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Abstract: This paper assesses energy savings in terms of heating, cooling, and artificial lighting
achieved in an office building with a high Window to Wall Ratio (WWR), located in Athens
and Stockholm. Six different configurations of triple pane windows combining thermochromic,
electrochromic, and low-e coatings in Insulated Glass Units (IGUs) are examined to quantify the
potential of increasing energy savings in office buildings. The combination of electrochromic and
thermochromic layers on the outer pane of the triple IGU, achieved an 18.5% and 8.1% reduction
in annual primary energy use for Athens and Stockholm, respectively. The used switching strategy
ensured the visual comfort of the employees and provided adequate daylight in both cases. It was
found that in Stockholm the cooling system can be downsized considerably, achieving important cost
reduction in the HVAC system. The analysis also takes into account the reduction of thermal storage
in the building envelope due to the switchable windows. This reduction is beneficial in the case of
Athens, but it can reduce energy savings in Stockholm. Therefore, for colder climates, it is important
to increase window heat gains through the development of layers with higher g-value in the clear
state and through the application of appropriate switching strategies.

Keywords: electrochromic glazing; thermochromic glazing; office building; high WWR; energy
savings; heating demands; cooling demands; office lighting; EnergyPlus

1. Introduction

The building sector is considered to be the largest single energy consumer in Europe, absorbing
approximately 40% of final energy for heating, cooling, ventilation, artificial lighting, and various
appliances. Specifically, non-residential buildings are responsible for 14% of the total energy use in
the EU [1]. About 75% of buildings are still energy inefficient and greenhouse gas emissions created
by building energy use are a main cause of global warming and climatic change [2]. As a result,
energy conservation has become one of the main targets of energy policies and has a significant effect
on the decision-making process of architectural design. In a typical residential building, heating,
cooling, artificial lighting, and hot water generation make up approximately 60% of total energy use.
Commercial buildings usually require less energy for heating, but present around 15% higher energy
use in terms of cooling and lighting [3].

Windows constitute an integral element of the building envelope, as they offer daylight and natural
ventilation, as well as a view to the building’s external environment, which has been proven to spur
work productivity and improve indoor comfort [4]. Natural daylight and its beneficial effects on people
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are key aspects of the design process of the building envelope’s glazed area. Previous studies [5–7]
have pointed out a correlation between the lack of windows in the workplace and job dissatisfaction,
feelings of isolation, depression, claustrophobia, restriction, and tension. Leather et al. [8] concluded
that sunlight penetration has a considerable and direct impact on job satisfaction and reduces the
intention to quit. It was also deduced that a view of natural elements can offset the negative effect of
occupational stress on intention to quit more effectively than residential and urban scenes. Notable
research has also been conducted on the beneficial attributes of daylight for people’s health. According
to Zielinska-Dabkowska and Xavia [9], natural daylight drives fundamental biological processes, from
circadian rhythms to sleep and mood, that are disturbed by most types of artificial lighting or even
harmed by the blue-rich white light emitted from LEDs. In a review article, Lagrèze and Schaeffel [10]
pointed out that limited exposure to daylight increases the risk of developing myopia by a factor of five.
Beauchemin and Hays [11] and Benedetti et al. [12] observed that exposure to natural sunlight reduced
the length of hospitalization of bipolar inpatients, as well as in-patients with severe and refractory
depression. The effect of morning sunlight was found to be particularly beneficial [12].

In the past, architects have been hesitant to include large window areas in their constructions due
to their higher thermal transmittance values compared to the opaque elements of the building envelope.
In terms of energy efficiency, windows are considered to be thermally weak, as approximately 60%
of the total energy loss derives from conduction, convection, and radiation through them, leading to
an increase in energy use for heating or cooling [13]. Recently, building facades can be designed
with a higher Window to Wall Ratio (WWR) than the code prescriptive maximum through the use of
high-performance glazing systems, including dynamic switchable glazing that may or may not be
used in combination with interior or exterior shading. It has been estimated that the WWR of office
buildings built in Europe before 1980 is approximately 30%, while offices that were constructed later
have a WWR of 60% [14]. Modern architectural trends include office buildings with high WWRs to
take advantage of the available daylight and decrease electric lighting use. At the same time, however,
attention must be paid to the building’s cooling energy consumption, since about 37% of it is caused
by unwanted solar heat gain [15,16].

Especially in the case of cooling dominated climates, the trade-off between natural daylight and
excessive solar heat gain can be regulated with the use of smart switchable windows, manufactured
from chromogenic materials. These materials are able to alter their optical properties in a precise and
reversible way in response to an external stimulus [17]. The most popular applications in fenestration
products involve mostly electrochromic (EC) and thermochromic (TC) materials.

Coloring of an electrochromic material occurs with the application of an external electric voltage of
approximately 1–5 Volts DC through the insertion and extraction of small mobile ions. Electrochromic
devices consisting of both inorganic or organic layers are the most popular application of chromogenic
materials, since they offer the ability of automatic control according to the user’s preferences or through
data selected from thermal and lighting sensors, according to lighting and HVAC desired set points [18].

