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Abstract  
The rising awareness of the downsides to mass-energy consumption and strict regulations have 

forced the building sector to develop innovative building envelopes to increase energy efficiency. 

This research investigates the potential of applying thermochromic solar control coatings on the 

façade and roof of buildings to reduce the total heating and cooling demand in comparison with 

various static coatings. An application-centric approach is applied to determine the optimum 

coating properties including transition temperature, low and high solar absorptance values for an 

array of building and climate scenarios. The work concludes that these optimum properties are 

dependent on the intrinsic heating and cooling demand ratio of each application, which is 

influenced by climates, insulations levels, and building types. It was observed that static solar 

control coatings tuned to either absorb or reflect solar heat gains deliver higher energy savings in 

applications with unilateral energy demand. Low insulation terraced houses in the Netherlands 

with high heating demands can attain annual cost savings of up to 4.3  /m2 of floor space when 

a low (0.0) solar absorptance coating is replaced with a high solar absorptance (1.0) coating on 

the façade and roof. Thermochromic coatings applied to these applications incur energy penalties 

caused by false switching, which are switching between solar absorptance states which are not 

representative of the the building®s energy demand. However, thermochromic coatings offer 

higher energy savings in applications with heating and cooling demand of similar magnitudes. In 

these applications, thermochromic coatings cumulate energy savings from both the heating and 

cooling demand fields which are higher than energy savings captured by static coatings. The cost 

saving of thermochromic coatings increase as the solar absorptance gap between the two states 

is increased. Thermochromic coatings with 40% switching between solar absorptance states can 

at average capture 60% of the total cost savings. Replacing optimal static coatings with 

thermochromic coatings with 40% switching in low insulation terraced house results in annual 

cost savings ranging from 0.84  /m2 (Spain) to 0.6  /m2 (Italy) of floor space. These cost savings 

decrease with higher insulation in building envelops but are marginally influenced by the building®s 

thermal mass. As thermochromic coatings are an emerging technology the initial cost of 

implementation is high, which results in long payback periods. However, with further 

development, thermochromic coatings show promise in reducing the energy consumption of 

buildings with low insulation in regions with high seasonal fluctuations. Finally, the methodology 

inscribed in this research can be employed to determine the optimum solar control coatings for 

additional building and climate scenarios.    
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Chapter 1  

Introduction 

The burning of fossil fuels to produce energy has increased the global average temperature by 

1ºC. The Intergovernmental Panel on Climate Change (IPCC) predicts that continued human 

activities would cause the global temperature to rise between 1.4 and 5.5 ºC by 2100, leading to 

significant and increasing damage. Humans spend 90% of their lives indoors, making buildings 

an integral part of our existence. In the EU, buildings account for 40% of total energy consumption 

of which more than half is fossil fuel-based, which leads to 36% of EU®s CO2 emissions (Cao et 

al., 2016). There is an unmistaken need to reduce these emissions. Therefore, the EU has 

established the Energy Performance of Building Directive (EPBD) which supports the built 

environment to comply with its climate action goals. Out of the total energy buildings consume, 

almost 40% is used for space heating and cooling. Heat exchanges through building envelopes 

are one of the contributors to thermal loads in buildings (Testa et al., 2017). To meet the 

sustainability guidelines set by EPBD, it is paramount to develop innovative building envelopes to 

increase energy efficiency within buildings (Loonen et al., 2017).  

Solar irradiance plays a major role in the energy balance of a building, during winters solar heat 

gains are necessary to reduce the heating demand, while during summers it is imperative to 

reflect incoming solar irradiance to prevent overheating inside buildings. Therefore, controlling 

the amount of solar heat gains entering the indoor environment is vital. All materials have an 

intrinsic solar absorptance value, determining the amount of solar irradiance absorbed by its 

surface. A common way of reducing unnecessary solar heat gains is to apply materials with low 

solar absorptance and thermal emissivity. Such materials reflect solar radiation and maintain a 

lower surface temperature reducing heat flow into the building. Unfortunately, when applied in 

winters the reflection of necessary solar heat gains leads to additional heating loads. In fact, the 

application of static low solar absorptance coatings in regions with longer heating periods results 

in heating penalties that are higher than the cooling energy saving (Akbari, H. et al., 2005). 

