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RESUMO 

As soluções de envolvente de edifícios responsivas têm carácter dinâmico e respondem às condições 

interiores ou exteriores, ou a preferências dos ocupantes do edifício. Estas soluções são 

implementadas com o objetivo de melhorar o conforto ambiental interior do edifício e de poupar energia. 

No âmbito do presente trabalho as principais soluções que integram esta definição são fachadas de 

dupla pele, aberturas de ventilação, elementos de sombreamento, fachadas cinéticas, materiais 

inteligentes e fachadas e coberturas verdes. 

O presente trabalho apresenta as diferenças entre terminologias que têm surgido neste tema nos 

últimos anos e propõe um sistema de classificação para soluções responsivas aplicadas em edifícios. 

De seguida é realizado um levantamento de 425 casos de estudo de edifícios com soluções 

responsivas e é construída uma plataforma com o objetivo de contribuir para a partilha de conhecimento 

entre profissionais da área. Para a elaboração desta plataforma é explorado o potencial das Google 

Fusion Tables como ferramenta de construção e partilha da mesma. Finalmente, na consequência da 

construção da plataforma e da análise dos casos de estudo relativos a edifícios com soluções 

responsivas na sua envolvente, o presente trabalho apresenta uma visão global da integração de 

soluções responsivas em edifícios. 

Palavras-chave: soluções responsivas, envolventes de edifícios, conforto ambiental em edifícios, 

elementos adaptativos, base de dados, Google Fusion Tables 
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ABSTRACT 

Responsive solutions applied in building envelopes are dynamic in character, imply response to indoor 

and/or outdoor conditions and/or user preferences, and are implemented with the main goal of improving 

indoor comfort in buildings and save energy. In the scope of this work the main solutions that integrate 

this definition are double-skin façades, ventilation openings, shading systems, kinetic envelopes, smart 

materials and green systems.  

This work clarifies the differences between terminology that appear in this context and proposes a 

classification system for responsive solutions applied in buildings. After collecting 425 case studies of 

buildings with responsive solutions, a platform was built in order to allow information regarding 

responsive solutions applied in building envelopes to be systematized and available and to contribute 

to the dissemination of knowledge between professionals of the field. Google Fusion Tables potential 

as a tool for building this platform and enabling it to be shared online was also explored. Finally, as a 

consequence of building the platform and inserting case studies of buildings with responsive solutions, 

the present work also presents an overview of the integration of responsive solutions in building 

envelopes. 

 

Keywords: responsive envelope solutions, responsive building skins, indoor comfort in buildings, 

adaptive façades, database, Google Fusion Tables. 
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Chapter 1:  Introduction 

The main goal of this thesis is to organize and share knowledge on responsive building envelope 

solutions (RBES). This chapter explains the motivation for the thesis, its context and goals, and finally 

the structure of the document.    

1.1: Motivation and context 

Around 97% of scientists that study climate change agree that global warming is very likely being caused 

by human activities (Cook et al., 2016). The majority of the main scientific organizations in the world has 

supported this position, by issuing public statements (NASA, 2017). Since the pre-industrial age, the 

concentration of greenhouse gas emissions, such as CO2, in the atmosphere has been increasing. This 

has contributed to a global rise in the average temperature of the atmosphere, known as global warming. 

Maintaining the emissions at an equal or superior level to the current will result in higher average 

temperatures of the atmosphere and the oceans, increasing the probability of severe and irreversible 

impacts to the ecosystems and future generations (IPCC, 2014). 

Climate change is a global challenge. Therefore, the solutions demand international cooperation. 

Although such collaboration is in itself a challenge from a political and economic stand point, there have 

been some international agreements on this domain. The first major result came from the United Nations 

Framework Convention on Climate Change, in 1992, that led to the Kyoto Protocol, in 1997 (Bulkeley & 

Newell, 2015). Most recently, the Paris Agreement was established, in 2015. Both protocols institute 

goals of reduction of Greenhouse Gas (GHG) emissions, in particular carbon dioxide. The first one 

defines such goals until 2020 and the second one after 2020.  

The Directive 2010/31/EU, concerning energy performance of buildings, was published in the Official 

Journal of the European Union. In it, European Union (EU) defines as goals the reduction of energy 

consumption by 20% and to obtain 20% of energy from renewable sources, until 2020 (UE, 2010). The 

Commission adopted, in 2011, a roadmap to transition to a competitive low carbon economy in 2050 

(EC, 2011) which identifies the need to give more importance to energy efficiency. Until 2050 the 

European union intends to reach a reduction of GHG emissions with greenhouse effect of 80-95% in 

comparison to the 1990 levels (EU, 2012). More recently, the European Council imposed the target of 

reducing GHG emissions by at least a 40 % by 2030 compared to 1990 levels in the directive 

2018/841/EU. This directive also reinforces the need to ensure adequate comfort levels of the 

occupants, which illustrates the relevance of responsive building envelope solutions (EU, 2018). 

The achievement of these objectives is expected to enable the EU to comply with the Kyoto Protocol 

from the UN Framework Convention on Climate Change and to honor its commitment in particular of 

maintaining the rise of global temperature below 2 ºC. The reduction in energy consumption and the 

increase of energy produced from renewable sources are important measures also regarding reducing 

energy dependency and the consequent security of energy supply and also in terms of encouraging 

technological advances and the creation of jobs (UE, 2010). 
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The energy consumed in the building sector, divided by users of both residential and commercial 

buildings, makes up one fifth of the total energy consumed worldwide (EIA, 2016). Buildings represent 

about 40% of total energy consumption in the European Union (EU, 2012). Energy consumption for 

space heating and cooling makes up 60% of the total energy consumed in buildings (Omrany et al., 

2016). 

Statistics also show that, in Europe, people spend an average of 90% of their time inside buildings. This 

has created the need to ensure the well-being of people as occupants of these buildings (EC, 2003). 

For these reasons, the construction sector is faced with meeting targets related to energy savings and, 

at the same time, responding to the growing need to develop spaces that are as healthy, productive and 

enjoyable as possible while maintaining economic viability (Loonen et al., 2013). 

In technologically advanced societies, the reduction of consumption levels should not, however, result 

in a reduction in comfort levels and a consequent reduction in quality of life levels. When designing a 

building it is necessary to find a balance, between accompanying the modernization of urban 

architecture and indoor comfort, and making buildings consume less resources and avoiding harmful 

emissions (Gomes, 2010). 

As explained, building design faces increasingly ambitious environmental, social and economic 

objectives. Since the building envelopes are positioned in the interface between the building’s interior 

and exterior spaces, their impact in the energy balance of the building is dominant and so they play a 

crucial role in making a transition to sustainable buildings (Loonen, et al., 2015). Inside this scope, the 

present work focuses on responsive solutions applied in building envelope, which intend to provide 

adequate response to changes in internal and external environment by providing heat exchange, 

ventilation, daylighting, solar shading or humidity control (Aelenei et al., 2016). The research on these 

solutions and its application can offer radical improvements in sustainability and thus represent a 

considerable contribution to achieve UE 2020 and 2050 goals (Loonen, et al., 2015). 