Numerous energy simulation studies have been published concerning the energy saving potential
of electrochromic windows. Sbar et al. [19] concluded that for building retrofit cases, the replacement
of single windows with electrochromic glazing can lead to annual energy savings ≥45% for three
U.S. cities with significantly different climatic conditions, while peak load CO2 emissions were reduced
by 35% in new construction and 50% in renovation projects. The results of an energy simulation
conducted by Aldawoud [20] indicated that an electrochromic glazing system presented the best energy
performance, leading to significant reductions in solar heat gains for all orientations (approximately by
53–59%), compared to conventional fixed shading devices. Through a sensitivity analysis Dussault
and Gosselin [21] concluded that the integration of an electrochromic window has a considerable
effect on the total energy use and peak demand, with the largest savings presented in the case of
cooling. Buildings with high values of WWR displayed the highest potential for energy savings.
Tavares et al. [22] also came to the conclusion that the electrochromic technology is an effective option
to achieve energy savings for buildings with high cooling requirements. In terms of user performance
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and satisfaction, Jamrozik et al. [23] used, as a reference, the case of blackout shades that completely
obstruct daylight and view to assess the impact of mesh shades and electrochromic windows on
employees in an office space. It was deduced that the cognitive function performance (working
memory and inhibition) of the workers improved for both shading types. Satisfaction with light and
the overall environment improved and symptoms of eyestrain were reduced in both cases. In the case
of the electrochromic windows, less visual discomfort and concentration difficulty were also reported.

Thermochromic materials alter their optical properties in accordance with the temperature of the
thermochromic layer. When the temperature exceeds a critical value that is referred to as the Transition
Temperature (TT), a phase change and altering of the material’s crystalline structure occurs, resulting
to a transition from a transparent to a translucent state. In its tinted state, the window is able to scatter
incident solar radiation, especially in the Near-Infrared Region (NIR), which is mainly responsible
for heat transfer. The most well-known thermochromic material is vanadium dioxide (VO2), with a
transition temperature of 68 ◦C [24]. For applications in fenestration, the most desirable properties are
considered to be a low transition temperature that reduces solar heat gains, a high visible transmittance
that is accomplished with thin coatings and an ability to regulate significantly NIR transmittance in
their colored state [13,24].

Liang et al. [13] compared the thermal and optical behavior of five thermochromic windows
with different transition temperatures to standard double windows for five climatic regions in China.
The results indicated that a low transition temperature is not always beneficial, since it can lead to
coloring of the window during the winter months and an increase in the building’s heating needs.
The integration of the thermochromic windows was also found to be more suitable for warmer
climates [13,24]. Through an energy simulation by means of EnergyPlus, Allen et al. [25] concluded that
a thermochromic window can lead to energy savings of approximately 22% compared to a standard
double window and 6% compared to a double window with a solar control low-e coating in a hot
Mediterranean climate. It was also discovered that solar heat gains can be minimized by lowering
the associated transition temperature range. Hoffman et al. [26] studied hypothetical, near-infrared
switching, thermochromic windows for different window sizes, orientations, and climatic conditions.
It was discovered that the thermochromic windows reduced occupant discomfort due to glare, while a
13.7–16.7% decrease in energy use could be achieved through large-area windows with south, east,
and west orientation, in hot climates.

In the past decades, a large variety of theoretical and experimental studies concerning the energy
saving potential of electrochromic or thermochromic materials in the building sector have been
published. However, to the authors’ knowledge, there have been no attempts to study the energy
saving potential of a glazing system that includes both types of coating. The aim of this study is
to provide an initial evaluation of the energy saving potential of an Insulated Glass Unit (IGU) that
includes both electrochromic and thermochromic layers and to propose a suitable configuration that
has the potential of maximizing energy savings. The IGUs are compared in terms of total annual
primary energy use. The energy demands for heating/cooling and the electricity consumption for
artificial lighting are considered. The most suitable configuration of such an IGU is determined and
its energy saving potential is assessed compared to state-of-the-art window system configurations.
The impact of the proposed window systems on thermal storage in the building envelope is also
investigated. To take into account the effect of the climatic conditions, the energy performance of
a high WWR office building equipped with different switchable window cases is examined for the
Mediterranean climate of Athens, as well as the much colder climate of Stockholm. The Daylight
Glare Index (DGI) in each space is calculated and used for the control of the electrochromic switching.
The amount of natural daylight that is admitted though the windows and the visual comfort of the
employees are evaluated.
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2. Materials and Methods

2.1. The Building Model

As discussed, the average WWR of office buildings constructed in Europe after 1980 is 60% to take
advantage of high-performance glazing systems. Hence, the building model used in the current work
is an office building with high WWR, located in Greece and Sweden. Office buildings hold a large
share in the non-residential building stock in both countries. Specifically, in Greece office buildings
constitute approximately 23% of the total non-residential building stock, while in Sweden offices
account for 24% of the building stock [27]. These two countries were chosen due to the very large
difference between their climatic conditions, which allows the examination of the energy performance
of the various window systems in two very different cases.

