. (2017). The integrated shading device in IDA 

ICE does not have the input option of a multiplier for Tvis and is designed so that the visual spectrum 

will be decreased with the same factor (multiplier) as the whole solar spectrum. This mean that the 

software does not take into account that the optical properties of the smart windows vary depending 

on wavelength. This is an important aspect of smart windows, as they can modulate the thermo-

optical properties in the whole solar spectrum, or only in the visible part, non-visible part or 

independently in both parts of the solar spectrum (DeForest et al., 2017), where the intention is to 

reject the heat from solar radiation while still allowing for natural daylight. The software instead 

uses a fixed parameter called VISGAIN which is calculated by the following equation: 
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(3) 

 

where Tvis and Tsol are the input data for the smart window in its clearest state. This is further used 

to calculate the daylight level (lux) at a user defined workplane and will have an effect on the 

following cases: 

 

 ECW - “real cases” and “real cases with same U-value” 

 TCW - “real cases” and “real cases with same U-value” 

 

The following will be affected considering the simulations: 

 

 Artificial lighting is controlled by the daylighting setpoints, which mean that the energy 

consumption will have deviations from actual values for both the ECW and TCW. 

 The ECW controlled by daylight is set to maintain a daylight level at 500 lux at a user 

defined workplane. This daylight level will have deviations from the “real” daylight level 

the workplane would have had if the ECW was able to change the optical parameters 

independently. This will further have an indirect impact on the energy consumption.  

 

The deviation from the “real” value of the Tvis values will vary depending on the shading signal 

with the largest deviation of 43 % (0.001) at the darkest state for the ECW and 50 % (0.04) at the 

darkest state for the TCW. All other cases have the same multiplier for Tvis and Tsol, which mean 

they will not be affected by this due to that they change the optical parameters equally in both the 

visible spectrum as for the whole solar spectrum. In general however, the energy calculations are 

not affected since they are only determined by the g-value and Tsol in IDA ICE.  

Smart windows can be simulated using various BPS tools available on the market. However, since 

these tools were not originally developed for switching façade elements such as smart windows, 
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there are some limitations. By the study of Favoino et al. (2017), following limitations have been 

identified and should be considered during the simulations and when analyzing the results: 

 

 Switchable window coatings have special angular-dependent optical properties that are 

different from regular specular glazing systems. In IDA ICE the window is modelled as a 

normal window which uses a fixed curve for the angle dependence . 

 Some switchable window technologies, especially thermochromic materials show 

hysteresis effects when changing of optical properties. This means that the window pane 

might experience variations of temperatures, hence the tinting may vary across the window 

pane. This effect could have a significant impact on the windows energy performance and 

may also have significant impact on thermal and visual comfort. This hysteresis effect is 

however not possible to take into account in any simulation tool. 

 

Other limitations that should be considered are: 

 

 In the TCW and the PCW, the active layer is often located in between the two outermost 

windows panes. In IDA ICE however, the modelling of the measurements of  temperature 

(°C) and solar radiation (W/m2) are made on the outermost surface on the window pane. 

This may result in a deviation from how a “real case” TCW and PCW would tint by 

responding to temperature and solar radiation variations, respectively. 

 No information about the U-value and Tsol for the PCW was provided by the manufacturer, 

instead both parameters use the input values for the TCW. 

 No information was given about the solar radiation control levels for the PCW. Here, the 

chosen values are 100 W/m2, which is by default settings in IDA ICE, for the clearest state 

and 450 W/m2 for the darkest state, which was found in a study by Reinhart and Voss (2003) 

to be when occupants wanted to have their blinds drawn. 
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3.3 Smart window control strategies 

Smart windows have the ability to change the optical parameters as a response to boundary 

conditions. The adaptable smart windows (TCW and PCW) change the parameters based on 

temperature (°C) and solar radiation (W/m2), respectively, while the controllable windows (ECW) 

have the ability to change the parameters based on user preferences by applying a certain voltage 

to the window. Following subsections cover the cases selected for the simulations and associated 

control strategies. 

 

3.3.1 Simulated cases 

As mentioned earlier, information about real commercial smart window products has been 

collected from manufacturers and compiled into a table. From this table, one window from each 

technology (ECW, TCW and PCW) has been chosen to be simulated at each location (Trondheim, 

Madrid and Nairobi). Note that no information about the U-value and Tsol for the PCW was 

provided by the manufacturer, so as a solution the same values as for the TCW have been used. 

The same windows have also been simulated using the same U-values. In addition, two theoretical 

cases have been simulated where the optical properties take on fictitious values. These will further 

be noted as “Range 10-90” and “Range 0-100”.  Range 10-90 means that Tvis, Tsol and g-value are 

set to 0.1 in the darkest state and 0.9 in the clearest state. Range 0-100 means that Tvis, Tsol and g-

value are set to 0 in the darkest state and 1 in the clearest state. Note here that the values for Tsol 

are not set to 1 or 0.9 for the range 0-100 and range 10-90, respectively. This is due to that IDA 

ICE does not allow for a Tsol -value that is equal or larger than the g-value. Instead, Tsol is set to be 

slightly lower than the g-value. Also, the software does not allow for values equal to 0. Here, the 

minimum value is set to 0.0001. See Table 7 for a presentation of each simulated case and 

associated control strategy and control levels. The frame fraction of the total window area is set to 

10 % with a U-value of 2 W/(m²K). The internal and external emissivity is set to 0.837 for all 

windows. These settings are identical for each simulated case. A total of 63 simulations has been 

conducted during a period of one year. Each window technology and associated control strategy 

has been validated by logging relevant variables during a simulation and will be presented in the 

following chapters.  
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Table 7. All simulated cases for TCW, PCW and ECW. The table shows the various properties and 
associated control strategy and control levels for each simulated case.  