In theory, an ideal solution would be a solar control coating capable of transitioning from high to 

low solar absorptance states according to the heating or cooling demand of the building (Gray, 

2015). A solar control coating made of a such a material would have the cooling demand of a low 

solar absorptance coating and the heating demand of a high solar absorptance coating (Testa et 

al., 2017). Recent research into the application of various seasonal switching solar absorptance 

coatings has shown a reduction in total heating and cooling energy demand of buildings in 

comparison with static low solar absorptance coatings (Park et al., 2016). Furthermore, research 

has also pointed towards the possibility that coatings with the capability of switching solar 

absorptance at hourly bases would have higher energy savings (Testa et al., 2017). In this 

respect, thermochromic solar control coatings are a promising technology, because they can 

switch between two solar absorptance states on hourly bases as a function of the local surface 

temperature. 
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1.1 Problem definition   

The energy-saving potential of thermochromic coatings has led to an increase in research and 

development for applications in the built environment. Research and development activities are 

often product-based, where material scientists develop a coating with a certain set of properties 

(Park et al., 2015). The application of these coating on building envelops results in a complex 

effect on the energy balance thus requiring intricate building simulation to completely assess the 

energy-saving potential. Recently, building performance simulations (BPS) have been used to test 

the performance of these coatings and gauge their impact based on annual energy savings and 

outdoor conditions (Gray, 2015) (Fabiani et al., 2019). These simulation studies have highlighted 

some of the benefits and shortcomings of applying thermochromic coatings on buildings.   

With R&D underway for future coatings, it is of paramount importance that coating designer 

understands the behavior of various coatings on different building applications to develop 

appropriate coatings. Developers are interested in knowing optimum thermochromic coating 

properties that would result in the highest amount of energy savings (Gray, 2015). Ultimately from 

an application point of view, it is important for designers to know that the final product developed 

would have a viable market, this involves determining which building types and climates would be 

best suited for the application of different coatings. Experimentation and prototyping to bridge this 

gap are extensively time-consuming and costly. However, through detailed interactions with 

coating developers and literature review it has been determined that, to the best of the author®s 

knowledge limited research has been done to support material R&D in this regard.  

1.2 Research aim  

The main aim of this research is to investigate the effects of various static and thermochromic 

solar control coatings on buildings to steer the research and development of these coatings 

towards a more application-driven product development.   

¶ Investigate the impact of various static and thermochromic solar control coatings on the 

energy demand of various building types and climates. 

¶ Study the behavior of thermochromic coatings and their impact on surface temperature 

and energy flows.  

¶ Investigate how various building envelope properties influence the energy-saving potential 

of solar control coatings.   

¶ Understand the relationship between various properties of static and thermochromic solar 

control coatings and their energy-saving potential.   

¶ Identify the optimum coating properties for an array of different building types and 

climates.   

¶ Conduct techno-economic analysis to determine the economic viability of applying these 

coatings in the built environment.  

1.3 Methodology  

Figure 1, depicts an approach that has been followed during the tenure of the master®s thesis.  

The approach has been structured to work cohesively with the exploratory nature of research and 

development. The first phase of the research included an in-depth literature review of existing 

static and switching solar control coatings, including previous simulation works performed on 

assessing the energy-saving potential of these coatings. Simultaneously, discussions with the 
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coating R&D team were held to identify a research gap to focus on. The next step was model 

development. As the stakeholders have a keen interest in the application of these coatings in the 

Netherlands, the Dutch terraced house with three energy labels was selected as reference 

dwellings. Later, these models were validated against renown European simulation projects 

(Inspire Project, European Union, 2014). The investigation began by carrying out building 

performance simulations using EnergyPlus. The static solar absorptance values on the external 

surface of these models are varied to investigate the effects on the annual heating and cooling 

demand. Using property values extracted from literature (Gray, 2015), thermochromic coatings 

are simulated on the models. The temporal behavior of thermochromic coatings and their impact 

on the energy demand of the models is examined. 

Sensitivity analysis is carried out on the impact that various building envelope and solar control 

coatings have on the energy-saving potential. Literature review and discussions with stakeholders 

highlighted various high potential building envelope and solar control properties. Variations of 

these properties were simulated on the models in a two-phase study to analyze the annual heating 

and cooling demand. The findings were used to identify promising applications and optimum solar 

control coating properties. Using the insights gained, various solar control coatings were 

simulated on two additional building types and climates. This was conducted in a structured 

format, by first varying the static solar absorptance values and examining the heating and cooling 

demands of the scenarios. Then simulating thermochromic coating of various properties on the 

scenarios to identify the most optimum solar control coating for each application and the resultant 

energy savings. Finally, a techno-economic analysis is conducted to determine the payback 

periods of applying these optimum coatings. 