A model of a five-story office building with a square 10 m × 10 m layout and a usable floor area
of 455 m2 was created in SketchUp. The building possesses a glass door on the southern facade and
a total window opening area of 457.6 m2, while the Window to Wall Ratio is approximately 76%.
The building consists of peripheral office rooms and a central zone that is assumed to be an auxiliary
space (corridor, stairs and elevators). The building model, depicted in Figure 1a, consists of 41 thermal
zones in total. Each peripheral office room has been modeled as a separate thermal zone, while an
additional thermal zone is used for the auxiliary spaces. The uses of the various spaces are presented
in Figure 1b with different colors. The envelope of the building consists of curtain walls with thermal
break in all orientations. The bearing structure is made of concrete, while the internal walls consist of
brick wall construction. The thermal transmittance values for the various elements of the building
envelope are presented in Table 1.
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Figure 1. (a) The building model as created in SketchUp and (b) the top view of the building model.

Table 1. The U-values of the building envelope surfaces.

Surface U-Value (W/(m2K))

Floor 0.4
Roof 0.4

Curtain wall 0.9
Ceilings 3.1

Internal walls 2.4

Schedules for occupancy, use of lighting and electric equipment were set according to the ASHRAE
90.1 standard, as it contains detailed hourly schedules, expressed as a percentage of the maximum
load, that are not included in European and national (Greek and Swedish) standards [28]. The used
internal loads and schedules are presented in Table 2 and Figure 2, respectively [29,30]. The setpoint
values for the thermostat used to control the HVAC systems are shown in Figure 3 [29].
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Table 2. The building’s internal thermal loads.

Internal Thermal Load Office Spaces Auxiliary Spaces

People 0.1 people/m2 -
Artificial lighting 16 W/m2 3.2 W/m2

Electric equipment 15 W/m2 -
Ventilation 3 ACH -
Infiltration 0.1 ACH 0.1 ACH
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Figure 3. Thermostat setpoints for the office zones.

There are a few European standards that deal with the topic of daylight and its effect on buildings.
Standard EN 15193 defines a methodology for determining the contribution of daylight in buildings, but
only in the context of calculating energy requirements and electric consumption for artificial lighting.
Standard EN 12464-1 specifies lighting requirements for indoor workplaces to meet the needs of visual
comfort and visual performance, however it doesn’t distinguish between natural light and artificial
lighting. On an international level, the scope of ISO 8995-1 is comparable to EN 12464, while ISO 16817
defines a design process for high-quality indoor visual environments, in which daylight and artificial
lighting systems are key aspects. In the particular study, the illuminance setpoints were set according
to the requirements for office buildings presented in EN 12464-1, taking into account both natural and
artificial lighting [31].

Dimmable lighting was incorporated in the model and daylighting reference points were placed
in the middle of each office room. Daylight availability was calculated for each peripheral office room
at a height of 0.8 m above the floor, which is considered to be representative for a person working in a
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seated position. In this way, the level of artificial lighting in the office rooms was controlled according
to the natural daylight availability, in order to maintain a minimum illuminance of 500 lux. Dimmable
lighting was not incorporated in the auxiliary spaces, as they do not have access to natural daylight.
For the auxiliary spaces, an illuminance of 100 lux is considered adequate [31]. For the calculations,
the visible reflectance of the interior surfaces (walls, ceilings and floors) was considered equal to
0.6 [29]. The energy simulations were carried out with the EnergyPlus software, with the use of typical
EnergyPlus weather files (http://energyplus.net/).

2.2. The Examined Window Systems

Granqvist [32] previously recognized the potential of creating a multiple-pane configuration that
includes both an electrochromic and a thermochromic coating. Specifically, in such a construction
it is proposed that the electrochromic layer should be placed on the outer pane, as usual, and the
thermochromic on the inner pane to ensure that its temperature is closer to the indoor temperature.
Developing further this initial idea, the EU-funded project “Switch2Save” (https://cordis.europa.eu/

project/id/869929) targets active management of radiation energy transfer through glass-based building
envelopes integrating electrochromic and/or thermochromic systems. Intelligent switching of such
configurations could lead to significant reduction of both heating energy demand in winter and cooling
energy demand in summer. Hence, the current work aims to investigate the energy saving potential
of a number of IGU configurations combining thermochromic and electrochromic materials, using a
triple window with low-e coatings as a reference case (case 1).

Due to the high WWR of the building, interior blinds were used in the reference case (case 1)
to protect the employees from glare. For the evaluation of the energy savings, the cases of a triple
thermochromic (case 2) and a triple electrochromic (case 3) window with low-e coatings are also
examined. Their spectral data are presented in Figures 4 and 5.
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Figure 5. Transmittance of the thermochromic film for various temperatures.