 

  

Manufacturer Product
Ug 

(W/(m
2
K))

Tvis (‐) Tsol (‐) g‐value (‐) Control levels

TCW Pleotint LLC Solarblue 1.36 0.38‐0.08 0.16‐0.05 0.27‐0.14
clearest = 10°C,   

darkest = 65°C

PCW Chameleon
Chameleon 

53
1.36¹ 0.52‐0.42 0.16‐0.05¹ 0.40‐0.36

clearest = 100 W/m², 

darkest = 450 W/m²

ECW ‐ Sun
SAGE 

Electrochromics

Cool View 

Blue
1.59 0.40‐0.023 0.30‐0.01 0.46‐0.09 Threshold = 450 W/m²

ECW ‐ Operative 

temperature

SAGE 

Electrochromics

Cool View 

Blue
1.59 0.40‐0.023 0.30‐0.01 0.46‐0.09 Threshold = 24 °C

ECW ‐ Daylight
SAGE 

Electrochromics

Cool View 

Blue
1.59 0.40‐0.023 0.30‐0.01 0.46‐0.09 Threshold = 500 lux

TCW Pleotint LLC Solarblue 1.1 0.38‐0.08 0.16‐0.05 0.27‐0.14
clearest = 10°C,   

darkest = 65°C

PCW Chameleon
Chameleon 

53
1.1 0.52‐0.42 0.16‐0.05¹ 0.40‐0.36

clearest = 100 W/m², 

darkest = 450 W/m²

ECW ‐ Sun
SAGE 

Electrochromics

Cool View 

Blue
1.1 0.40‐0.023 0.30‐0.01 0.46‐0.09 Threshold = 450 W/m²

ECW ‐ Operative 

temperature

SAGE 

Electrochromics

Cool View 

Blue
1.1 0.40‐0.023 0.30‐0.01 0.46‐0.09 Threshold = 24 °C

ECW ‐ Daylight
SAGE 

Electrochromics

Cool View 

Blue
1.1 0.40‐0.023 0.30‐0.01 0.46‐0.09 Threshold = 500 lux

TCW N/A² N/A² 1.1 0.90‐0.10 0.8999‐0.10 0.90‐0.10
clearest = 10°C,   

darkest = 65°C

PCW N/A² N/A² 1.1 0.90‐0.10 0.8999‐0.10 0.90‐0.10
clearest = 100 W/m², 

darkest = 450 W/m²

ECW ‐ Sun N/A² N/A² 1.1 0.90‐0.10 0.8999‐0.10 0.90‐0.10 Threshold = 450 W/m²

ECW ‐ Operative 

temperature
N/A² N/A² 1.1 0.90‐0.10 0.8999‐0.10 0.90‐0.10 Threshold = 24 °C

ECW ‐ Daylight N/A² N/A² 1.1 0.90‐0.10 0.8999‐0.10 0.90‐0.10 Threshold = 500 lux

TCW N/A² N/A² 1.1 1‐0.0001
0.9999‐

0.00009999
1‐0.0001

clearest = 10°C,   

darkest = 65°C

PCW N/A² N/A² 1.1 1‐0.0001
0.9999‐

0.00009999
1‐0.0001

clearest = 100 W/m², 

darkest = 450 W/m²

ECW ‐ Sun N/A² N/A² 1.1 1‐0.0001
0.9999‐

0.00009999
1‐0.0001 Threshold = 450 W/m²

ECW ‐ Operative 

temperature
N/A² N/A² 1.1 1‐0.0001

0.9999‐

0.00009999
1‐0.0001 Threshold = 24 °C

ECW ‐ Daylight N/A² N/A² 1.1 1‐0.0001
0.9999‐

0.00009999
1‐0.0001 Threshold = 500 lux

Reference 

window
Saint‐Gobain

Cool‐Lite 

174+ar
1.1 0.69 0.38 0.41 N/A³

¹ Due to information missing from manufacturer, the U‐value and Tsol value for PCW is the same as for TCW. 

² Non‐applicaple. Range 10‐90 and Range 0‐100 cases does not apply to any real product.

³ Non ‐applicable. Reference window does not have any shading device and therefore no specified control strategy.
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3.3.2 Thermochromic window control strategy 

TCW are adaptable windows, which mean they adapt to a certain variable and cannot be controlled 

by an external force as for the ECW. The TCW changes its optical properties by responding to the 

temperature differences in the active layer in the window pane. The hotter the surface of the glass 

gets, the darker the glass will tint (InnovativeGlass, 2017). In IDA ICE this is modelled so that the 

user gives input-values of a minimum and maximum temperature (°C) for the clearest and darkest 

state of the window corresponding to the minimum and maximum shading signal (0-1). 

Temperature measurements are registered at the outer surface of the window. Here, the control 

levels are set to 10°C for the clearest state and 65°C for the darkest state (Suntuitive Self-tinting 

Glass, 2016). This is modelled in the advanced level in IDA ICE where the two models used are a 

“TQ multiplexer” and a “Proportional controller”. The TQ multiplexer takes in both the heat flux 

and temperature, and then separates them into only temperature and heat flux links. Instead of using 

a linear function that could cause discontinuities in the control signal, the proportional controller 

approximates real behavior with a sine function. This continuously changes the shading signal and 

hence the optical properties of the window as the temperature varies. The models are then 

connected to the windows’ measurements and to the shading control. Figure 3 shows how the 

control strategy is modelled in IDA ICE. The control strategy has been validated by logging 

relevant variables during a simulation, see Fig.5 and Fig.5. 
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Fig.3. TCW control strategy macro model in IDA ICE. The control strategy is modelled in the advanced 
level. 

 

 

 

Fig.4. Temperature measured on window pane as a function of time. The diagram shows how the 
temperature on the window pane vary during a summer day in Madrid, Spain. 
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Fig.5. Shading signal, g-value and Tsol as a function of time. The diagram shows how the shading 
signal, g-value and Tsol vary during a summer day in Madrid, Spain. 

 

3.3.3 Photochromic window control strategy 

The PCW changes its optical properties by responding to the incoming global solar radiation 

(W/m2) onto the active layer in the window pane. The more global solar radiation hitting the 

window pane, the darker the window tints. Depending on how the windows are manufactured the 

windows can have different configurations on the global solar radiation interval and can be 

customized to customer needs. In IDA ICE this is modelled so that the user gives minimum and 

maximum global solar radiation (W/m2) values for the clearest and darkest state of the window 

corresponding to the minimum and maximum shading signal (0-1). Here the control levels are set 

to 100 W/m2 for the clearest state and 450 W/m2 for the darkest state. The global solar radiation is 

a sum of the direct solar radiation (W/m2) hitting the façade, diffuse solar radiation (W/m2) coming 

from the sky and diffuse solar radiation (W/m2) that is reflected from the ground. Also here a 

proportional controller is used to continuously change the shading signal and hence the optical 

properties of the window as the temperature varies. This is modelled in IDA ICE as a custom 

control macro for shading control and is composed by the models “From façade”, “Adder” and 

“Proportional controller”. These are connected to each other and to the shading signal. Figure 6 
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shows how the control strategy is modelled in IDA ICE. The control strategy has been validated 

by logging relevant variables during a simulation, see Fig.7 and Fig.8. 