 

Figure 1. Overview of the research methodology  

Chapter 1 concludes with a review of the state-of-the-art of static and switching solar control 

coatings and related research and simulation studies. Chapter 2 provides an elaborate 

description of the models and simulation strategies used in the research. Chapter 3 investigates 

the effects of applying static and switching solar control coatings on reference dwellings. Chapter 

4 is a parametric analysis of building envelope and thermochromic coating properties. Chapter 5 

explores applying solar control coatings on various building and climate scenarios. In Chapter 6, 
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a techno-economic analysis is carried out to determine the financial viability of the coatings. 

Chapter 7 is the conclusion to the research.  

1.4 State-of -the -art  

The literature review begins with an introduction to the working principle of static and switching 

solar absorptance coatings used in the built environment. A structured overview is presented of 

existing studies carried out on the energy-saving potential of these coatings. The literature review 

concludes with the identification of the main factors affecting the energy-saving potential of 

various coatings.  

1.4.1 Overview of s olar control coatings   

The control of the solar absorptance property of a coating can be categorized as either being 

static or dynamic (see Figure 1). A literature review carried out by Testa, J., & Krarti, M. (2017) 

on the typical properties of common roofing material determined that the thermal emittance 

ranged between 0.80 and 0.90 and the solar absorptance was between 0.70 and 0.80. Static 

solar absorptance coatings have a fixed solar absorptance property, this property can either be 

high or low. High solar absorptance (dark) coatings tend to absorb solar irradiance, promoting 

solar heat gain into the building, while low (cool) solar absorptance coatings do the opposite as 

expressed in Figure 3A. The solar absorptance of a completely black body is 1 while the solar 

absorptance of a completely white body is 0.  Recent research in static solar absorptance coating 

has led to the development of coatings capable of absorbing or reflecting the infrared region of 

the solar spectrum. White coatings capable of absorbing infrared radiations (solar absorptance 

of 0.4) are called warm white coatings. While black coatings capable of reflecting infrared 

radiation (solar absorptance of 0.6) are called cool black coatings. These coatings possess the 

aesthetics of typical white/ black coatings but differ in solar absorptance values.  

 

Figure 2. A structured overview of solar control coatings 

Dynamic switching solar absorptance coatings are capable of alternating between solar 

absorptance states. Photochromic coatings change solar absorptance values as a function of 

incident UV light and electrochromic coatings change solar absorptance values as a response to 

an electrical stimulus. However, application of these coatings on building envelopes is 
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nonexistent. Bi-directional/ Heterogeneous directional coatings are a form of switching solar 

absorptance coatings. The coating has corrugated tilted surfaces. These surfaces have an 

elevated reflectance side and a ground facing absorption side. Such a coating has seasonal 

control on the amount of solar heat flow into a building (Hooshangi H, 2015). Due to the high 

position of the sun in the sky during summers, incoming solar irradiance falls on the reflective side 

of the coating and thus is reflected away. However, as the season changes and the position of 

the sun is lower in the sky, more solar irradiance falls on the absorptance side of the coating thus 

absorbing necessary solar heat gains as depicted in Figure 3B. Thermochromic coatings are a 

form of switching solar absorptance coatings which alter their absorptance value depending on 

surface temperature. The coatings have a high solar absorptance value at low-temperature 

values and a low solar absorptance value at higher temperature as seen in Figure 3C. The 

transition from high solar absorptance to low solar absorptance occurs when the local surface 

temperature exceeds beyond a threshold temperature value. The typical value reported in the 

literature for thermochromic coatings is a low solar absorptance of 0.45 and high solar 

absorptance of 0.7. with a transition temperature of 20ºC (Gray, 2015). Research is ongoing into 

the application of bi-directional and thermochromic coatings on building envelopes to increase 

energy efficiency.   