Laminated configurations containing thermochromic (TC) and electrochromic (EC) or low-e
coatings were created with the help of the Optics6 software [33]. The low-e coatings were added in
order to ensure that the thermal transmittance values of the examined IGUs are relatively close, in order

http://energyplus.net/
https://cordis.europa.eu/project/id/869929
https://cordis.europa.eu/project/id/869929
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for the windows to be compared only according to the achieved optical modulation. The laminates
were imported into WINDOW 7.7 [34] in order to calculate their thermal and optical characteristics that
are presented in Table 3. All the used glass layers and films are available in the International Glazing
Database (IGDB) that is maintained by the Lawrence Berkeley National Laboratory (LBNL) and is used
by both software [35]. Furthermore, three configurations of windows with combined electrochromic
and thermochromic properties are examined: a triple window with both an electrochromic and
thermochromic layer on the outer pane (case 4), a triple window with the electrochromic layer on
the outer and the thermochromic on the middle pane (case 5) and, lastly, a triple window with the
electrochromic layer on the outer and the thermochromic on the inner pane (case 6).

Table 3. Thermal and optical characteristics of the different Insulated Glass Unit (IGU) configurations
under investigation.

Case Window System Configuration 1 U-Value (W/(m2K)) g-Value (-) τvis (-)

1
Triple low-e with

interior blinds
(reference case)
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For all six configurations, schematically presented in Table 3, a 14 mm argon gap was used to
ensure a low thermal transmittance value. The thermochromic layer switches to darker states due to
an increase in its temperature, while the electrochromic layer is automatically switched to its tinted
state according to the control strategy described in Section 2.3. When switched to their tinted state,
both thermochromic and electrochromic layers are able to reflect long-wave infrared radiation, as well
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as solar radiation in the Near-Infrared Region (NIR). The thermal transmittance (U-value), the g-value
and the visible transmittance for the various window systems in their fully clear and fully tinted state
are presented in Table 3. In the fully clear state, both layers are in their transparent state, while in the
fully tinted state, both layers are fully tinted. For window cases 4–6, a visible transmittance of 0.46
in the clear state can be considered relatively low. However, the combination of both electrochromic
and thermochromic layers in the same window system is a new concept and a lot of research still
needs to be done. Manufacturers are currently trying to create combinations of electrochromic and
thermochromic materials that will result in higher values of visible transmittance in the clear state.
It should also be noted that according to the indicated visible transmittance values, the windows that
combine electrochromic and thermochromic layers become completely opaque in their fully tinted state.
However, this state refers to a fully tinted thermochromic layer, which is achieved at a temperature of
95 ◦C and is, therefore, unlikely to occur. At the same time, it is important that the examined switchable
windows achieve a low enough visible light transmittance in their tinted state, as the windows need to
be tinted to 2% visible transmittance or less to ensure occupant comfort in direct sunlight or during
exposure to intense reflected light [19]. For cases 1–5, the visible reflectance on the inside surface of the
window system is equal to 0.054, while in case 6, the visible reflectance is equal to 0.083.

2.3. The Control Strategy for the Electrochromic Layers

In office buildings, an important factor that needs to be taken into account is the reduction of
reflections and glare that could potentially bother the employees working on computers in close
proximity to the windows [36]. Glare is created by incident direct solar radiation on a horizontal
work plane or the vertical surface of a computer screen. Glare control is essential for buildings with
high WWR values and is considered important for both examined cities. Athens is a city with high
daylight availability throughout the whole year, while in the case of Northern European cities, such as
Stockholm, glare can be caused due to the lower path of the sun in the sky. Switchable windows
provide better glare control and thermal comfort management compared to most conventional systems.
Controlling electrochromic devices to optimize comfort might require some tradeoffs with maximizing
energy savings, however this is unlikely to cause a significant reduction in the achieved savings [37].

In the present study, it was decided to use a switching strategy based on glare control for the
electrochromic layers to ensure the visual comfort of the employees. In other words, the electrochromic
layers are expected to switch to their tinted state when the daylight zone’s Daylight Glare Index (DGI)
exceeds the maximum allowable DGI value, which has been set to 22, corresponding to glare that
is referred to as acceptable [38]. The threshold values for the DGI are presented in Table 4. For the
calculation of the DGI, it was assumed that the employees are seated perpendicular to the windows,
without facing them directly [39].

Table 4. Characterization of glare according to the Daylight Glare Index (DGI) scale.

Glare Characterization DGI

Intolerable >28
Just intolerable 28
Uncomfortable 26

Just uncomfortable 24
Acceptable 22

Just acceptable 20
Perceptible 18

Just (im)perceptible ≤16

The building’s total annual energy use is calculated assuming an ideal heating and cooling
system that are controlled through a thermostat and supply the necessary heating or cooling energy
in order to maintain the interior temperature to the desired set point values. In order to also take
into consideration the energy use needed for artificial lighting, the building’s heating and cooling
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needs are converted to electricity needs, assuming that both heating and cooling are accomplished
through a heat pump with a COP value of 3.6 and an EER value of 3.2. This assumption was based
on the fact that electricity was found to be the basic energy source of non-residential buildings for
many European countries, including Greece and Sweden. Electricity is used for artificial lighting,
space cooling, electrical appliances and in several cases also space heating [27]. The annual electricity
needs are converted to primary energy through the conversion coefficients of 2.9 and 1.6 for electrical
energy in the cases of Athens [29] and Stockholm [40], respectively. The different IGU configurations
presented in Table 3 are compared to define the most suitable configuration for each climate.