 

 

Fig.6. PCW control strategy macro model in IDA ICE. The control strategy is modelled in the simple 
window model by creating a new custom control macro for the integrated shading device. 

 

 

Fig.7. Global solar radiation as a function of time. The diagram shows how the global solar radiation 
vary during a summer day in Madrid, Spain. 
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Fig.8. Shading signal, g-value, Tsol as a function of time. The diagram shows how the shading signal, g-
value and Tsol vary during a summer day in Madrid, Spain. 

3.3.4 Electrochromic window control strategy 

While the adaptable TCW and PCW only respond to temperature and solar radiation, respectively, 

the ECW can basically be controlled in any desired way. In IDA ICE there are some predefined 

control strategies for shading controls built-in into the software. In addition to these, the program 

allows the user to create user-defined control macros for the integrated window shading device in 

the simple window model. As mentioned in the introduction, Mäkitalo (2013) and Reynisson 

(2015) investigated the possibilities for modelling complex control strategies for the ECW in IDA 

ICE. To limit the scope, the ECW are controlled by three different strategies based on operative 

temperature, indoor daylight and solar radiation, denoted “Operative temperature”, “Daylight” and 

“Sun”, respectively. 

 

Sun control strategy 

The Sun control strategy is predefined in IDA ICE and gives a shading signal equal to 1 when the 

global solar radiation entering the building through the window exceeds a user-defined threshold. 

Below this threshold the shading signal is equal to 0. This threshold is set to 450 W/m2, which was 
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found by a study by Reinhart and Voss (2003) to be the preferable level when occupants wanted to 

have their blinds drawn. The control strategy has been validated by logging relevant variables 

during a simulation, see Fig.9 and Fig.10. 

 

 

Fig.9. Global solar radiation as a function of time. The diagram shows how the Global solar radiation 
vary during a summer day in Madrid, Spain. 
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Fig.10. Shading signal, g-value and Tsol as a function of time. The diagram shows how the shading 
signal, g-value and Tsol vary during a summer day in Madrid, Spain. 

 

Operative temperature control strategy 

The Operative temperature control strategy was first created by Mäkitalo (2013) and controls the 

tinting level of the window by taking measurements of the operative temperature in the zone and 

comparing it to a user defined threshold. Here the threshold is set to 24°C (1°C bellow the cooling 

setpoint). When the measured operative temperature exceeds the user defined threshold the window 

dynamically tints to a darker state. It should be noted that the operative temperature is often higher 

than the air temperature during summer and lower during winter. This could lead to glare issues 

during winter when the sun is lower in the sky at the same time as the operative temperature for 

tinting the window is not high enough (Mäkitalo, 2013). Glare will however not be taken into 

consideration in this work. This is modelled in IDA ICE as a custom control macro for shading 

control and is composed by the models “From Zone”, “inputs from Setpoints”, “Add” and “PI-

controller”. These are connected to each other and to the shading signal. The PI-controller was 

shown by Mäkitalo (2013) to be more robust compared to an on-off controller. Since the tinting 

speed was shown to have little effect on the energy performance, this is an appropriate way to 

model the control strategy and to avoid oscillations. Figure 11 shows how the control strategy is 
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modelled in IDA ICE. The control strategy has been validated by logging relevant variables during 

a simulation, see Fig.12 and Fig.13.  

 

 

Fig.11. ECW - Operative temperature control strategy macro model in IDA ICE. The control strategy is 
modelled in the simple window model by creating a new custom control macro for the integrated 

shading device. 

 

 

Fig.12. Mean air and operative temperatures as a function of time. The diagram shows how the mean 
air temperature and operative temperature inside the zone vary during a summer day in Madrid, Spain. 
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Fig.13. Shading signal, g-value and Tsol as a function of time. The diagram shows how the shading 
signal, g-value and Tsol vary during a summer day in Madrid, Spain. 

 

Daylight control strategy 

The Daylight control strategy was also created by Mäkitalo (2013) and controls the tinting level of 

the smart window by taking measurements of the lux level at a user defined workplane inside the 

zone and comparing it to a user defined threshold. Here the threshold is set to 500 lux corresponding 

to typical desk work for an office building (International Organization for Standardization, 2002). 

When the measured illuminance level exceeds the user defined threshold, the window dynamically 

tints to a darker state. The workplane is positioned in the middle of the zone at a height of 0.6 m. 

This is modelled in IDA ICE as a custom control macro for shading control and is composed by 

the models “ZoneSensor” and “PI-controller”. These are connected to each other and to the shading 

signal. The PI-controller was shown by Mäkitalo (2013) to be more robust compared to an on-off 

controller. Since the tinting speed was shown to have little effect on the energy performance, this 

is an appropriate way to model the control strategy and to avoid oscillations. Figure 14 shows how 

the control strategy is modelled in IDA ICE. The control strategy has been validated by logging 

relevant variables during a simulation, see Fig.15 and Fig.16. Here the control threshold for the 
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daylight at the workplane is set to equal 500 lux. When the measured daylight exceeds this 

threshold, the shading starts to dynamically tint towards 1. 

 

 

Fig.14. ECW Daylight control strategy macro model in IDA ICE. The control strategy is modelled in 
the simple window model by creating a new custom control macro for the integrated shading device. 

 

 

Fig.15. Measured daylight at workplane as a function of time. The diagram shows the threshold set to 
500 lux and how the measured daylight vary during a summer day in Madrid, Spain.  



 

49 
 

 

 

Fig.16. Shading signal, g-value and Tsol as a function of time. The diagram shows how the shading 
signal, g-value and Tsol vary during a summer day in Madrid, Spain. 
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4 Results  

There are several different options concerning what results that can be obtained from simulations 

in IDA ICE such as delivered energy, peak loads and energy balances. In addition, the time 

dependent energy consumption of each energy carrier can be observed, and each variable can be 

logged. To thoroughly see the impact on energy consumption of smart windows the following 

results have been analyzed during the annual simulation period: 

 

 Total delivered energy to the building, subdivided into heating, cooling equipment and 

lighting (kWh/year). 

 Monthly energy balances, subdivided into building envelope transmission, window and 

solar, occupants, equipment, lighting, heating and cooling (kWh). 

 Peak loads associated with heating, cooling and solar heat gain (W/m2). 

 Time dependent energy balances divided into building envelope transmission, window and 

solar, occupants, equipment, lighting, heating and cooling (W). 

 Monthly and annual solar heat gain during cooling and heating hours (kWh). 