Research concerning RBES, as well as the practical application of responsive envelope materials, 

components and systems is increasing. There is a critical mass of knowledge, experience, competence 

and resources regarding responsive envelopes. However, the research covers multidisciplinary topics 

and the wide range of innovative solutions are spread across several R&D centers (Loonen, et al., 

2015). In order to be easily accessed, interpreted and used, this knowledge should be systematized and 

available in the same platform. The present work intends to contribute to the dissemination of information 

regarding responsive building envelope solutions by implementing a database of these solutions with 

Google Fusion Tables. 

It should be mentioned that the case studies that served as a starting point to implement the database 

were approximately 120 buildings with double-skin façades present in the PhD thesis of Gomes (2010), 

Thermal Behaviour of Double-Skin Façades: Numerical modelling and experimental analysis, written in 

the scope of the IEA EBC ANNEX 44: Integrating Environmentally Responsive Elements in Buildings, 

which defines a responsive building element (RBE) as a building component which assists in 
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maintaining an appropriate balance between energy use, health and comfort, by reacting in a controlled 

and holistic manner to changes in external or internal conditions and to occupant intervention 

(Heiselberg, 2011). 

1.2: Goals 

The main goal of this thesis is to organize, share and disseminate technological knowledge on 

responsive building envelope solutions on a European and even global level, developing an online 

database to be maintained and used by professionals from the sector. Hopefully this will contribute to 

knowledge sharing among research centers and to transferring knowledge to industry. This kind of 

sharing is expected to lead to the development of new responsive solutions and new combinations of 

existing ones, as well as the development of new knowledge such as effective design methods and 

evaluation tools for these envelopes. Furthermore, it may help architects and designers discover existing 

solutions and inspire them to create new and better ones.  

In order to accomplish these goals, this work intends to propose a classification of responsive building 

envelope solutions and to create a database of built examples with these type of solutions. The work 

was developed in the following stages: 

• Clarify the terminology used in the literature, defining what “responsive”, “adaptive”, “dynamic”, 

“active”, “smart”, “intelligent” and other terms mean and how they differ or relate. 

• Understand what defines each type of responsive material, element or building as a whole. 

Identify behavior, what parameters influence it (e.g.: temperature, radiation, human factors, 

etc.), goal, type of control, subtypes of it, location in the building, and others. 

• After identifying similarities and differences between several existent classification approaches, 

a classification of responsive elements in envelopes is proposed. This new classification must 

be easily understood, comprehensive and able to encompass future developments in the field. 

• Implement this classification in a database that will be available to public use. Gather a great 

amount of case studies in the database, in order to draw some conclusions about the current 

reality (how many were found, which solutions are more common, are they designed to manage 

temperature, lighting or other parameters, is there information regarding their efficacy and 

efficiency, etc.) of these type of responsive solutions in building envelopes. 

1.3: Structure 

This dissertation is divided in six chapters. 

Chapter 1 is the introductory chapter. It presents a framework of the theme and explains the motivation 

for this work. It also contains the main goals and structure of the work.  

Chapter 2 contains the state of the art in terms of responsive building envelope solutions. It clarifies 

concepts that are often used by different authors related to this field. A comparison between these 

concepts is presented.  
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Chapter 3 corresponds to the presentation of basic database concepts and aspects of the chosen 

application technology that are important to understand what was done in the present dissertation.  

Chapter 4 explains the actual implementation of the responsive building envelope solutions 

classification. 

Chapter 5 presents the results obtained from the analysis of the data collected and inserted in the 

database as well as results regarding the potential of Google Fusion Tables as a tool to develop the 

database.  

Chapter 6 draws conclusions from the results obtained in chapter 5 as well as the work as a whole. It 

also proposes future developments to the work started in this dissertation.  



 

Chapter 2: Responsive solutions in buildings  

This chapter presents the research regarding the different terminologies for responsive building 

envelope solutions, such as “Adaptive façades”, “Kinetic envelopes”, “Intelligent skins” among others. It 

also presents a characterisation of the main solutions that are included in this scope: double-skin 

façades, ventilation openings, shading systems, kinetic envelopes, smart materials and green systems.  

All of the solutions have in common three key characteristics that most authors agree on and that 

constitute a definition of RBES: 

• They are designed and implemented with the goal to improve comfort and save energy. 

• Their operation implies response to indoor and/or outdoor conditions and/or user preferences. 

• Their character is dynamic in some way, either on a macro or micro level.  

Several authors have proposed different terminology for solutions applied in building envelopes that can 

be considered responsive (also named adaptive, intelligent, smart, or dynamic) (Attia et al., 2015). For 

each of the most commonly used terms found in literature, a summary of the main definitions given by 

different authors will be presented in this chapter.  

2.1: Terminology 

The terms envelope, façade, shell and skin are commonly used interchangeably referring to the physical 

separator between the interior and exterior environment of the building. This comprises the building’s 

exterior walls and roofs. Sometimes the term wall is also used as a synonym of envelope. Because of this, 

any solutions that might be considered responsive by some authors but aren’t applicable on the exterior 

walls or roof of a building fall out of the scope of this thesis. Throughout this work the term envelope will 

be used. 

The majority of conventional building envelopes are projected with a central focus on structural aspects 

and static performance. This is frequently achieved by making the indoor environment practically 

insensitive to the outdoor environment. Despite the fact that the local climatic parameters are variable, 

conventional envelopes are largely static (Lopez, 2016). The inconvenient consequence is that, in order 

to meet comfort needs, considerable mechanical and electrical systems must be installed to provide 

heating, cooling, ventilation, air conditioning (HVAC) and artificial lighting (Loonen et al., 2013). 

Responsive envelope adoption is suggested as a promising alternative towards achieving higher 

sustainability levels in the built environment (Loonen et al., 2013). The performance of such buildings 

is, in large scale, determined by the local climate conditions, such as solar radiation and air temperature, 

and by the interactions with the occupants and with other building systems (Loonen et al., 2016). 

The elements of this type of buildings are designed to provide the necessary flexibility in terms of energy 

flow and thermal comfort. Since they have the ability to change their behaviour in real time, they result 

in improvements in the energy efficiency and economy of a building. Its adoption also offers 

opportunities for significant reductions in CO2 emissions simultaneously with the preservation of thermal 

and visual comfort of occupants (Aelenei et al., 2016). 
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Applied to building envelopes, the term responsive is frequently associated, or used indifferently, in 

literature, with a long list of similar terms. The most used similar terms are dynamic, adaptive, interactive, 

kinetic, intelligent, smart, and active. Other terms also used include advanced, flexible, controllable, 

adjustable, versatile, mobile, reactive, sensitive and variable (Aelenei et al., 2016). Some authors have 

tried to clarify the similarities and differences between these terms, such as Fiorito et al. (2016) and Velikov 

& Thun (2013), but an agreement on this has not yet been achieved. 