3. Results and Discussion

3.1. Simulation Results for Athens

The annual energy demands obtained by the energy simulation for the model building (Figure 1)
situated in the city of Athens, and for the six different IGU configurations under investigation are
presented in Table 5. Due to the high daylight availability and the building’s large glazing area,
most of the building’s heating needs are covered by the heat gains through the curtain walls. Therefore,
the building’s annual needs for heating are low. In the reference case (case 1, Table 3) of the triple
low-e window with interior shading, it is observed that the building’s annual cooling needs are
significantly higher than the heating needs. Through the use of switchable glazing, a large reduction
in the building’s cooling needs is observed, which reaches approximately 51% in the case of the
glazing system with combined electrochromic and thermochromic layers on the outer pane (case
4). This significant reduction is associated with the more sophisticated switching of the switchable
windows that derives from the combination of the thermochromic and electrochromic layers. This way,
many different intermediate states can be achieved, according to the temperature of the thermochromic
layer and the state that the electrochromic layer is switched to. Therefore, the switchable windows
provide more effective shading and reduce window heat gains and available daylight when they are
switched to their tinted state. At the same time, an increase in the building’s heating and lighting
needs is observed for all the cases with reduced cooling needs.

Table 5. Annual energy demands for the different window cases in Athens.

Case Heating (kWh/m2) Cooling (kWh/m2) Lighting (kWh/m2)

1 22.87 114.93 18.07
2 28.56 76.37 18.06
3 38.12 73.21 18.60
4 42.73 55.81 19.88
5 40.33 68.62 19.86
6 37.33 75.48 19.07

As shown in Figure 6, all the examined switchable window configurations lead to significant
reductions in the building’s total annual primary energy consumption. The best behavior in terms
of energy efficiency, indicating 18.5% reduction in annual primary energy use, is observed for case 4,
where the electrochromic and thermochromic layers are combined on the outer pane of the glazing
system, indicating that this configuration and switching strategy could be useful to further increase
energy savings, especially for buildings with large window areas in warm climates. The other two
configurations (case 5 and case 6) that include both electrochromic and thermochromic layers also
display significant energy savings compared to the reference case (case 1). Specifically, the window
system with the electrochromic layer on the outer pane and the thermochromic on the middle pane
(case 5) leads to 13.0% reduction in total annual primary energy use, while the glazing system with the
electrochromic layer on the outer and the thermochromic on the inner pane (case 6) leads to 12.1%
reduction in primary energy use.
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Figure 6. Total annual primary energy use for the various window system cases in Athens.

The differences in the results mentioned above are associated with the position of the
thermochromic layer in the window systems that contain both electrochromic and thermochromic
materials (cases 4–6). Since the thermochromic layer switches to darker states with an increase of
its temperature, the placement of the thermochromic layer on the outer pane of the window system
increases the effect of the climatic conditions on its behavior. Specifically in the case of Athens, which
is characterized by high daylight availability, mild winters and hot summers, the temperature of
the thermochromic layer rises due to the external temperature and the significant solar heat gains.
As a result, window case 4, that combines both chromogenic layers on the outer pane, switches
to darker states compared to window cases 5 and 6 under the same climatic conditions, due to
the higher temperature of the thermochromic layer. As the position of the thermochromic layer is
transferred towards the interior space of the building, the temperature of the layer is less affected by
the environmental conditions. At the same time, the thermochromic layer is influenced by the indoor
environment and the building’s heating and cooling systems that maintain the temperature of the
space within a specified range to ensure thermal comfort.

The control strategy used for the electrochromic layers prioritized visual comfort over maximizing
energy savings. However, with the combination of both layers, window system 4 managed a large
reduction in the building’s cooling demands and improved significantly its energy performance
compared to the reference case. While the other two cases of window systems with combined
electrochromic and thermochromic layers (cases 5 and 6) did not manage to outperform the triple
thermochromic and triple electrochromic window, it can be anticipated that modification of the
electrochromic and thermochromic film’s spectral and transmissive characteristics to match the
switching strategy requirements, could result in important improvement in energy savings.

Figure 7 further analyses the effect of the switchable windows on the building’s energy needs
by comparing the window system of case 4, that presented the best annual energy performance,
to the reference case (case 1). Since the building’s cooling demands are considerably higher than for
heating in Athens, an office zone with southward orientation was examined for a warm summer day.
In Figure 7a, the solid lines refer to the net transmitted energy through the window for each case,
the dashed lines refer to the thermal storage that is achieved in the walls of the zone and the dotted
lines present the cooling energy required for each case. It can be observed that the window system
of case 4 manages to reduce the total energy transfer through the zone window by 57%, while peak
energy gains through the window are reduced by 64%. Due to the increased window heat gains in the
reference case, more energy is stored in the zone envelope during the daytime and discharged during
the night. As can be seen in Figure 7b, this results to a higher indoor temperature for the reference case
during the night, when the outdoor temperature is low. On the other hand, the switchable window of
case 4 reduces the thermal storage in the zone’s envelope during the day resulting to a lower indoor
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temperature during the night. In Figure 7a, it is also shown that, even though the cooling system is
active during the same time period for both cases, the switchable window requires 25% lower cooling
energy. When the cooling system is turned off, the indoor temperature in window case 4 is 1.5 ◦C lower.
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Figure 7. (a) Energy balance and (b) distribution of the interior and exterior temperature in an office
zone with south orientation, on a warm summer day in Athens, for window systems 1 and 4.