 

Figure 3. A) Static solar absorptance coatings, B) Bi-directional switching coatings, C) Thermochromic Coating 

1.4.2 Overview  of p revious research and simulation studies  

1.4.2.1 Low solar absorptance  coating s (cool coatings)  

A typical example of a static solar control coating is low solar absorptance coatings (cool 

coatings). Such a coating exhibits a static low solar absorptance and high thermal emittance 

properties which reflect solar irradiance. This leads to lower surface temperatures and a reduction 

of heat flow through conduction into the building (Levinson et al., 2009). Several field 

measurement studies have been carried out to verify the benefits of using static low solar 

absorptance coating in regions with warm climates. These low solar absorptance coating shave 

been applied on the roof of a various residential and commercial building. Table 1, presents an 

overview monitoring studies carried out to access the cooling energy savings as a direct result of 

applying low solar absorptance coatings on the roof. The table shows that all research studies 

depict similar results, application of low solar absorptance coating in both residential and 

commercial building in warm climates (California, Florida) results in a 2%-80% reduction in the 

cooling energy demand depending on building type and climate. The studies focused on 

measuring cooling energy saving only in summers, thus neglecting heating penalties. 

Furthermore, the energy savings were found to be inversely proportional to insulation levels in the 

roof (Parker et al., 1998). Applying low solar absorptance coatings also resulted in a 12 ºC 

reduction in roof temperature (Konopacki et al., 1998).   
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Low static solar absorptance roofs reduce the cooling energy demand of the building, however, 

they also prevent solar gain during winters thus incurring heating penalties. Therefore, whole-

building simulation studies have been carried out to study the annual cooling savings and heating 

penalties caused by low solar absorptance coatings.  

Table 1. Overview of experimental studies carried out of low solar absorptance coating on the roof 

Research  Description   Location  
Cooling Energy 

Savings 

Parker et al. (1998) 

Monitored the cooling energy of 

residential building with low static solar 

absorptance roof during summer 

months. 

Florida 

(Warm 

Climate) 

2 - 45 % 

Akbari et al. (1997)  

Decreased the solar absorptance of the 

roof by 0.55 and monitored the cooling 

energy of a house and two school 

buildings for the summer season.  

Sacramento  
80%-house and 

32% for school 

Hilderbrandt et al. 

(1998) 

Decreased the solar absorptance of the 

roof by 0.4 and monitored the cooling 

energy of an office, museum, and 

hospice.  

Sacramento 

(California)  

17- 26- 39% 

respectively 

Parker et al. (1997) 

Upgraded the roof of 7 retail stores from 

0.71 to 0.25 solar absorptance and 

compared the measured cooling energy 

for the summer season.   

Florida 

(Warm 

Climate) 

25 % 

Konopacki et al. 

(1998) 

Measured the cooling energy of two 

medical offices and a retail store with a 

roof coating with 0.4 reductions in solar 

absorptance during the summer months.  

California 

13-18% for medical 

building and 2% for 

retail store 

Konopacki and 

Akbari (2001)  

Upgraded the roof of a retail store by 

decreasing the solar absorptance by 0.7 

and compared the measured cooling 

energy for the summer season.   

Austin  11 % 

Akbari (2003) 

Upgraded the roof of 2 non-residential 

buildings from 0.74 to 0.28 solar 

absorptance and compared the 

measured cooling energy for the 

summer season.   

Nevada 1.5 %  

Akbari et al. (2005)  

Measured the cooling energy during 

summers for a retail store, elementary 

school and cold storage with low solar 

absorptance coating roof systems.   

California 

17% school, 52% 

retail store, 4% cold 

storage 
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Table 2 shows that all low solar absorptance coating exhibit heating penalties, furthermore the 

cooling saving from the application of low solar absorptance coatings increase in warmer climates 

and the heating penalties increase in colder climates (Akbari et al., 2005) (Levinson et al., 2009). 

Akbari et al, (1999) used whole building simulations to determine the relationship between the 

various attic and duct insulation levels and solar absorptance values for a single-family house. 

The studies found that low solar absorptance coatings can be used as an equivalent to insulation 

in regions with warm climates.  The cooling energy savings caused by a static low solar 

absorptance coating are dependent on the location of the climate, building insulation level, 

building type and solar absorptance of the roof (Akbari et al., 2005) (Testa et al., 2017). Simulation 

studies on the application of static low solar absorptance coatings in regions with longer heating 

periods proved the heating losses to be higher than the cooling energy saving (Akbari, H., & 

Konopacki, S, 2005). 