• Dynamic 

According to Bakker et al. (2014) dynamic facade components can be adjusted in response to prevailing 

or anticipated weather conditions and comfort preferences. Authors such as Favoino & Overend (2015) 

and Borg et al. (2016) use the term dynamic interchangeably with the terms responsive and adaptive.  

• Adaptive 

Some authors, such as Schleicher et al. (2011)  and Borg et al. (2016), give a broad definition of what 

is an adaptive bulding envelope. For them an adaptive envelope is one that has the capacity to respond 

to variations in the exterior environmental conditions. 

However, most authors specify that an adaptive envelope is one that responds, not only to changing 

climate conditions, but also to indoor environmental conditions, in order to meet the user’s needs 

(Schnädelbach, 2010; Aa et al., 2011; Pesenti et al., 2015; López et al., 2016; Orhon, 2016; Loonen et 

al., 2010; Loonen et al., 2013; Loonen et al., 2015; Loonen et al., 2016). According to Schnädelbach 

(2010) this adaptation can happen either automatically or through human intervention. However, most 

authors, when speaking of adaptive solutions, seem to emphasize those that are automatically 

controlled, naming few or no examples of manually controlled solutions, although most consider 

desirable that the ability to override the systems is given to the users (Harry, 2016; Bakker et al., 2014; 

Loonen, 2010).  

Ogwezi et al. (2011) states that adaptable facades are able to respond to changes in internal and 

external conditions in both static and dynamic ways.  

One of the most frequently adopted definitions in literature is the one by Loonen et al. (2013) which 

states that climate adaptive building shells (CABS) have the “ability to repeatedly and reversibly change 

its functions, features or behaviour over time in response to changing performance requirements and 

variable boundary conditions, with the aim of improving overall building performance in terms of primary 

energy consumption while maintaining acceptable thermal and visual comfort conditions.” Several 

authors have adopted this definition of CABS, such as Aelenei et al. (2016), Favoino et al. (2015), Attia 

et al. (2015), Marysse (2016) and Omrany et al. (2016).  

According to Aelenei et al. (2016) adaptive building envelopes can change their behaviour in real time 

according to indoor-outdoor parameters, by means of materials, components and systems.  

Luible (2014) in a memorandum of understanding for COST Action TU1403 also adopts a similar 

definition which states that adaptive facades are “multi-parameter high-performance envelopes that, 
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opposite to static envelopes, react mechanically or chemically to external climate dynamically to meet 

internal loads and occupant needs.” 

While the previously presented definitions include systems that react on a micro level, such as 

envelopes with integrated smart materials, others authors such as Schleicher et al. (2011) limit what 

constitutes an adaptive envelope to one with structures that move, such as blinds or louvers.  

Authors such as Forooraghi & Xu (2015) refer to these envelopes as building systems that use the 

beneficial outdoor environmental conditions, such as natural lighting, to create comfortable indoor 

spaces. Most authors agree that one of the main goals of these envelopes is to provide an improved 

quality of indoor environment that is comfortable for its occupants. They are most frequently designed 

to provide visual and thermal comfort, but can also be conceived with the goal of improving other aspects 

of the indoor environmental quality, such as indoor air quality, by decreasing the levels of CO2 in the air 

(López et al., 2016). 

Authors often also specify that an adaptive facade aims to minimize the total energy consumption of the 

indoor space, which includes energy used for heating, cooling, ventilation and lighting (Favoino et al., 

2014; López et al., 2016; Loonen et al., 2013). 

Adjustable and adaptable are generally understood as identical to adaptive, although a distinction is 

made by  Hasselaar (2006). According to the author adaptive means the ability to adjust to changing 

circumstances by itself. Adjustable, similar to adaptable, means the ability to adjust by external 

interference, such as by human hand.  

• Interactive 

The term interactive is applied by authors in different ways. 

According to authors such as Selkowitz et al. (2003) and Skelly & Wilkinson (2001) an interactive 

envelope responds to the changing outdoor conditions and internal performance needs. It should exploit 

available natural resources for lighting, heating and ventilation in order to provide energy savings and 

at the same time maintain optimal indoor visual and thermal comfort conditions.  

For Aschehoug et al. (2005) the term interactive implies reactions to external situation and user 

demands. Velikov & Thun (2013) states that an interactive system fundamentally requires human input 

to initiate response, giving more emphasis to interaction with the user than with the environment.  

Generally, the term is associated with robotic systems that have kinetic capability, sensors and automated 

building management systems. These sensors are often positioned to, not only monitor interior climate, 

but also to track and record information on inhabitant actions under changing scenarios. This information 

is then used on computer algorithms that learn over time and anticipate inhabitant preferences. For this 

reason, the term is often used interchangeably with the term intelligent (Velikov & Thun, 2013; Cole & 

Brown, 2009; Wigginton & Harris, 2002; Pan & Jeng, 2010). 

According to Youssef (2016) the purpose of an interactive skin is not limited to practical applications 

such as energy saving, sustainability or comfort of the user. A building envelope that creates an 
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interactive experience just for aesthetic purposes can also be considered an interactive skin. Media 

façades are an example of this type of envelope. 

• Kinetic 

Wang et al. (2012) define acclimated kinetic envelopes (AKE) as capable of responding to a variable 

climatic environment by means of visible physical behaviours of building envelope components. In this 

definition the kinetic behaviours are related to visible changing processes rather than to inner changes 

of material properties, like for example phase change materials. Loonen et al. (2013) is in agreement 

with this definition since he describes kinetic envelopes as adaptive shells with macro-level adaptation, 

associated with various kinds of motion. Addington & Schodek (2005) also distances smart materials 

from the term kinetic. 

Although there is a general agreement that kinetic envelopes are related to changes in the physical 

structure of building envelopes, some, such as  Sharaidin (2014), do consider that the term can include 

building envelopes that change at the level of their material properties.  

According to Ramzy & Fayed (2011) the use of robotics, mechanics and electronics is essential to the 

concept of kinetic architecture. Kinetic systems are frequently associated with the use of remote 

computerized systems that automatically control the motion of the kinetic building elements. 

According to Sharaidin (2014) applications of kinetic envelopes serve not only to respond to changing 

environmental conditions but might also enhance the aesthetic qualities of the building. On the contrary, 

Wang (2014) excludes the inclusion of kinetic components that only serve an aesthetic function. 

• Intelligent 

Wigginton & Harris (2002) define an intelligent envelope as a “composition of construction elements 

confined to the outer, weather-protecting zone of a building, which perform functions that can be, 

individually or cumulatively, adjusted to respond predictably to environmental variations”. In such 

envelope, the elements change their configuration, in order to maintain comfort with the least use of 

energy. The envelope is part of a building system, connecting to other parts of the building outside of the 

enveloping zone, such as sensors and actuators linked together by command wires, all controlled by a 

central building management system. 