Since the switching strategy of the electrochromic layers took into account the visual comfort of the
employees, the daylight availability in an office space and the possibility of glare were also examined.
Figures 8 and 9 present the annual daylight availability and the calculated DGI for window system 4,
in an office zone with orientation towards the south. Overall, it was deduced that window system 4
was able to admit approximately 78% of the natural daylight that would be transmitted in the space
for the reference case without the use of blinds. From October to the middle of March, the entrance
of natural daylight in the zone is usually blocked for approximately 1.5 h (from 14:00 to 15:30) and
rarely for up to 3 h (from 13:30 to 16:30) due to the switching of the electrochromic layer, in order to
protect the employees from glare. For the rest of the occupied hours, daylight availability is high and
exceeds the value of 500 lux, that is considered necessary for offices. From the middle of March to June,
the illuminance provided by natural daylight is also high during most days. Daylight availability is
only reduced on warmer, sunny days due to the tinting of the thermochromic layer. During July and
August, a large reduction in the daylight transmitted through the windows can be observed, due to
the high values of ambient temperatures and solar radiation that cause the thermochromic layer to
switch to darker states. Even though a small portion of natural daylight is admitted through the space
during the summer, this behavior is considered beneficial from a perspective of energy performance,
since the space is protected from overheating and the building’s cooling needs are significantly reduced.
The largest reduction in daylight availability is presented for the month of September, when the
electrochromic layer usually needs to remain tinted for 4–5 h to block unwanted glare. Since the
ambient temperatures are still quite high during this month, the thermochromic layer is also tinted
for the rest of the occupied hours, allowing only a relatively small portion of daylight to enter the
space and reducing the need for cooling. Overall, sufficient daylight availability is ensured for the
occupied hours from October to June. In terms of visual comfort, as can be seen in Figure 9, the DGI is
maintained sufficiently low throughout the whole year. Therefore, it can be concluded that the used
control strategy is able to effectively protect the employees from discomfort glare.
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Figure 9. Annual DGI values in an office zone with south orientation in Athens.

3.2. Simulation Results for Stockholm

The simulation results regarding the energy needs for the same building model located in the
city of Stockholm are presented in Table 6. As expected, for the much colder climate of Stockholm,
the heating needs of the building are significantly higher. However, due to the heat gains from the
building’s large window area, it is observed that without the use of switchable glazing significant
cooling would also be required. As expected, the use of switchable glazing leads to a significant
reduction in cooling loads with a simultaneous increase in terms of heating and artificial lighting.

Table 6. Annual energy demands for the different window cases in Stockholm.

Case Heating (kWh/m2) Cooling (kWh/m2) Lighting (kWh/m2)

1 85.97 32.72 21.15
2 89.42 15.46 21.33
3 97.84 7.28 21.77
4 99.48 2.25 22.42
5 99.86 5.19 22.58
6 96.66 8.21 22.40
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Comparing the annual primary energy use for the same building located in Athens (Figure 6)
and Stockholm (Figure 10) it is clearly seen that the total annual primary energy savings, are ca.
40–50% less for the cold climate. Similarly to the Athens case, the window system that combines
the electrochromic and thermochromic layers on the outer pane (case 4) displays the highest energy
savings, with 8.1% reduction in annual primary energy use, followed by the triple thermochromic
(case 2) and electrochromic (case 3) windows that reduce primary energy demand by 7.7% and 7.3%
respectively. Window cases 5 and 6 present the lowest energy savings, with 6.0% and 6.2% decrease in
annual primary energy use respectively. However, the difference in primary energy use for cases 5
and 6 is relatively small compared to the existing switchable window cases (cases 2 and 3). Therefore,
similarly to the Athens case, increased energy savings could be anticipated for cases 5 and 6 through
optimization of the film properties and control strategy.
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Figure 10. Total annual primary energy use for the various window system cases in Stockholm.

An additional important advantage of window system 4 is that it leads to a large reduction (ca.
93%) of the building’s cooling needs. Therefore, through the use of optimized switchable window
systems that combine an electrochromic and a thermochromic layer on the outer pane, the building’s
cooling demands could be drastically reduced and significant cost reduction could be achieved in the
HVAC equipment.