 

Since this study is focusing on the impact of the smart windows on the energy consumption of a 

building, the solar heat gain through windows will also be presented in more detail. To limit the 

scope, the total delivered energy for each case will first be presented, followed by a more detailed 

presentation of the ECW controlled by operative temperature in comparison to the reference 

window. Visual and thermal comfort have not been considered when analyzing the results. 

 

4.1 Total delivered energy - all simulated cases 

The following results are for an entire year simulation of all 63 simulated cases for Trondheim, 

Madrid and Nairobi. Comparisons are made to the reference window for each location which is set 

to 100 %. The results are first presented for all cases in Fig.17, and thereafter based on the location 

with associated tables. To get a picture of how the building in general performs for the different 

locations, following can be observed by comparing the reference windows for each location: 
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 Less total delivered energy is used by the building for locations further south, i.e. 6922 

kWh/year in Trondheim, 6122 kWh/year in Madrid and 3419 kWh/year in Nairobi. 

 Total energy demand is higher during the winter periods compared to the summer periods 

for all locations. 

 The energy demand is shifting from a heating dominated demand to a cooling dominated 

demand for locations further south, i.e. from the total delivered energy, 18 % is due to 

cooling in Trondheim, 56 % is due to cooling in Madrid and 68 % is due to cooling in 

Nairobi.  

 Less energy due to artificial lighting is required for locations further south, i.e. 24 kWh/year 

in Trondheim, 17 kWh/year in Madrid and 9 kWh/year in Nairobi. 

 The various locations have no influence on the energy used by equipment, hence the energy 

demand is the same for all simulated cases, i.e. 392 kWh/year. This could have been 

considered to be excluded from the analysis. 

Note in Fig.17 that there is a significant higher energy consumption for the ECW controlled by 

solar radiation (Sun), TCW and PCW for Range 10-90 and Range 0-100 for all locations except 

for the PCW in Trondheim and Madrid. This is due to the fact that thresholds and control levels 

for the windows are set too high. A sensitivity analysis was conducted on Range 0-100, which 

shows that the total delivered energy was reduced significantly with lower thresholds and control 

levels. The ECW controlled by solar radiation (Sun) had the lowest total delivered energy when 

the threshold for the darkest state of the window was set at a global radiation level of 300 W/m2 

(Trondheim), 200 W/m2 (Madrid) and 100 W/m2 (Nairobi). The TCW had the lowest total 

delivered energy when the control levels for the clearest and darkest state of the tinting were set to 

0-15°C (Trondheim), 0-15°C (Madrid) and 10-15°C (Nairobi). The PCW had the lowest total 

delivered energy when the control levels were set to 100-450 W/m2 (Trondheim), 100-300 W/m2 

(Madrid) and 50-100 W/m2 (Nairobi). It can also be seen that the total delivered energy increases 

from Range 10-90 to Range 0-100, which is due to a larger solar heat gain. The results from the 

sensitivity analysis will not be presented in more detail. 
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Fig.17. Total delivered energy for an entire year for all simulated cases, (a) Trondheim, Norway, (b) 
Madrid, Spain, and (c) Nairobi, Kenya. 
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When comparing the energy performance of the building with the reference window to the building 

with smart windows, it can be seen that most energy is saved due to a lower cooling demand for 

all cases and locations. Peak loads for cooling and solar gain are also significantly lower due to the 

fact the smart windows manage to block out the unwanted solar heat gain during cooling periods. 

This could potentially mean that cooling installations with less capacity could be installed in the 

building, and hence save cost. 

 

Results for Trondheim  

All results are in comparison to the reference window (100%), where good performance mean low 

energy consumption and bad performance means high energy consumption. The ECW - Operative 

temperature shows the best performance with a total delivered energy of 94 % (real case), 87 % 

(real case with same U-value), 80 % (Range 10-90) and 78 % (Range 0-100). Highest energy 

consumption can be observed with TCW and PCW. TCW performs good for real cases but bad for 

Range 10-90 and Range 0-100 with a total delivered energy of 101 % (real case), 97 % (real case 

with same U-value), 125 % (Range 10-90) and 132 % (Range 0-100). PCW performs good for 

Range 10-90 and Range 0-100 but bad for real cases with a total delivered energy of 103 % (real 

case), 100 % (real case with same U-value), 88 % (Range 10-90) and 88 % (Range 0-100). ECW - 

Daylight shows no significant improvement with a total delivered energy of 102 % (real case), 94 

% (real case with same U-value), 94 % (Range 10-90) and 95 % (Range 0-100). ECW - Sun shows 

no significant improvement with a total delivered energy of 100 % (real case), 93 % (real case with 

same U-value), 100 % (Range 10-90) and 102 % (Range 0-100). Table 8 shows the results for each 

simulated case divided into heating, cooling, equipment and lighting. 
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Table 8. Total delivered energy for all cases in Trondheim, Norway.  Delivered energy for heating, 
cooling, equipment and lighting is shown for each case simulated. 

 

 

 

 

Manufacturer Product
Heating 

(kWh/year)

Cooling 

(kWh/year)

Equipment 

(kWh/year)

Lighting 

(kWh/year)

Total 

(kWh/year)

TCW Pleotint LLC Solarblue 5917 633 392 31 6973

PCW Chameleon
Chameleon 

53
5578 1156 392 27 7153

ECW ‐ Sun
SAGE 

Electrochromics

Cool View 

Blue
5856 651 392 54 6953

ECW ‐ Operative 

temperature

SAGE 

Electrochromics

Cool View 

Blue
5815 253 392 65 6524

ECW ‐ Daylight
SAGE 

Electrochromics

Cool View 

Blue
6284 359 392 30 7065

TCW Pleotint LLC Solarblue 5618 660 392 31 6700

PCW Chameleon
Chameleon 

53
5299 1184 392 27 6901

ECW ‐ Sun
SAGE 

Electrochromics

Cool View 

Blue
5312 709 392 54 6466

ECW ‐ Operative 

temperature

SAGE 

Electrochromics

Cool View 

Blue
5291 273 392 67 6022

ECW ‐ Daylight
SAGE 

Electrochromics

Cool View 

Blue
5714 391 392 30 6527

TCW N/A¹ N/A¹ 4643 3631 392 22 8687

PCW N/A¹ N/A¹ 5049 629 392 22 6091

ECW ‐ Sun N/A¹ N/A¹ 4775 1737 392 22 6926

ECW ‐ Operative 

temperature
N/A¹ N/A¹ 4887 261 392 26 5566

ECW ‐ Daylight N/A¹ N/A¹ 5887 217 392 22 6518

TCW N/A¹ N/A¹ 4559 4165 392 22 9138

PCW N/A¹ N/A¹ 5125 530 392 49 6095

ECW ‐ Sun N/A¹ N/A¹ 4763 1890 392 45 7089

ECW ‐ Operative 

temperature
N/A¹ N/A¹ 4836 109 392 54 5391

ECW ‐ Daylight N/A¹ N/A¹ 5952 208 392 22 6572

Reference 

window
Saint‐Gobain

Cool‐Lite 

174+ar
5290 1217 392 24 6922

¹ Non‐applicaple. Range 10‐90 and Range 0‐100 cases does not apply to any real product.
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Results for Madrid 