According to Skelly & Wilkinson (2001) an intelligent envelope uses its components to reduce the peak 

energy demand of the building services. It achieves this by adjusting the visual and thermal 

characteristics of the envelope in response to a series of environmental variations. The building skin 

adapts to and learns from its surroundings in order to optimize its performance. However, despite the 

many predictions about the future form of intelligent envelopes and the new solutions currently in 

development, in practice, they often comprise a set of relatively simple automated components, such 

as automated blinds, responding to a few standard environmental variables. They use the term 

interactive indifferently. 

According to Thobaiti (2014) an intelligent building skin features responsive dynamic capabilities, which 

allow for changes in the envelope’s configuration based on daily and seasonal stimuli, and considering 
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the surrounding environmental context in order to reduce the energy consumption and increase the 

building efficiency. 

Aschehoug et al. (2005) and Hasselaar (2006) consider that intelligent facades imply automated 

computer-based controls. According to them an intelligent envelope system must be not only dynamic, 

i.e. able to change its main functional parameters according to the dynamic demands of the changing 

situations, but also able to learn from earlier experience and use this knowledge to cope with new 

situations. 

According to Velikov & Thun (2013) the term intelligent implies a higher order of organization and 

performance than the term smart. The goal of an intelligent building skin is to optimize the building’s 

systems that affect climate, energy balance and human comfort, normally based on predictive models. 

This is often accomplished through building automation and physically adaptive elements such as 

louvers, sunshades and operable vents. Intelligent buildings collect data about environmental 

conditions, outside and inside, through sensing apparatus. These apparatuses communicate with 

building control systems that decide how to respond in order to provide a comfortable environment for 

occupants. 

• Smart 

Authors such as Aschehoug et al. (2005) understand smart facades as identical to intelligent. 

However, for authors such as Velikov & Thun (2013), Hasselaar (2006) and Addington & Schodek 

(2005), they have different meanings. The term smart is used, in general, in reference to materials and 

surfaces. Smart materials have embedded technological functions which involve specific environmental 

responses, operating either through internal physical property changes or through external energy 

exchanges. The biggest difference between the terms smart and intelligent is that, in the first one, 

functionality results from intrinsic material properties, whereas in the latter performance is primarily 

controlled through computation and automation of electronic elements. The term smart is not commonly 

associated with components or envelopes as a whole. The operation of smart skins is typically binary 

and more limited in control, while intelligent envelopes typically require external power to achieve their 

goals (Velikov & Thun, 2013). 

• Active 

According to Aschehoug et al. (2005) active envelopes are simply dynamic in character. For Loonen et 

al. (2013) active systems do not always intend to influence the indoor climate. An example of active 

envelopes not considered adaptive by the author are media façades.  

The term active is sometimes used interchangeably with the previous terms.  Marysse (2016) for example 

refers to smart materials as active materials. However, some of these solutions, in particular smart 

materials, are actually best defined as passive.  

Orhon (2016) clarifies this by distinguishing two types of responsiveness for adaptive shells. Active 

responsiveness, by the system, and passive responsiveness, by the material mechanism. Active 

responsiveness is typically conceived as a technical function enabled by sensing, actuating and 
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regulating devices. Mechanical and electronic equipment is employed to receive, process and translate 

a stimulus into a response. Adaptive shells with extrinsic control demonstrate active responsiveness by 

their nature. This includes not only automated systems responses but also responsiveness through 

human intervention. Passive responsiveness is achieved by embedding sensing, control and actuation 

within the material itself. Since the responsive capacity of the system is intrinsic to the material’s 

behaviour, it does not require any sensory system or motor function. Micro-level adaptive shells with 

intrinsic control demonstrate passive responsiveness by their nature. Loonen et al. (2013) stated that 

active and passive systems do not exclude each other and, on the contrary, can enhance each other. 

Loonen et al. (2015) calls active responsiveness extrinsic control and passive responsiveness intrinsic 

control in order to avoid confusion with other contexts where the terms passive and active are commonly 

used. In the last decades the design of low-energy buildings has been associated with active 

technologies and passive design strategies. The passive house approach consists of designing highly 

insulated, optimally oriented buildings, that require minimum energy to fulfil the needs of their users. 

The term active has connotations regarding integration of HVAC systems or technical devices for 

decentralized generation and supply of energy from renewables (Loonen et al., 2015).	

In the context of responsive solutions some authors such as Aelenei et al. (2016) include energy 

harvesting as one of the possible goals of responsive envelopes.  In fact, similarly to Aelenei et al. 

(2016), 22 out of the 48 bibliographic references presented in Annex A make reference to or include 

examples of renewable energy components such as building integrated photovoltaics (BIPV) and urban 

wind turbines. Of those, 3 references only consider kinetic BIPV solutions, for example sun-tracking PV 

panels, and 5 other include examples where the BIPV is integrated with another responsive solution, as 

for example shading elements with BIPV modules or BIPV double-skin façades.  

In the present work, static BIPV integrated in the envelope as well as kinetic BIPV examples that aren’t 

integrated with another responsive solution, and therefore do not serve a human comfort purpose 

simultaneously with an energy generation purpose, were not included in the database, although they 

can be considered to fall within the scope of this work. 

• Responsive 

As mentioned, the starting point for the development of this work was the PhD dissertation of Gomes, 

2010, written as a contribution for the work of IEA EBC ANNEX 44, which defines a responsive building 

element (RBE) as a building component which assists in maintaining an appropriate balance between 

energy use, health and comfort, by reacting in a controlled and holistic manner to changes in external 

or internal conditions and to occupant intervention (Heiselberg, 2011). 

Favoino & Overend (2015) defines responsive building envelope solutions as adapting to transient 

external and internal boundary conditions. 

Jacob Lam (2013) makes a distinction between responsive and adaptive architecture. According to him, 

while responsive architecture is defined by reacting exclusively to the environment, adaptive architecture 



 - 11 - 

also changes according to user’s decisions. However, the term responsive is commonly used by authors 

interchangeably with the term adaptive (Borg et al., 2016; Pesenti et al., 2015; Velikov & Thun, 2013). 

This means that responsive envelopes can be generally defined as capable of reacting to changing 

environmental conditions and user requirements  (Aa et al., 2011a; Looman, 2015; Aschehoug & Perino, 

2009; Pesenti et al., 2015). Authors such as Aschehoug et al. (2005) and Velikov & Thun (2013) 

understand them as identical to interactive. 

According to Velikov & Thun (2013) a responsive building skin also includes functionalities and 

performance characteristics similar to those of an intelligent or smart building skin. These include real-

time sensing, kinetic climate-adaptive elements, smart materials, automation and the ability for user 

override. Responsive building envelopes also use computational algorithms that allow the building 

system to self-adjust and learn over time.  

Authors such as Looman (2015)  and Sharaidin (2014), consider that responsive skins include both 

architectural elements that are able to change their form or location and materials that can change their 

physical characteristics. 