Table 2. Overview of annual simulation studies carried out to assess the cooling saving and heating penalties of low 

solar absorptance coating on various locations and building types (R-residential, Of-office) 

Research  Description   Location  
Annual Cooling 

Energy Savings  

Annual 

Heating 

Penalties    

Akbari et 

al. (1999) 

Whole building annual simulations 

were conducted to measure the 

cooling energy savings and heating 

penalties caused by decreasing the 

roof solar absorptance value from 

0.75 to 0.45 and 0.3 for old and new 

single-story residential and 

commercial buildings  

11 US 

Cities  

7-17% Old-R 

6-15% New-R 

5-9% Old-Of 

3-7% New-Of 

2-5% Old-R 

0-5% New-R 

0-14% Old-Of 

0-12% New-Of 

Akbari 

and 

Konopacki 

(2005) 

Whole building simulations to study 

the impact of changing the roof solar 

absorptance from 0.8 to 0.4-0.5 of 

new and old residential, office building 

and retail store  

240 US 

cities  

4-11% Old-R 

1-8% New-R 

4-8% Old-Of 

2-4% New-Of 

0-2% Old-R 

0-2% New-R 

0-3% Old-Of 

0-6% New-Of 

Synnefa 

et al. 

(2007)  

Whole building simulations were 

carried out the study the effects of 

varying solar absorptance value (0.8 

reduced to 0.15-0.4) of a typical 

single-family house 

27 World 

Cities  

9-48 kWh/m2 

(annual energy) 

0-0.58 kWh/m2 

(annual energy)  

 

1.4.2.2 Bi-directional / seasonal solar control coating  

Simulation studies have been carried out on bi-directional solar absorptance/ seasonally 

controlled dynamic coating in which the dynamic elements of the coatings have been modeled 

with a two-pronged control strategy. A low solar absorptance value is selected for the summer 

period, and a high solar absorptance value is selected for winters to imitate the effect produced 

by bi-directional coatings. The solar absorptance value of the coating is switched twice in a year, 

the transition is based on whether the cooling period in a month is longer than the heating period. 

The studies compared the total primary energy consumption with static low solar absorptance 
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coatings and found an energy-saving ranging from 0.9% to 4.9% (New Orleans, St. Paul) for 

residential buildings and 0.1% to 3.9% (New Orleans, St. Paul) for commercial buildings with low 

insulation values. As a switching solar absorptance coating prevents heating penalties, therefore, 

when these coatings are applied in regions such as St. Paul with higher heating demand, the total 

primary energy usage compared to static low solar absorptance coatings is much lower as static 

low solar absorptance coatings incur a large amount of heating penalties in these climates. The 

low and high solar absorptance values of the coatings were 0.45 and 0.70 respectively and the 

solar absorptance value for the static low solar absorptance coatings was set at 0.45. The energy-

saving potential was very dependent on building insulation levels but was marginally impacted by 

the thermal mass of the building (Testa & Krarti, 2017).  

Another simulation study conducted on seasonally controlled dynamic coatings found a 6% 

overall energy saving when compared to the static low solar absorptance coatings and an 11% 

overall energy savings when the coating was applied to roof and walls for the Baltimore climate 

(Park, Krarti, 2016). These simulation works conclude that seasonally controlled dynamic 

coatings offer energy savings when compared with static coatings with similar low solar 

absorptance values (see Table 3). This energy-saving are higher in colder climates as static low 

solar absorptance coatings incur higher heating penalties than seasonally controlled dynamic 

coatings. Additionally, Testa & Krarti, 2017, stated that the use of coatings with the capability of 

switching on an hourly basis based on surface temperature would lead to an increase in energy 

savings. As such a control strategy would be able to take advantage to swing months with varying 

heating and cooling demands and would have the cooling energy savings of a static low solar 

absorptance coating, however none of the heating penalties. 

1.4.2.3 Thermochromic (TC) coating  

Thermochromic coatings have the potential of switching solar absorptance values on an hourly 

basis depending on the surface temperature crossing a prescribed temperature threshold. 

Currently, limited literature is available on whole building simulations of thermochromic coatings 

(see Table 3). Gray, (2015) conducted research into the optimal transition temperatures of 

thermochromic coatings and whether the application of thermochromic coatings on roofs would 

lead to a reduction in the annual energy consumption of low-rise commercial buildings in the US. 

The research concluded that less than 1% energy saving was found compared to a static low 

solar absorptance coating. Transition temperatures influenced the energy-saving potential of TC 

coatings. Furthermore, hot climates showed less potential for thermochromic coating application. 