All results are in comparison to the reference window (100 %), where good performance mean low 

energy consumption and bad performance mean high energy consumption. Results for Madrid also 

shows that ECW - Operative temperature has the best performance with a total delivered energy of 

72 % (real case), 69 % (real case with same U-value), 67 % (Range 10-90) and 60 % (Range 0-

100). Worst performance can be observed with TCW and PCW. TCW performs good for real cases 

but bad for Range 10-90 and Range 0-100 with a total delivered energy of 85 % (real case), 83 % 

(real case with same U-value), 155 % (Range 10-90) and 166 % (Range 0-100). PCW performs 

good for Range 10-90 and Range 0-100 but bad for real cases with a total delivered energy of 101 

% (real case), 99 % (real case with same U-value), 76 % (Range 10-90) and 75 % (Range 0-100). 

ECW - Daylight performs good for all cases with a total delivered energy of 80 % (real case), 76 

% (real case with same U-value), 71 % (Range 10-90) and 72 % (Range 0-100). ECW - Sun 

performs good for real cases but bad for Range 10-90 and Range 0-100 with a total delivered energy 

of 87 % (real case), 83 % (real case with same U-value), 103 % (Range 10-90) and 106 % (Range 

0-100). Table 9 shows the results for each simulated case divided into heating, cooling, equipment 

and lighting. 
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Table 9. Total delivered energy for all cases in Madrid, Spain. Delivered energy for heating, cooling, 
equipment and lighting is shown for each case simulated. 

 

 

 

 

 

Manufacturer Product
Heating 

(kWh/year)

Cooling 

(kWh/year)

Equipment 

(kWh/year)

Lighting 

(kWh/year)

Total 

(kWh/year)

TCW Pleotint LLC Solarblue 2606 2158 392 22 5177

PCW Chameleon Chameleon 53 2472 3311 392 19 6194

ECW ‐ Sun
SAGE 

Electrochromics
Cool View Blue 2642 2209 392 61 5303

ECW ‐ Operative 

temperature

SAGE 

Electrochromics
Cool View Blue 2706 1304 320 89 4419

ECW ‐ Daylight
SAGE 

Electrochromics
Cool View Blue 2833 1658 392 22 4904

TCW Pleotint LLC Solarblue 2458 2188 392 22 5060

PCW Chameleon Chameleon 53 2333 3334 392 19 6077

ECW ‐ Sun
SAGE 

Electrochromics
Cool View Blue 2373 2245 392 61 5071

ECW ‐ Operative 

temperature

SAGE 

Electrochromics
Cool View Blue 2444 1322 392 90 4248

ECW ‐ Daylight
SAGE 

Electrochromics
Cool View Blue 2540 1686 392 22 4640

TCW N/A¹ N/A¹ 2071 7014 392 15 9492

PCW N/A¹ N/A¹ 2297 1956 392 15 4659

ECW ‐ Sun N/A¹ N/A¹ 2168 3749 392 15 6323

ECW ‐ Operative 

temperature
N/A¹ N/A¹ 2345 1318 392 22 4076

ECW ‐ Daylight N/A¹ N/A¹ 2661 1260 392 15 4327

TCW N/A¹ N/A¹ 2041 7739 392 14 10186

PCW N/A¹ N/A¹ 2469 1675 392 63 4599

ECW ‐ Sun N/A¹ N/A¹ 2469 1675 392 63 4599

ECW ‐ Operative 

temperature
N/A¹ N/A¹ 2365 858 392 76 3690

ECW ‐ Daylight N/A¹ N/A¹ 2773 1237 392 14 4415

Reference 

window
Saint‐Gobain Cool‐Lite 174+ar 2313 3401 392 17 6122

¹ Non‐applicaple. Range 10‐90 and Range 0‐100 cases does not apply to any real product.
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Results for Nairobi 

All results are in comparison to the reference window (100 %), where good performance mean low 

energy consumption and bad performance mean high energy consumption. Results for Nairobi also 

shows that ECW - Operative temperature has the best performance for all cases except for Range 

10-90 which has best performance with ECW - Daylight. ECW - Operative temperature has a total 

delivered energy of 75 % (real case), 72 % (real case with same U-value), 72 % (Range 10-90) and 

64 % (Range 0-100). Worst performance has the ECW - Sun with a total delivered energy of 110 

% (real case), 108 % (real case with same U-value), 157 % (Range 10-90) and 169 % (Range 0-

100). ECW - Daylight performs good with a total delivered energy of 84 % (real case), 82 % (real 

case with same U-value), 71 % (Range 10-90) and 72 % (Range 0-100). TCW performs good for 

real cases but bad for Range 10-90 and Range 0-100 with a total delivered energy of 83 % (real 

case), 82 % (real case with same U-value), 148 % (Range 10-90) and 158 % (Range 0-100). PCW 

performs bad for all cases with a total delivered energy of 103 % (real case), 102 % (real case with 

same U-value), 121 % (Range 10-90) and 124 % (Range 0-100). Table 10 shows the results for 

each simulated case divided into heating, cooling, equipment and lighting 
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Table 10. Total delivered energy for all cases in Nairobi, Kenya. Delivered energy for heating, cooling, 
equipment and lighting is shown for each case simulated. 