Responsive building elements are defined by Aschehoug & Perino (2009) as construction elements 

which are actively used for transfer and storage of heat, light, water and air. This ability to adjust could 

pertain to energy capture, as in window systems, energy transport, as air movement in cavities, and 

energy storage, as in building materials with high thermal storage capacity (Aschehoug et al., 2008). 

Responsive envelopes assist to maintain an appropriate balance between optimum interior conditions 

and energy performance (Aschehoug & Perino, 2009; Aa et al., 2011a). 

Others terms are used to refer to this type of solutions, including “movable”, “transformable”, 

“performable”, “convertible”, “variable”, “switchable”, “advanced”, “controllable”, “reactive”, “flexible”. 

However, they appear in literature less often and are not so intuitively clear in their meanings and which 

solutions they include or not. 

A selection of bibliographic references was assembled to verify which terms are used more often and 

which responsive solutions authors include in each of them. It is presented in Annex A, Table  a. Based 

on that selection, Table 1 was produced as a starting point to understand the differences between terms 

and which solutions best fit each of them. In the same reference it is common for an author to use 

several terms interchangeably, however, this table was produced according to the main term, which 

corresponds to the one used in the references’ titles. Table 1 displays how many references explicitly 

include a given solution. For example, 88% of references (i.e., 7) that use “responsive” as the main term 

(there were 8 references found for this term) include examples of double-skin façades or explicitly make 

reference to them, while only 33% of references (i.e., 2) that use “kinetic” include DSFs (from a total of 

6 references found).  
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Table 1 – Solutions mentioned by authors according to terminology of the publication title.  

(See Annex A, Table a) 

 

It was found that only the terms “responsive”, “adaptive” and “dynamic” are used by authors to refer to 

all of the commonly found types of solutions. From these, “adaptive” and “responsive” are the most 

commonly used. Throughout the present work, these solutions will be referred to as responsive building 

envelope solutions (RBES). This term seems to be the more comprehensive because it is considered 

that solutions such as permanently open naturally ventilated double-skin façades (DSF) do not 

necessarily adapt to the indoor or outdoor conditions, however there is in fact a response to the outdoor 

conditions, since the ventilation inside the cavity of the DSF happens according to the outdoor 

conditions, such as wind or temperature. 

2.2: Solutions 

This sub-chapter presents the main solutions that can be applied on building envelopes and that are 

considered responsive in this work, explaining their operation and how they can be characterized. It is 

not possible for the list to be exhaustive since a lot of solutions that might fall within the scope of this 

work are experimental or simply not widely used. 

2.2.1: Double-skin façades 

The double-skin façade is an architectural solution for building envelopes, especially for buildings in the 
tertiary sector. It has acquired great acceptance among the community of designers for its aesthetic 
dimension and its functional flexibility. Besides the designation “double-skin façade”, they are also called 
“multi-skin façade”, “active façade”, “climate facade”, “passive facade” or simply “ventilated façade” or 
“ventilated double facades” (Gomes, 2010). 

The double skin façades have at least two panes, generally glazed, forming a cavity filled with air, which 

can be vented. The double skin façade is formed by 4 main elements: 

• Exterior pane, in general fully glazed;  

• Interior pane, that may be fully glazed or not; 

Terminology/ 
Technologies

Double-Skin 
Façades

Openings Shading 
Systems

Kinetic 
Envelopes

Smart 
Materials

Green 
Systems

Other

Dynamic (3) 3 (100%) 2 (66%) 3 (100%) 1 (33%) 2 (66%) 1 (33%) 1 (33%)

Adaptive / 
Adaptable (23) 15 (65%) 9 (39%) 22 (96%) 8 (35%) 22 (96%) 5 (22%) 3 (13%)

Responsive (8) 7 (88%) 6 (75%) 8 (100%) 2 (25%) 7 (88%) 3 (38%) 2 (25%)

Interactive (4) 3 (75%) 3 (75%) 4 (100%) 0 3 (75%) 0 0

Kinetic (6) 2 (33%) 1 (17%) 6 (100%) 3 (50%) 3 (50%) 0 2 (33%)

Intelligent (4) 2 (50%) 3 (75%) 4 (100%) 1 (25%) 1 (25%) 0 0

Smart (1) 0 0 0 0 1 (100%) 0 0

Total 32 24 47 15 39 9 8
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• The air cavity formed by the two panes, whose width is variable; 

• The ventilation openings, that can be placed either in the inner pane or in the outer pane. 

The air cavity width might vary between 0.10m and 2.00 m. The width influences the physical behaviour 

of the façade, especially when it is naturally ventilated, but also its degree of accessibility, which is 

important for maintenance and cleaning purposes.  

The ventilation openings can be a part of an active system, in case they are automated or manually 
operated, or a passive system, in case they remain permanently open (Compagno, 2002). Although the 
automated control normally improves the envelope performance, the users should not be completely 
deprived of the possibility to intervene in its operation.  

The passage of air between the panes is a determinant characteristic of the dynamic character of these 

envelopes. This ventilation affects the thermal and acoustic performance of the building and can also 

promote the building’s ventilation. It is not correct to include in this concept a double or triple layered 

skin window or envelope that cannot be ventilated. However, the concept of double-skin façade does 

not imply a permanent ventilation of the air space. Actually, it is frequent for the ventilation flaps to be 

kept closed during limited periods of time, normally during the heating season, to decrease the building 

heating energy needs. 

Ventilation Type 

The ventilation in a DSF can occur through different processes (Gomes, 2010). 

- Natural 

Natural ventilation happens by thermal stack effect or by wind effect. Thermal effect is the air circulation 

phenomenon that happens between communicating environments at different temperatures. This is due 

to the fact that hot air is lighter than cold air, originating a difference in pressure. The wind action 

generates a pressure gradient in the openings’ areas.  

- Mechanical  

If the cavity ventilation has its origin in mechanical means, the ability to control it is bigger than if the 

origin is natural. These mechanical means can be isolated fans or be integrated in the HVAC system. 

- Hybrid 

A hybrid DSF works both with natural and mechanical ventilation, depending on the needs and 

conditions. Generally natural ventilation is given preference and mechanical ventilation is only used 

when the natural ventilation becomes insufficient to ensure the desired behaviour of the envelope. To 

alternate between the two types of ventilation a control system is used. This system works with an 

algorithm that usually defines limit temperatures of the air in the cavity depending on the temperature of 

the outside air.  

Ventilation Mode 

The ventilation mode of a double-skin façade is related with the trajectory of the air inside the cavity. 

This trajectory depends on the location of the openings (Gomes, 2010). 
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A DSF can present one or more of the following ventilation modes. 

 

 

Figure 1 – Ventilation mode of the envelope (air provenance and destiny) (Gomes, 2010) 

- Exhaust Air (EA) 

The air from the interior environment is extracted through the cavity to the exterior, therefore the 

ventilation of the façade is made indoors. 