Gray, 2015 also suggested that surface temperature was not the most optimum control strategy 

for the coatings. Additionally, the research identified seamless adhesion, transition temperatures, 

non-uniformity and control strategies as some of the challenges related to the use of TC coatings 

in buildings. Recently thermochromic coatings have utilized on roofs as an adaptive measure for 

mitigating urban heat islands. (Garshasbi et al., 2019), (Fabiani et al., 2019). Researchers tested 

the concept of using thermochromic coatings to reduce roof surface temperature in summers 

while allowing solar heat gains in winters. Additionally, various transition temperatures were 

investigated to identify the optimum value. The research concluded that a thermochromic coating 

with a low solar absorptance of 0.45 and high solar absorptance of 0.85, has a potential heating 

energy savings of 5.8% when compared to common static low solar absorptance coating (0.45). 

Due to imperfect transition between solar absorptance states, thermochromic coatings have a 

1.25% higher cooling energy demand, but the overall energy consumption of the building is 

reduced. The research found that the transition temperature 30ºC resulted in the lowest total 
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energy consumption, although the benefits of thermochromic coatings decrease with additional 

roof insulation, external benefits to urban heat mitigation remain the same.    

Table 3. Overview of simulation studies carried out to assess the energy-saving potential of switching solar absorptance 

coatings 

Source Simulation Description   Location Total Energy Savings  

Gray (2015)  

Whole-building simulations of a range 

of commercial buildings with the 

application of thermochromic coating 

(low 0.45, high 0.7, 11 C transition 

range)   

The 

south-

eastern 

US 

Less than 1% energy 

savings when compared 

with static low solar 

absorptance coatings 

Park and Krarti 

(2016) 

Whole-building simulations of applying 

dynamic solar absorptance coatings 

with seasonal control to roof and walls 

of an office building (low solar 

abs=0.45 during the heating period, 

high solar abs=0.7 during cooling 

periods)   

Chicago, 

Golden, 

Phoenix, 

Tampa 

Up to 11% total heating and 

cooling savings compared to 

the static low solar 

absorptance coatings 
when seasonal switching 

solar absorptance coating is 

applied to roof and walls 

Testa and Krarti  

(2017) 

Whole-building simulations to 

determine the energy savings from 

applying dynamic solar absorptance 

coating with seasonal control to the 

roof of a residential and office building 

and studied its dependency on 

insulation levels, thermal mass, solar 

absorptance, and climate  

7 US 

Cities  

Savings in residential 

building ranged from 0.9%-

4.9% Savings in commercial 

building ranged from 0.1%-

3.9% 

Fabiani, Pisello, 

Bou-Zeid, Yang 

& Cotana 

(2019) 

Studied the potential of applying 

thermochromic coatings on the roof of 

the residential building as a measure 

to mitigate urban heat islands. The 

transition temperature is optimized  

- 

6.6% reduction in cooling 

energy and 0.07% increase 

in heating energy compared 

to the dark roof (solar 

abs=0.85) 

 

1.4.2.4 Concluding remarks  

¶ Low static solar absorptance coatings have the potential of reducing cooling energy, 

however, these coatings incur heating penalties during heating periods. 

¶ The application of static low solar absorptance coatings in regions with longer heating 

periods result in higher heating losses than cooling energy saving. 

¶ Heating penalties can be avoided with the application of seasonal controlled switching 

solar absorptance coatings. 

¶ A coating with the capability of switching on an hourly basis based on surface temperature 

would lead to an increase in energy savings.  

¶ The overall energy savings achieved by the application of thermochromic coatings is 

dependent on the climate, insulation level of the building, low and high solar absorptance 

value, transition temperature and transition period.  
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Chapter 2  

Modeling and simulation strategy  

2.1 Description of b uildin g types  

Previous research suggest that building types and climates influence the energy-saving potential 

of solar control coatings (Testa and Krarti, 2017). Therefore, three distinct building types are 

explored in this research: a terraced house/ row dwelling, office block, and retail store. These 

buildings are simulated in three climates: Netherlands, Spain, and Italy. The terraced house model 

is based on Dutch construction standards, the office building is a lightweight, highly insulated 

construction based on IEA reference office building and flexible structures. The retail store is 

based on the U.S. Dept of Energy commercial reference buildings. Since the R&D this research 

is attempting to facilitate is aimed at the Dutch market, the terraced house in the Netherlands is 

selected as the reference dwelling for a comprehensive study. The abundance of terraced houses 

in the Netherlands can provide a good indication of the potential impact of applying various solar 

control coatings in the Dutch residential sector. Due to the difference in age and construction of 

the Dutch housing stock, a large variance between the energy consumption of similar housing 

types can be observed. To ensure the research covers this divergence, three dwellings of energy 

label A (post-2000 constructions), D (1970-1980 constructions) and G (pre-1945 construction) 

have been studied. This is expressed in the form of energy labels A, D, and G, with label A dwelling 

having the lowest energy consumption while label G has much higher energy consumption. Based 

on this, the typical thermal transmittance values (U-Values) for these building types according to 

climates and energy labels are extracted from literature and described in Table 4 (Majcen D., 