In terms of cooling, the behavior of the window systems with both electrochromic and
thermochromic layers (cases 4, 5, and 6) is similar to the case of Athens and a greater reduction
in cooling needs is observed when the thermochromic layer is placed closer to the external environment.
However, during the heating period, the behavior of the window systems is more complicated due
to the very low ambient temperatures. In this case, when the thermochromic layer is placed closer
to the external environment, solar heat gains are unable to cause a significant increase in the layer’s
temperature due to the low temperature of the ambient air. Therefore, placing the thermochromic layer
on the middle pane, where it is less affected by the ambient temperature, leads to a higher temperature
of the layer and switching to a darker state, which increases the building’s needs for heating and
artificial lighting.

In Stockholm, the model building’s heating needs are more significant than its cooling needs.
Therefore, the hourly energy balance and interior/exterior temperatures were examined in the same
office zone as in the Athens case, for a representative cold winter day. Figure 11, indicates that,
even though the case 4 window has the best annual energy performance, it does not facilitate thermal
storage in the case of Stockholm. Specifically, it reduces peak energy gains through the window by
69% and reduces energy storage in the zone envelope. As a result, the indoor temperature during the
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night is lower compared to the reference case. The heating system is active for more hours and when it
is turned off, the indoor temperature is lower by 1.2 ◦C compared to the reference case.
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Figure 11. (a) Energy balance and (b) distribution of the interior and exterior temperature in an office
zone with south orientation, on a cold winter day in Stockholm, for window systems 1 and 4.

The main goal of using switchable windows with chromogenic materials is to reduce the building’s
cooling needs and to ensure the visual comfort of the employees throughout the year. The results of the
study indicate that in order for this technology to be useful in countries with cold climatic conditions,
it is important to increase the heat gain through the window during the day by increasing its g-value
in the clear state. At the same time, a high value of visible transmittance in the clear state will allow
more daylight to enter the space for the office workers visual needs. This way, it will be possible to
take better advantage of the limited daylight availability during the winter months, while maintaining
visual comfort and significantly reducing cooling needs during the summer months. In addition, a
more sophisticated control strategy that facilitates thermal storage in the building envelope during the
heating period could improve the energy performance of the window systems for heating dominated
regions. Appropriate zoning strategies in terms of artificial lighting can also be utilized to ensure
uniform lighting conditions when the windows are switched to a tinted state. For buildings with large
window areas, zoning can also be applied to the switchable windows, by programming the windows
to operate in customized zones, in order to create a more flexible system and optimize the trade-off

between energy performance and comfort.
The annual daylight availability and DGI values for window system 4, in an office zone with

orientation towards the south are presented for the case of Stockholm in Figures 12 and 13, respectively.
For the months August to May, daylight admission in the space is blocked for approximately up to 1.5 h
(from 13:00 to 14:30 or from 14:00 to 15:30) due to the tinting of the electrochromic layer that protects
the employees from glare. For the rest of the occupied hours, the interior illuminance that derives from
daylight is high and exceeds the 500 lux value that must be maintained in the office rooms. During the
rest of the year, daylight availability remains high in the office zone with the exception of days with
higher ambient temperature or solar radiation that cause the tinting of the thermochromic layer to
its darker states. During these days, the reduction in daylight availability and the resultant need for
artificial lighting are compensated by the decrease in the building’s cooling demands. When compared
to the transmitted daylight for the window system of the reference case, without the use of interior
blinds, it was found that window system 4 allowed the admission of approximately 75% of natural
daylight throughout the year. Overall, it can be observed that sufficient daylight availability is achieved
for the occupied hours throughout the whole year. Similarly to the case of Athens, the visual comfort
of the employees is ensured throughout the year and the DGI values are maintained sufficiently low.



Energies 2020, 13, 3020 15 of 18
Energies 2020, 13, x FOR PEER REVIEW 15 of 19 

 

 
Figure 12. Annual daylight availability in an office zone with south orientation in Stockholm. 

 
Figure 13. Annual DGI values in an office zone with south orientation in Stockholm. 

4. Conclusions 

The purpose of this study was to explore the energy saving potential of Insulated Glass Units 
that combine electrochromic and thermochromic materials in a modern office building with a high 
WWR, for two cities with significantly different climatic conditions: Athens and Stockholm. The 
examined window systems were created with the help of Optics6 and WINDOW 7.7 software, using 
glass layers and films from the IGDB Database, while priority was given to glare control during the 
electrochromic switching. 

Energy simulation results for both locations showed that the overall highest energy savings 
were accomplished when the electrochromic and thermochromic layers were combined on the outer 
pane of the triple IGU configuration, due to the combined behavior of the two layers. A reduction of 
18.5% and 8.1% in annual primary energy use was achieved for Athens and Stockholm, respectively. 
In the case of Stockholm, it was also concluded that the use of optimized window systems with such 
configuration can downsize significantly the building’s cooling systems and, thus, achieve 
important cost reduction in the HVAC equipment. The other two examined configurations, that 

Figure 12. Annual daylight availability in an office zone with south orientation in Stockholm.

Energies 2020, 13, x FOR PEER REVIEW 15 of 19 

 

 
Figure 12. Annual daylight availability in an office zone with south orientation in Stockholm. 