 

  

Manufacturer Product
Heating 

(kWh/year)

Cooling 

(kWh/year)

Equipment 

(kWh/year)

Lighting 

(kWh/year)

Total 

(kWh/year)

TCW Pleotint LLC Solarblue 813 1615 392 15 2834

PCW Chameleon Chameleon 53 771 2347 392 12 3521

ECW ‐ Sun
SAGE 

Electrochromics
Cool View Blue 809 2534 392 16 3751

ECW ‐ Operative 

temperature

SAGE 

Electrochromics
Cool View Blue 876 1201 392 96 2564

ECW ‐ Daylight
SAGE 

Electrochromics
Cool View Blue 837 1646 392 14 2889

TCW Pleotint LLC Solarblue 749 1639 392 15 2795

PCW Chameleon Chameleon 53 711 2370 392 12 3483

ECW ‐ Sun
SAGE 

Electrochromics
Cool View Blue 693 2585 392 16 3686

ECW ‐ Operative 

temperature

SAGE 

Electrochromics
Cool View Blue 758 1231 392 97 2477

ECW ‐ Daylight
SAGE 

Electrochromics
Cool View Blue 722 1690 392 14 2817

TCW N/A¹ N/A¹ 634 4043 392 8 5076

PCW N/A¹ N/A¹ 639 3084 392 8 4123

ECW ‐ Sun N/A¹ N/A¹ 624 4362 392 8 5385

ECW ‐ Operative 

temperature
N/A¹ N/A¹ 729 1290 392 50 2460

ECW ‐ Daylight N/A¹ N/A¹ 717 1314 392 8 2430

TCW N/A¹ N/A¹ 625 4374 392 8 5399

PCW N/A¹ N/A¹ 625 4374 392 8 5399

ECW ‐ Sun N/A¹ N/A¹ 612 4780 392 9 5793

ECW ‐ Operative 

temperature
N/A¹ N/A¹ 749 950 392 98 2188

ECW ‐ Daylight N/A¹ N/A¹ 711 1339 392 7 2449

Reference 

window
Saint‐Gobain Cool‐Lite 174+ar 708 2311 392 9 3419

¹ Non‐applicaple. Range 10‐90 and Range 0‐100 cases does not apply to any real product.
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4.2 ECW controlled by operative temperature in Madrid, Spain 

The results for ECW controlled by operative temperature will further be presented in more detail 

due to that it has been shown to be the best performing approach, with the lowest energy 

consumption for almost all cases and locations. The following results present a comparison 

between the ECW real case with same U-value controlled by operative temperature and the 

reference window in Madrid, Spain.  

 

4.2.1 Delivered energy and peak loads 

The total delivered energy for the reference window is divided into 55 % cooling, 37 % heating, 6 

% equipment and 3 % lighting. From Fig.18 (a) it can be seen that the largest energy savings are 

due to a lower cooling demand for the building with the ECW. Compared to the reference window 

(100 %), the cooling demand is decreased to 39 %. The heating demand is slightly increased to 106 

%. Lighting is increased to a lot to 547 % while equipment is the same at 100 %. Note that 

equipment and lighting are small energy posts compared to heating and cooling. In Table 11 (a) 

the delivered energy is listed for each energy post.  

The peak loads show the maximum power (W/m2) that occurs during the entire simulation period. 

Collected for both cases are the solar heat gain peak load, heating peak load and cooling peak load. 

From Fig.18 (b) it can be seen that the cooling peak load and the solar heat gain peak load are 

significantly lower compared to the reference window with 47 % and 69 %, respectively. The 

heating peak load is slightly higher for the ECW window with 103 %. Table 11 (b) shows the peak 

loads for solar heat gain, heating and cooling for both cases. 
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Fig.18. Delivered energy and peak loads for the ECW and the reference window. (a) Delivered energy 
divided into heating, cooling, equipment and lighting. (b) Peak loads for heating, cooling and solar 

gain. 

 

Table 11. Delivered energy and peak loads for the ECW and the reference window. (a) shows the 
delivered energy divided into heating, cooling, equipment and lighting. (b) shows the peak loads for 

heating, cooling and solar gain. 

 

 

(a) Delivered energy (kWh/year)

Window technology Heating Cooling Equipment Lightning Total

ECW ‐ Operative temperature ‐ 

Real case with same U‐value
2444 1322 392 90 4248

Reference window 2313 3401 392 17 6122

(b) Peak loads (W/m²)

Window technology Heating Cooling Solar gain

ECW ‐ Operative temperature ‐ 

Real case with same U‐value
35 33 58

Reference window 34 70 84
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4.2.2 Energy balance 

The energy balance shows the sensible (not including latent heat) heat balance for the entire zone 

(EQUA Simulation AB, 2018g). Data is presented for each month as well as for the entire 

simulation period. In addition, each heat flux is divided into “during heating”, “during cooling” 

and “rest of time”. Positive values mean that heat is flowing in to the building (heat gain) and 

negative values mean that heat flowing out of the building (heat loss). A gain is preferred when it 

occurs during a heating demand and unwanted during a cooling demand. See Table 12 for an 

explanation of each category in the energy balance. Same principles apply to the time dependent 

energy balance. These are however not collected during heating or cooling hours. 

 

Table 12. Energy balance explanations. The explanations is valid for both monthly and time dependent 
energy balances.  

 

 

Figure 19 shows the monthly energy balance for (a) the ECW and (b) the reference window. It can 

be seen that there is a significant difference in the energy balance between the building with the 

ECW and the reference window. From the energy balance of the reference window it can be seen 

Category Explanation

Envelope 

transmission
Heat gained via conduction through external walls, floor and roof.

Window and 

solar

Heat gain through external windows, i.e. through long‐ and short‐wave 

radiation (direct, diffuse and indirect via absorbed and reemitted solar 

radiation) as well as via conduction through window pane and frame.

Occupants Heat from people in the zone, excluding heat from perspiration.

Equipment Heat from equipment in the zone, e.g. computer etc.

Lighting Heat from artificial lighting.

Heating Heat from ideal heaters

Cooling Heat from ideal coolers

Window¹ Heat gain via conduction through window pane and frame 

Solar¹
Heat gain via long and short wave radiation (direct, diffuse and indirect via 

convection and radiation)
¹Window and Solar are not represented as separate posts in the monthly and time dependent energy 

balances.
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that the building has a high heating demand during the winter periods and a high cooling demand 

during the summer periods. The building envelope transmission is also higher during the winter 

periods, while the solar heat gain is quite even during the entire year. From the energy balance of 

the ECW is can be seen that the cooling demand and the solar heat gain is significantly decreased 

across the entire year, while the heating demand and building envelope transmission is quite similar 

as for the reference window with higher values during the winter period.  