2016) (Inspire Project, European Union, 2014) (Custers, 2013). 

Table 4. Thermal Characteristics of Various Building Types for (Netherlands, Italy, Spain)  

 Terrace d House 
Office  Retail Store   Label A  Label D Label G  

U Value, Exterior 

Wall (W/m 2. k) 
(0.2, 0.9, 0.8) (0.6, 1.6, 1.9) (2.3, 1.8, 2.2) (0.4, 1.6, 0.9) (0.9, 2.4, 2.4) 

U Value, Exterior 

Roof (W/m2. k) 
(0.4, 0.9, 0.5) (1.3, 1.7, 1.4) (1.7, 2.2, 1.8) (0.4, 1.4, 0.8) (0.8, 4.2, 4.2) 

U Value, Exterior 

Floor (W/m 2. k) 
(0.4, 1.3, 0.7) (1.3, 1.6, 2.5) (1.7, 1.9, 2.5) (0.4, 1.4, 0.8) (0.4, 0.4, 0.4) 

U Value, Exterior 

Window (W/m 2. k) 
(1.8, 4, 3.1) (5.2, 4.6, 5.7) (5.2, 5.4, 5.7) (1.5, 1.5, 1.5) (5.8, 5.8, 5.8) 

 

The detail description of these building is provided in Table 5 (ISSO-publicatie, 2010) (D®Antoni, 

Bonato, Geisler-Moroder, Loonen & Ochs, 2017) (Deru, M., et.al 2010). To keep the consistency 

between various energy label buildings, the different U-values for the building elements (roof, 

floor, and walls) have been simulated in the models by manipulating the thicknesses of the 

insulation, air cavity and screed. A detail description has been provided in Table 6.   
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Table 5. Model Description of Terraced house, Office Block, Retails Store 

 Terraced House  Office  Retail Store  

Building Shape  

 

Total Floor / 

Painted Area (m2)  

140 / 129 27 / 5.4 2294 / 3388 

Window to Wall 

Ratio  

26.6% 60.0% 7.1% 

Floors 2 1 1 

Zones 5 1 5 

Envelope  

   

Exterior Walls Brick/ Air/ Insulation/ 

Brick/ Plaster 

Aluminum/ Insulation/ Plaster Stucco/ Concrete/ Insulation/ Plaster 

Roof  Bitumen/ Insulation/ 

Concrete 

Concrete/ Insulation/ Screed/ 

Carpet 

Roof Membrane/ Insulation/ Metal 

Decking 

Floor Carpet/ Screed/ 

Concrete/ Insulation 

Carpet/ Screed/ Insulation/ 

Concrete 

Concrete/ Insulation 

Adiabatic Features Load bearing 

sidewalls  

Roof, Floor, Side, and back walls N/A 

Infiltration (ACH) 0.2 0.15 0.27 

Ventilation (L/s.m2) 0.5 0.83 1.37 

HVAC Ideal Load Air 

Supply  

Ideal Load Air Supply, (heat 

recovery unit with a   

 

Heating  
 

sensible efficiency of 70%) Packaged Air Conditioner 

Cooling  
  

Gas Furnace  

Set Points LivingR 21ºC ² 24ºC 

BedR 20ºC ² 24ºC 

21ºC ² 24ºC 21ºC ² 24ºC 

During working hours  

Internal Gains  

   

People (W/person)  85 70 120 

Lights (W/m2) 15 10.9 16.6 

Equipment (Wm2) 7.45 7 5.2 

Shading  N/A 70% shading when the beam 

direct solar radiation incident on 

the external façade>120 W/m2 

N/A 

Table 6. Building Envelope Elements thicknesses for Various Building Types (Netherlands, Italy, Spain) 