- Supply Air (SA) 

The outside air is introduced, through the cavity, in the interior space or in the ventilation system of the 

building. This mode operates as a pre-heating of the interior ventilation air and is normally used in the 

mid-seasons (Spring and Fall) when the solar radiation is high but the temperature of the exterior air is 

still relatively low, and is usually associated with a mechanical ventilation of the air cavity.  

- Outdoor Air Curtain (OAC) 

The air coming from the exterior enters the cavity and returns to the exterior environment, not contacting 

with the interior air.  

- Indoor Air Curtain (IAC) 

The interior air is admitted inside the cavity and is returned to the interior environment, not contacting 

with the exterior environment. Normally this mode is used during the cold seasons because the air, 

when passing through the cavity, increases its temperature, heating the inside of the building when re-

entering it. 

- Buffer (Bf) 

The openings of the façade are closed, therefore there is no circulation of air between the interior and 

exterior environments. This mode is generally used during the cold seasons as a way of increasing the 

thermal isolation of the façade. 

Cavity Partition 

The cavities space can be physically divided in different ways, resulting in different configurations. In 
terms of partition, a DSF can be classified as box-window, shaft box, corridor and multi-storey (Gomes 
2010). 

EA SA OAC IAC Bf 



 - 15 - 

 

Figure 2 – Cavity partitions (Schiefer et al., 2005) 

- Box Window  

This type of DSF has horizontal and vertical partitions that divide it into independent ventilated windows. 

These modules have their height limited to a floor and they might be vertically divided according to each 

compartment of a window or each window element. This typology is especially indicated for building 

located in noisy areas or where it is desirable to avoid the transmissions of noise and smells between 

building compartments. 

- Shaft Box 

A shaft box façade is comprised of a set of box window modules that are alternated with ventilation 

ducts with the height of several floors. In each floor the ventilation ducts have lateral openings for the 

adjacent box window modules. In this way the ventilation air of each module enters the ventilation ducts, 

only exiting when it reaches the top, increasing the ventilation level of the modules, due to the height 

travelled. This solution, because it requires a fewer number of openings in the exterior pane, is generally 

better in aerial sound insulation. 

- Corridor 

In this configuration the cavity is also compartmentalized horizontally with floor height, but there aren’t 

vertical partitions, forming an air space between panes that is normally accessible, quite long and 

common to several rooms of the building, or even to the whole floor.  

- Multi-Storey  

The multi-storey DSF does not present any partition, forming a big volume of air space. This space 

might even extend all around the building. However, for fire protection and as a way of avoiding 

overheating in the upper floors, sometimes intermediate horizontal partitions are adopted. The 

ventilation generally happens through openings at the base and the top of the building, or at the 

intermediate partitions when they exist. Given that the number of openings in the exterior pane is limited, 

these facades normally provide an excellent sound isolation of exterior aerial sounds. However, since 

there are no partitions in the cavity, problems of sound transmission between adjacent rooms might 

occur, as well as an increased risk of fire propagation. 
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2.2.2: Ventilation openings  

Double-skin facades may have automated flaps integrated into them. But this type of automated 

elements that, when open, allow the natural ventilation of a building are a type of responsive envelope 

solution, even when applied on a single-pane facade. Windows, skylights, vents, flaps and other similar 

components, can be controlled by sensors and actuators or programmed to open and close at certain 

times of a day, constituting a responsive solution by themselves. 

An example of a building envelope with automated windows is shown in Figure 3. When the outside air 

temperature is appropriate for passive cooling the windows open to provide cross ventilation and cool 

the space.  If the outdoor temperature is greater than the indoor temperature, the windows close (Smith-

Gardiner, 2014). 

 

Figure 3 – Automated windows of the Bullit Center (Smith-Gardiner, 2014) 

Swindow  

A swindow is a particular type of window that has the ability to self-adjust its opening angle. It consists 

of a window that turns around an horizontal axis placed immediately above mid-height. Shock absorbers 

and a balancing weight ensure calm operation and a steady ventilation flow rate. 

When there is no wind, the swindow is in an open position, 45º from the vertical. It starts moving as the 

wind blows, hence, the natural ventilation rate is a function of wind speed and direction. There are two 

types of swindows, that differ in their operation mode: supply and exhaust air. The swindows located at 

windward react to the wind decreasing its opening angle. The swindows located at leeward tend to 

increase its opening angle (Aa et al., 2011b). 

 

Figure 4 - Swindow working principle (Aschehoug & Perino, 2009) 

2.2.3: Shading elements 

One of the main strategies used to maintain the indoor comfort of users in buildings is the use of shading 

systems. The widely used shading devices such as venetian blinds, roller blinds and shutters can be 

considered responsive shading solutions, especially if they are controlled by automatic systems. Often 

automated blinds are used in conjunction with double-skin facades, being placed inside their cavities. 
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Besides these traditional shading devices, many other, more complex and innovative, systems have 

been created and applied in buildings in recent years.  

Table 2 presents a non-exhaustive list of examples of these more complex components applied in 

buildings. These systems influence both visual and thermal comfort. 

Table 2 – Examples of buildings with automated shading elements 

Example Description 

Photosensitive shutters 

 

Figure 5 - Institut du Monde Arabe,. Paris, France. 

(Zvironaite et al., n.a.)  

The southern wall of Institute du monde Arab is 

made out of photosensitive shutters. The 

information regarding the level of radiation on a 

certain area of the envelope is collected and 

interpreted by the system. According to that 

information, small motors are activated in order to 

open or close the shutters. User override is not 

available (Modin, 2014). 

Masharabiya  
(Traditional Arabic Sunscreen) 

 

Figure 6 - Al Bahar Towers. Abu Dhabi, United Arab 

Emirates. (Zvironaite et al., n.a.) 

Responsive outer sunscreen with a triangulated 

pattern, made from metal frames and fiberglass 

panels. The panels are programmed to open and 

close according to the movement of the sun. The 

system is estimated to reduce the solar gain by 

50%, which consequently reduces the need for 

air conditioning (Modin, 2014). 

ETFE Cushions 

 

Figure 7 -Media ICT, Barcelona, Spain (Dewidar et 

al., 2013)) 

The south envelope is comprised of ETFE–

cushions that constitute a transparent envelope, 

filled with nitrogen gas. As the heat from the sun 

increases and the need for solar shading 

advents, a vegetable oil melts and pours into the 

cushions where it sticks to the nitrogen gas 

molecule creating a fog. The system is driven 

mechanically and is triggered by the temperature 

change of the ETFE surface (Modin, 2014).  
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Revolving shading 

 

Figure 8 - EWE	Arena.	Oldenburg,	Germany	(Schumacher	

et	al.,	2010) 

A large mobile sunscreen is mounted externally 

in front of the glazed envelope. The screen 

moves around the building, following the position 

of the sun. The sunscreen can travel 200º around 

the perimeter of the building and consists of 

200m2 of photovoltaic cells which generate 

27 200 kWh of energy per year. (Schumacher et 

al., 2010) 

Louvres 

 

Figure 9 -Council House 2 (CH2). Melbourne, 

Australia (ArchDaily, 2013) 

Council House 2 west facing envelope has a 

system of timber louvers that rotate on pivots to 

optimise the penetration of natural light. The 

shutters respond to the amount of direct sunlight 

hitting the western envelope; they open fully in 

the morning and then slowly close up as the sun 

moves overhead to the west. The movement is 

facilitated by a hydraulic system controlled by 

computer (Harry, 2016). 