 

 

Fig.19. Energy balance for Madrid, Spain. (a) Energy balance for ECW - Operative temperature - Real 
case with same U-value, and (b) Energy balance for reference window. 
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Figure 20 shows the time dependent energy balance during a summer day for (a) the ECW and (b) 

the reference window. These values take into consideration the building envelope areas of each 

building component and values are given in Watts (W). It can be seen that during the middle of the 

day, there is a high cooling demand for the reference window due to lots of solar heat gain. The 

cooling demand is decreased significantly when the solar heat gain is rejected by the tinting of the 

ECW.  
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Fig.20.  Energy balance as a function of time during a summer day in Madrid, Spain. (a) ECW - 
Operative temperature - Real case with same U-value, and (b) Reference window. 
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5 Discussion 

It was indicated in previous studies that smart windows should have greater impact on the energy 

performance of buildings in warmer and sunnier climates ((Dussault and Gosselin, 2017), (Piccolo 

et al., 2018), (Reynisson, 2015)). Such findings are confirmed by the present study. However, the 

energy saving potential for ECW is lower than what have been found in previous studies by 

Reynisson (2015) and might be due to the fact that the WWR is lower and a different control 

strategy was used for the ECW. The building model of Reynisson (2015) also only consisted of 

one external wall, which is the one containing windows. The other walls are modelled as internal 

walls with adiabatic conditions (no heat transfer). This could have been considered to be a more 

suitable way to model the building to get a larger impact on the energy consumption by 

implementing smart windows. 

From this study it can be seen that the ECW controlled by operative temperature has the lowest 

total energy consumption of all smart windows for all cases and locations. By observing the real 

case with same U-value, the lowest energy demand can be seen in Madrid with a total delivered 

energy of 69 % compared to the reference window. In Trondheim and Nairobi the corresponding 

total delivered energy is 87 % and 72%, respectively. The cooling demand was however lowest in 

Trondheim with 22 %, while in Madrid it was 39 % and in Nairobi it was 53 % compared to the 

reference window. But since the cooling represents a smaller part of the total energy consumption 

for Trondheim, it has a lower impact on the total delivered energy compared to Madrid and Nairobi. 

The heating demand does not change with for Trondheim (100%) but increases to 106 % for Madrid 

and 107 % for Nairobi. The lighting demand however is very high with 278 % in Trondheim, 547 

% in Madrid and 1051 % in Nairobi. But since this is a small part of the total energy demand, it 

has little effect in this work, but should be taken into consideration for cases where lighting is a 

larger part of a building’s energy consumption. It could have been argued that the lighting would 

have a larger input in a real case scenario, hence it would also have a larger effect on the results. 

Generally, it would be suggested that the smart windows would improve their performance as the 

window properties would improve, i.e. a lower U-value and an increased interval for when the 

windows are in their clearest and darkest state. By having a high value as possible for the clearest 

state, the window can allow for more solar heat when wanted and by having a low value as possible 

for the darkest state, the window can block out more solar heat when unwanted. Since most of the 
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energy savings are due to a reduced cooling demand, it would also be expected better performance 

in warmer and sunnier climates. Cooling demand is due to both solar heat gain and temperature 

differences between indoor and outdoor environment. It would be reasonable to think that the part 

of the cooling demand due to solar heat gain would be larger in colder locations and that the part 

of cooling demand due to higher outdoor temperatures would be larger in warmer locations. 

However, it can be seen that there is some deviation from this expected trend considering location, 

window technology (TCW, PCW or ECW) and optical properties (real cases, real cases with same 

U-value, Range 10-90 and Range 0-100). For the real cases, the results are quite as expected with 

a slight improvement with a lower U-value at all locations. The improvement is however largest in 

Madrid with a total delivered energy of 69 % for the ECW -Operative temperature compared to the 

reference window followed by 72 % in Nairobi and 87 % in Trondheim. The cooling demand for 

the same case follows a different trend, where the largest savings compared to reference window 

is in Trondheim with 22 % followed by 39 % in Madrid and 53 % in Nairobi. So, the savings for 

cooling are greater in percentage further north but since the cooling demand is a larger part of the 

total energy demand further south, it has a greater total savings at southern locations. When the 

location is “too far” south (Nairobi) the decreased savings in cooling demand are too low to perform 

any better on total delivered energy. This may be due to several factors such as the position of the 

sun (sun path), which is higher in Nairobi compared to Trondheim, the orientation of the windows 

(south in this case) and the climate in general, i.e. the amount of direct and diffuse solar radiation, 

dry-bulb temperature and cloudness. Note also that in this work the COP is set to 1, which most 

probably would not be the case in a real scenario and hence the ratio of heating and cooling energy 

consumption would be different. 

For the Range 10-90 and Range 0-100 cases, several results with improved optical parameters are 

shown. The ECW controlled by operative temperature and daylight follows the expected trend and 

performs better than the real cases. This is also the case for the PCW (in Trondheim and Madrid). 

The ECW controlled by solar radiation (Sun), the TCW and the PCW (in Nairobi) however shows 

worse performance than the real cases. Since all the optical parameters are the same for all cases, 

it highlights the importance of having the right control strategy with thresholds that suit the optical 

properties of the window, location and corresponding climate for the building. The fact that the 

ECW controlled by solar radiation (Sun) and daylight does not directly target the energy 
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consumption of heating and cooling, but the solar radiation coming through the windows and the 

daylight at a workplane may have a negative effect on the heating and cooling, respectively.  

The control levels that were set in this study is also clearly not the most optimal. A sensitivity 

analysis was conducted on the control levels of the control strategies for the ECW controlled by 

solar radiation (Sun), the TCW and the PCW for Range 0-100 in Trondheim, Madrid and Nairobi. 

This is not presented in this work in detail, but it shows that the thresholds and control levels set in 

this study are rather high and that all technologies show a lower total delivered energy demand and 

more according to the expected trend with lower thresholds and control levels. However, the 

optimal control levels for the TCW and the PCW are shown also to be so small that they are close 

to an on/off control strategy rather than a continuous tinting strategy. This study was however not 

meant to optimize control strategies of different technologies, merely to show the energy saving 

potential of different smart window technologies. The mismatch of control levels for the TCW and 

PCW makes the comparison a bit unfair but highlights yet again the importance of customized 

control strategies and thresholds and the importance of these being provided by manufacturers. 

Still, taken the sensitivity analysis into consideration, the best performing technology proves to be 

the ECW controlled by operative temperature. Also, the fact that in IDA ICE, the TCW does not 

consider the increased window pane temperature that could occur due to the darkening of the 

window as it tints, could have an effect on the results. The same goes for the PCW, where increased 

coloration at long-term irradiation is not accounted for. 