  
Terrace d House 

Office  Retail Store  

 
 Label A  Label D Label G  

Wall  
Insulation (mm)  (130, 15, 20) (30, 0, 5) (0, 0, 0) (82, 12, 30) (36.5, 0, 0) 

Air Cavity (mm)  (50, 50, 50) (50, 50, 0) (0, 30, 0) (-, -, -) (-, -, -) 

Roof  Insulation (mm)  (60, 20, 43) (10, 5, 5) (0, 0, 0) (81.5, 5, 25) (124, 124, 124) 

Floor  
Insulation (mm)  (25, 0, 0) (0, 0, 0) (0, 0, 0) (81.5, 5, 25) (30, 0, 0) 

Screed (mm)  (80, 28, 60) (15, 17, 0) (0, 10, 0) (-, -, -) (-, -, -) 
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2.2 Climate  description   

For this research three different European climates have been considered: Amsterdam, the 

Netherlands (Oceanic/Maritime); Milan, Italy (Mediterranean); Seville, Spain (Southern Dry). The 

diversity in these climates impacts the heating and cooling demand of the buildings, the aim is to 

investigate how this influences the energy-saving potential of various static and switching solar 

absorptance coatings. The weather data is based on international weather for energy calculations 

(IWEC) files which are derived from 18 years of hourly weather measurement recorded by the 

national climatic data center (ASHRAE IWEC Weather Files).  

2.3 EnergyPlus and MATLAB coupling    

Building performance simulation (BPS) is the development of a virtual model of a building to 

assess how the building would performance in the real world over a certain period. Typically, BPS 

is used for analysis building performance post-development and code compliance (Bernal, 

Haymaker, and Eastman 2015). However, BPS has the potential to be used as a virtual laboratory 

to aid research and development of innovative building envelope systems where experimentation 

and exploration are essential (Loonen et al., 2019). BPS software tools tend to lag state-of-the-

art, thus making their utilization in the R&D process difficult (Loonen et al., 2017). In this research, 

the external solar absorptance property of the building envelop must vary on an hourly basis 

during simulation runtime, which is restricted by most simulation software tools. To overcome this 

barrier BPS software tool, EnergyPlus has been selected due to its Energy Management System 

(EMS) feature which allows users to write custom programs to alter or override conventional 

simulation behavior. EnergyPlus is an opensource whole building simulation program that is 

developed by the U.S. Department of Energy®s (DOE) Building Technologies Office (BTO). Energy 

Management System (EMS) is employed to model switching solar absorptance within EnergyPlus. 

The program takes as input Outside Surface Temperature of a building envelope element (Roof 

or Façade) and based on whether that temperature is higher or lower than a set threshold value, 

EMS changes the construction of that element. As the simulation begins, the transition 

temperature is checked at every timestep. Once the local surface temperature reaches the set 

transition temperature, a counter is started. For every timestep, the local surface temperature is 

higher than the transition temperature the counter is incremented. This counter represents the 

transition period. Once the counter reaches a set value, the construction with a low solar 

absorptance is picked or vice versa. This process is repeated throughout the simulation every 

time the local surface temperature exceeds or falls below the set transition temperature. 

EnergyPlus has been combined with MATLAB for advanced computation and visualization of 

results. Firstly, MATLAB is used to carry-out multiple simulations with EnergyPlus simulation 

engine using varying initial parameters (transition temperature, period, etc.). Secondly, the results 

of these simulations are used to compute sensible heat balances on multiple temporal and 

building level and these results are visualized to understand trends and behaviors, within and 

across simulations.  
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Figure 4. Overview of the Simulation Logic 

2.4 Performance indicators  

The performance of the coatings is evaluated in terms of energy savings. Thermochromic 

coatings have the potential of reducing both heating and cooling demands, therefore, to monitor 

this phenomenon, ideal sensible heat added (heating demand) and subtracted (cooling demand) 

from the building space on an annual basis to maintain set temperature points are selected as 

prime performance indicators. Figure 5, is a comparison between thermal comfort (represented 

in hours of discomfort in summer season) and cooling demand, these parameters cannot be 

related but essentially represent similar growth trends with increasing solar absorptance. Thermal 

comfort standards vary with regions and preferences while cooling demand is a predominate in 

the Spanish and Italian climate, therefore moving forward, cooling demand is preferred over 

thermal comfort.        

 

Figure 5. A comparison between the % increase in thermal comfort and cooling demand vs solar absorptance values 

for various facade insulation thickness and tabled reference values (terraced house, Netherlands)  
































