Lamellas 

 

Figure 10 -One Ocean Pavilion. Yeosu-si, South 

Korea. (ArchDaily, 2012) 

The envelope has an exterior shading system, 

made of slightly curved plates, that can adapt to 

light conditions and physical building conditions 

during the day. (López et al., 2016) 

 

 

2.2.4: Kinetic envelope 

Some responsive buildings are designed to be kinetic, displaying a bigger scale of motion. Instead of 

applying smart materials or kinetic components on the envelope, the envelope itself or the building as a 

whole are able to move, according to outdoor or indoor environmental changes or to occupants needs 

and desires. Examples are shown in Figure 11 to Figure 13.  
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Example Description 

Sliding Envelope 

 

Figure 11 -The Sliding House. Suffolk, UK 

(Chapa, 2009) 

The house has a second skin that slides across a 

longitudinal axis to reveal a second facade. Sliding 

back and forward, the mobile exterior offers the 

house’s residents incredible flexibility with the look 

and behavior of the building. The lighting and mood of 

the interior spaces can be altered with the simple 

movement of the exterior. Also, the heating and 

cooling loads of the house can be manipulated 

throughout the year (Chapa, 2009). 

Rotating Rooms 

 

Figure 12 - Sharifi-ha House, by Nextoffice - 

Alireza Taghaboni, Tehran, Iran (Orhon 2016) 

The envelope features motorized rooms that pivot up 

to 90 degrees to face entirely in or out to adapt to 

changing seasons or functional scenarios. This 

mechanism allows the inhabitants to adapt effectively 

to fluctuating temperatures by opening up rooms in 

summer, or turning them inwards during winter 

(Orhon, 2016). 

Rotating Building 

 

Figure 13 - Heliotrope, by Rolf Disch Architekt. 

Freiburg, Germany (Wigginton & Harris, 2002) 

The building revolves, tracking the sun. It is 

programmed to adjust its position according to the 

need for maximum solar gain, or to turn itself out of 

the sun for protection. The building has a rotation 

capability of 400° (+20° either side). In the peak of 

summer, the house can turn away from the sun to 

avoid solar penetration of the glazed living areas, 

avoiding overheating. For the remainder of the year 

the house is rotated to take advantage of passive 

solar gain (Wigginton & Harris, 2002). 

 

It is relevant to mention that examples such the one in Figure 13 would not be included by some authors 

in the context of responsive solutions for building envelopes since it is the building as a whole that 

displays responsive characteristics and not the building’s envelope. However, these cases were 

included in this academic work. 
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2.2.5: Smart materials 

Smart materials respond intelligently to the climatic changes by changing themselves in response to an 

outside stimulus, without requiring an external source of power (Addington & Schodek, 2005). Hence, 

they are extremely attractive to building designers who aim to increase functionality and performance 

while at the same time reducing energy use (Velikov & Thun, 2013). Also, they respond autonomously 

and in real time, therefore they can play a significant role as responsive building envelope solutions 

(Addington & Schodek, 2005). 

These materials can change, usually reversibly, several properties, namely colour, stiffness and 

transparency. They might also stretch, bend or change their shape. Some smart materials don’t change 

in properties but are instead able to convert energy from one type to another (López et al., 2016; Velikov 

& Thun, 2013). Examples of the latter are photovoltaics, which produce an electrical current due to an 

input of radiation energy, and photoluminescent materials where an input of radiation energy from the 

ultraviolet spectrum is converted to an output of radiation energy in the visible spectrum (Addington & 

Schodek, 2005). These energy changing materials are less frequently included in the concept of 

responsive solutions. For this reason, the focus of this chapter will be on property changing smart 

materials, such as thermochromic materials, shape memory alloys and phase-change materials. 

2.2.5.1: Chromic and tropic materials 

Chromic and tropic materials alter their molecular structure in response to a given input. The new 

molecular structure has a different spectral reflectivity than the original structure. As a result, the 

material’s colour – its reflected radiation in the visible range of the electromagnetic spectrum – or 

transparency changes. There are several chromic materials, such as thermochromic (TC), photochromic 

(PC) and electrochromic (EC). Likewise, there are thermotropic (TT), phototropic (PT) and electrotropic 

(ET) materials. The inputs that trigger change in each of these of materials can be inferred from their 

names’ prefixes, as shown in Table 3. 

Table 3 – Inputs of chromogenic materials. 

Prefix Input 

“Thermo-” Thermal energy exchange with the surrounding environment 

“Photo-“ Exposure to radiation 

“Electro-“ Application of a voltage 

“Chemo-“ Exposure to specific chemical environments 

“Gaso-“ Introduction of a gas (hydrogen) 

“Mechano-“ Imposed stresses and/or deformations 

 

In terms of the building envelope, one of the main applications of the materials described in 2.2.5.1 is 

on “smart windows”. Any window with “-chromic” or “-tropic” glazing is commonly referred to as a smart 
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window. Smart glass is also known as switchable glazing or dynamic glazing. It can be used in a wide 

range of everyday products such as windows, doors and skylights. It can be manually or automatically 

tuned to precisely control the amount of light, glare and heat passing through a window.  

A thermochromic coating is commonly made out of vanadium dioxide, which reflects all infrared light if 

the temperature reaches a threshold value of 29 ̊ C, but the temperature change will not affect the visible 

light. This property is suitable in many cases as the infrared light will be allowed to enter into the space 

when the temperature is low, for example during winter time, which also is when the heat obtained from 

the sun is a welcome contribution to the interior comfort (Addington & Schodek, 2005; Modin, 2014). 

 

Figure 14 - Effect of heat on thermochromic glass. (Mohamed, 2017) 

Photochromic behaviour can be obtained by using iron oxide with fluorides, or chlorides, of silver or 

copper. This can be used to make windows go darker as the radiation from the sun increases and then 

return to the initial state if the exposure vanishes (Peters, 2011).  

There are also electrochromic glasses where the transparency is changed by introducing an electric 

current which alters the colour of a thin layer from transparent to blue (translucent). By reversing the 

voltage, the glass turns lighter again. The optical properties can be controlled on-demand or via 

intelligent supervisory control systems (Addington & Schodek, 2005; Modin, 2014). 

Other electrically activated solutions that change colour or transparencies include liquid crystals (LC) 

and suspended particle devices (SPD). EC, LC and SPD are not one-constituent materials, but consist 

of multi-layer assemblies of different materials working together. 