The optical properties of the reference window are different from the clearest state of the smart 

windows. Since the results show that the energy savings are mainly due to a reduced cooling 

demand, it would be reasonable to think that the difference between the cooling demand for the 

smart windows and the reference window would be greater with a higher g-value and Tsol for the 

reference window, and vice versa for a lower g-value and Tsol. When comparing the real cases of 

the smart windows the optical properties are quite different. By observing the g-value, the 

following can be seen: 

 

 The TCW has a lower g-value in its clearest state and higher g-value in its darkest state 

(0.27-0.14) compared to the ECW. 
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 The PCW has a very narrow interval between the clearest and darkest state (0.40-0.36)  with 

values higher for both states compared to the TCW.  

 The ECW has the highest g-value in its clearest state and the lowest in its darkest state 

(0.46-0.09). 

The ECW will hence be able to let in the most solar heat when wanted and to block out when 

unwanted. The TCW will let in less when wanted and block out less when unwanted compared to 

the ECW. The PCW has the narrowest interval at relative high levels which makes it similar to the 

reference window. The same goes for Tsol where the following can be seen: 

 

 Both TCW and PCW have quite low values for both the clearest state and the darkest state 

(0.16-0.05) 

 The ECW has the largest interval with the highest value at the clearest state and lowest at 

the darkest state (0.30-0.01). 

 

Note that due to missing information from the manufacturer of the PCW, the same values are used 

as for TCW. The results might have been different if real values from the manufacturer were 

provided, including  the U-value of the PCW.  Tvis values are relatively equal for the ECW (0.40-

0.023) and TCW (0.38-0.08) in their clearest state while PCW are quite high with a narrow interval 

(0.52-0.42). 

All properties mentioned above have an impact on the results since a higher value for the clearest 

state can allow for more solar radiation while a lower value for the darkest state can reject more 

solar radiation. The bad performance for the PCW might be explained by this in addition to the 

mismatch of control levels. It can be seen that the performance is close to the reference window at 

all locations which could be explained by that the g-values are close to the same with a small 

difference between the clearest and darkest state. TCW has somewhat poor g-values which would 

not benefit the performance of the technology. However, it is difficult to determine the impact of 

the various optical parameters for TCW and PCW due to the mismatch in thresholds for the control 

levels. The superior performance of the ECW - Operative temperature would also be having an 

advantage of that it has the largest span in the g-value.  
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The difference in Tvis values would affect the daylight in the zone and hence the artificial lighting. 

This has however a small impact in this study since the artificial lighting is a small part of the total 

delivered energy. Note that Tvis is higher for the reference window, which mean that the daylight 

is better utilized compared to the smart windows in their clearest state and which also contribute to 

the lower energy demand for artificial lighting for all real cases. ECW controlled by daylight has 

the best performance in lighting demand of the ECW control strategies due to that it tries to 

maintain 500 lux. Note here however due to the fact that IDA ICE does not take into consideration 

the independency of wavelength, the daylight values are deviating from “true” values. A fairer 

comparison of the respective technologies could have been seen for the Range 10-90 and Range 0-

100 when the optical values are the same. Unfortunately, the mismatch of control levels does not 

allow for this.  

The spectral dependency would have been possible to model in the “detailed window” model in 

IDA ICE. Here, the software makes a layer by layer computation of multiple reflections and each 

layer temperature is computed. The optical calculations in the solar range is made for each 

wavelength and the values are then integrated to average values according to EN 410 (EQUA 

Simulation AB, 2018e). However, due to missing information from producers this was not possible. 

If more information about the windows were provided, more accurate results may have been 

obtained by using the detailed window model. However, Equa is working on a model for smart 

windows and most probably this will make the modelling and results of simulating smart windows 

more seamless and accurate.  
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6 Further work 

There are several possible research opportunities highlighted by this work. To check how accurate 

the simulations that are conducted in this work, it would be interesting to conduct the same 

simulations in another building performance simulations software to see if the results would be 

similar using the same building model from BESTTEST case 600. This would also contribute to 

the validation of how well IDA ICE handles the modelling of smart windows. As mentioned, Equa 

(the company behind IDA ICE) is currently working on a beta-version for handling smart windows, 

which would be interesting to use for the same simulations. It was found in this study that the 

performance of smart windows is dependent on the correct control strategies and control levels for 

each window to match the location and optical parameters, hence a parameter optimization study 

would be of interest. For the electrochromic window it would of interest to include a control 

strategy based on visual comfort, i.e. glare. It would also be of interest to see how the results would 

turn out with a larger part of artificial lighting, WWR and adiabatic conditions for the external 

walls. How the smart windows would affect the thermal comfort would also be of interest. Other 

research opportunities would be to include other orientations for the window placement on the 

facades, e.g. the west and east façade. Furthermore, to consider the costs as a factor when 

comparing and evaluating the various technologies would be interesting, e.g. also including the 

calculation of the payback times for the various technologies. In addition to the theoretical cases 

investigated, a similar case with a constant high Tvis would have been interesting to simulate. In 

this case the smart window would be able to allow for daylight while rejecting the solar heat gain 

when unwanted.  
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7 Conclusions 

For this work, information has been collected from manufacturers about commercially available 

adaptable and controllable smart window products, i.e. thermochromic windows, photochromic 

windows and electrochromic windows, and is presented as a comprehensive state-of-the-art review.  

Furthermore, selected windows have been used for energy simulations. The electrochromic 

windows have been simulated using three different control strategies based on operative 

temperature, daylight and solar radiation. One product has been chosen from each technology to 

be simulated in the software package IDA ICE at three separate locations (Trondheim, Madrid and 

Nairobi) and has been compared to a normal static window without shading, denoted the reference 

window. The same products have also been simulated using the same U-value as for the reference 

window. In addition, two theoretical cases (Range 10-90 and Range 0-100) have been simulated, 

where the optical properties take on fictitious values between 10 to 90 % and 0 to 100 % 

transmittance, respectively. 

The results shows that the building with electrochromic window controlled by operative 

temperature has the lowest energy consumption of all technologies with a total delivered energy of 

94-60 % compared to the reference window depending on case and location. Most energy savings 

are due to a lower cooling demand while the impact on heating demand is relatively low. The 

performance of smart windows is also very dependent on the control strategies, optical properties 

and what thresholds are set for the control levels. The results are varying between cases due to the 

inputs of these parameters and some comparisons can be considered not representative of the 

technology due to this fact. To properly be able to conduct an energy performance simulation 

comparison between technologies and products, information parameters such as U-value, g-value, 

Tsol, Tvis, control levels and threshold levels for products are of absolute necessity and should hence 

also be provided by manufacturers.  
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