 
Figure 13. Annual DGI values in an office zone with south orientation in Stockholm. 

4. Conclusions 

The purpose of this study was to explore the energy saving potential of Insulated Glass Units 
that combine electrochromic and thermochromic materials in a modern office building with a high 
WWR, for two cities with significantly different climatic conditions: Athens and Stockholm. The 
examined window systems were created with the help of Optics6 and WINDOW 7.7 software, using 
glass layers and films from the IGDB Database, while priority was given to glare control during the 
electrochromic switching. 

Energy simulation results for both locations showed that the overall highest energy savings 
were accomplished when the electrochromic and thermochromic layers were combined on the outer 
pane of the triple IGU configuration, due to the combined behavior of the two layers. A reduction of 
18.5% and 8.1% in annual primary energy use was achieved for Athens and Stockholm, respectively. 
In the case of Stockholm, it was also concluded that the use of optimized window systems with such 
configuration can downsize significantly the building’s cooling systems and, thus, achieve 
important cost reduction in the HVAC equipment. The other two examined configurations, that 

Figure 13. Annual DGI values in an office zone with south orientation in Stockholm.

4. Conclusions

The purpose of this study was to explore the energy saving potential of Insulated Glass Units that
combine electrochromic and thermochromic materials in a modern office building with a high WWR,
for two cities with significantly different climatic conditions: Athens and Stockholm. The examined
window systems were created with the help of Optics6 and WINDOW 7.7 software, using glass
layers and films from the IGDB Database, while priority was given to glare control during the
electrochromic switching.

Energy simulation results for both locations showed that the overall highest energy savings were
accomplished when the electrochromic and thermochromic layers were combined on the outer pane of
the triple IGU configuration, due to the combined behavior of the two layers. A reduction of 18.5% and
8.1% in annual primary energy use was achieved for Athens and Stockholm, respectively. In the case of
Stockholm, it was also concluded that the use of optimized window systems with such configuration
can downsize significantly the building’s cooling systems and, thus, achieve important cost reduction
in the HVAC equipment. The other two examined configurations, that combined electrochromic with
thermochromic films in different positions, displayed slightly lower performance compared to the
triple thermochromic and triple electrochromic window.
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The use of switchable windows reduced thermal storage in the building envelope for both city
cases. While, this reduction is beneficial for a cooling dominated climate, in heating dominated climates
it can reduce the achieved energy savings. Therefore, especially in the case of switchable windows that
combine electrochromic and thermochromic coatings in colder climates, it is important to increase
heat gains through the windows by developing layers with increased g-value in the clear state and
appropriate switching strategies. Visual comfort can also be maintained with a high value of visible
transmittance in the clear state and appropriate zoning strategies.

In terms of visual comfort, it was found that the employees were effectively protected from
discomfort glare in the case of window system 4, since the DGI values in both cities were adequately
low for the whole year. In Athens, daylight availability in an office zone with south orientation was
deemed sufficient from October to June. During the summer months, the decrease in the transmitted
daylight through the switchable windows was considered acceptable, due to the large reduction in the
building’s cooling demands. In Stockholm, it was found that sufficient daylight is transmitted through
the window systems for the whole year, while the reduction of daylight admission during the summer
months improved the building’s energy performance by reducing its cooling needs.

As the combination of both electrochromic and thermochromic layers in the same window system
is a new concept that has not yet been extensively investigated, this study necessarily made a few
assumptions. Firstly, the chromogenic glass layers and films, that were used for the creation of the
window systems, were derived from the IGDB Database, based on commercially available products,
and were then combined with the help of the Optics6 software. Therefore, the used materials had not
been specifically designed to coexist and function together in the same window system. This sets an
upper limit to the energy savings that can be achieved, as the combination of the used layers has not
been optimized and is, therefore, unable to take full advantage of each separate technology. In addition,
since there are currently no commercially available products or prototypes that combine electrochromic
and thermochromic materials, there is no information on the potential cost of this proposed technology.
There are also some limitations regarding the used building model, since it does not take into account
potential shading effects due to surrounding buildings that could reduce the impact of daylight and
increase the building’s artificial lighting demands.

Overall, it is concluded that the combination of both thermochromic and electrochromic coatings
in an IGU is a promising and challenging new concept that has the potential to increase energy savings
in the building sector. Future research on this topic should examine optimized combinations of
electrochromic and thermochromic materials in window systems and their effect on building energy
consumption, as well as the visual comfort of the occupants. More sophisticated switching strategies
for these window systems should also be analyzed, taking into account facade orientation, daylight
availability and climatic conditions. After the development of the first prototypes of window systems
with combined electrochromic and thermochromic materials, a technoeconomic analysis would also be
of interest. This analysis should take into account all the costs involved, as well as the savings due to
the lack of need for additional shading devices and the downsizing of the necessary HVAC equipment.
Through further research on the appropriate combination of thermochromic and electrochromic
coatings, optimization of this technology, and development of advanced switching protocols, higher
energy savings could be expected.
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