 

Figure 15 - Electrochromic laminated glass switching sequence. Source: (Baetens et al,. 2010) 

Liquid crystals (LC) are an intermediate phase between crystalline solids and isotropic liquids. Liquid 

crystal devices utilize two sheets of polarizing material with a liquid crystal solution between them. An 

electric current passed through the liquid causes the crystals to align, so that light cannot pass through 

them.  

Suspended particle devices (SPD) are electrically activated and can change from an opaque to a clear 

colour instantly and vice-versa. A typical suspended particle device consists of multiple layers of 

different materials. The active layer associated with colour change has needle-shaped particles 
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suspended in a liquid. This active layer is sandwiched between two parallel conducting sheets. When 

no voltage is applied, the particles are randomly positioned and absorb light. An applied voltage causes 

the particles to align with the field. When aligned, light transmission is greatly increased through the 

composite layers. Therefore, contrary to electrochromic glass that becomes translucent when it is 

switched on, SPD is translucent when it is switched off, becoming transparent when the voltage is 

applied (Mohamed, 2017; Addington & Schodek, 2005). 

Smart glass can react to the presence of stimuli such as light (PC) or heat (TC), not allowing for manual 

override, or it can change its light transmission properties when a voltage is applied (EC, SPD, LC), 

allowing users to control the amount of light and heat passing through the element (Mohamed, 2017). 

2.2.5.3: Shape memory materials 

These materials exhibit shape memory effect, meaning they have the ability to be deformed from one 

shape to another and then to return to its original shape after an input. Usually this input is of thermal 

energy. There are two types of shape memory materials. Shape memory alloys (SMA) and shape 

memory polymers (SMP) (Mohamed, 2017; Addington & Schodek, 2005). 

- Shape memory alloys 

SMAs are metal alloys. In metals, the shape memory phenomenon is enabled by a phase 

transformation. Thermo-responsive SMAs are more developed and commercially available products 

usually react to temperature between 35 °C to 90 °C. However, SMAs are available with different 

activation stimuli, such as light, temperature and moisture. Nickel-titanium is the most implemented 

shape memory alloy. Other common ones include copper-zinc, copper-zinc-aluminium and gold-

cadmium. 

‘‘Living glass’’ (Figure 16) is an example of a solution for controlling the airflow in buildings that uses 

wires of a SMA. The silicone surface embedded with wires regulates air quality by expanding or 

contracting in response to CO2 concentrations. High CO2 concentrations force SMA wires to contract 

and pull open slits to allow fresh air to flow in (Loonen et al., 2010; Levesque, 2007).  

 

Figure 16 - “Living Glass” (Loonen et al,. 2010) 

• Shape memory polymers  

Just like SMAs, shape memory polymers (SMP) display the shape memory effect. In general, they have 

thermo-responsive characteristics. They can be exposed to high temperatures without being destroyed. 

The threshold temperature at which the polymer changes can be almost any in between -26 °C to 260 
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°C (Brownell, 2008). There are products that change from a rigid material to a very elastic state as the 

temperature increases and then back to rigid again as cooled down (Peters, 2011, Brownell, 2008). 

Photosensitive memory polymers changes shape when in response to a particular wavelength of light 

(Peters, 2011). 

2.2.5.4: Phase-changing materials 

Phase-change processes involve the absorbing, storing or releasing of large amounts of energy in the 

form of latent heat. A phase change occurs at precise temperatures therefore phase-changing materials 

(PCM) can be designed to absorb or release energy at predictable temperatures. PCMs deliberately 

seek to take advantage of these absorption/release actions. The thermal energy transfer occurs when 

a change in phase occurs. When the temperature is higher than the melting point, the PCM is in liquid 

state, and when it is below this point the PCM returns to its solid state. In general, PCMs used in 

buildings have melting temperatures ranging between 20°C and 50°C. PCMs can undergo an unlimited 

number of phase-change cycles without degradation (Aschehoug & Perino, 2009; Addington & Schodek, 

2005). The application of PCMs in buildings is promising due to their capability to smooth temperature 

variations, resulting in less energy demand for cooling and heating (Aa et al., 2011b). 

Phase change materials can be classified into organic and inorganic compounds and their eutectic 

mixtures. The most commonly used for applications in buildings are paraffin and salt hydrates, since 

they have suitable melting points. Between the several kinds of salt hydrate, the most common for the 

use as heat accumulation is the Glauber salt (Na2SO4 10H2O) which shows a very high latent heat of 

fusion, large availability, and cheapness (Modin, 2014; Aschehoug & Perino, 2009; Addington & 

Schodek, 2005). 

There are several ways PCMs can be applied in the building envelope. Some possible applications are: 

• PCM layer on the inside of an opaque element: The PCM will be affected by the changes indoor 

temperature, melting as the room temperature increases. This process will reduce the indoor 

temperature. When that temperature decreases, the PCM releases the thermal energy that it 

had absorbed (Aschehoug & Perino, 2009).  

• PCM layer on the outer surface of an opaque element: When placed on the exterior surface of 

the wall it will collect and store the thermal energy that comes from the outdoor environment, in 

particular due to the direct solar radiation incident on the external surface. During the day, the 

PCM stores the energy, changing its phase from solid to liquid. During the night, when the 

temperature decreases under the melting temperature, it will release the energy stored (Aa et 

al., 2011a). 

• PCM solar wall: A solar wall is made of a transparent layer, facing the outdoor environment, an 

air gap, and an opaque wall, facing the indoor environment. The opaque layer works by 

absorbing the solar radiation incident on its outer face and then conducting this heat through 

the wall, by means of conduction, and releasing it into the interior space. The opaque wall must 

have high thermal inertia, thus heavyweight materials such as concrete or stone are commonly 

used. By replacing these with a layer of PCM, it is possible to maintain the same energy storage 
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capacity with a much lower weight (Aschehoug & Perino, 2009). A commercial example of a 

solar wall with PCM is the GLASSXsystem (Modin, 2014). 

2.2.5.5: Thermostatic materials 

Thermostatic elements, also known as thermo-bimetals, are bimetallic strips consisting of two or more 

materials with different thermal expansion coefficients. By welding, brazing or riveting them together the 

difference in these coefficients causes the metal to bend, when exposed to heat. Continuous energy 

input is necessary to maintain the induced deformation. When thermal load is removed, the thermostatic 

element will recover to its initial shape (Lelieveld, 2013; Orhon, 2016). 

Architect and biologist Doris Kim Sung has been carrying out tests using thermo-bimetals for self-

regulating ventilation as well as for automatic blinds. She designed an installation called BLOOM (Figure 

17) as a proof of concept. Its bimetallic strips open when the temperature on their surface is high, and 

return to the initial position as it cools down again (Modin, 2014). 

 

Figure 17 - Thermo-bimetal based self-regulating ventilation concept in Bloom installation (Orhon, 2016) 

2.2.5.6: Electro-active polymers  

Electro active polymers (EAPs) are polymers that change their volume when subjected to an electrical 

current, they expand and contract based on electrical impulses. Electro active polymers can be divided 

into two groups, ionic polymers and dielectric polymers.  

One example of application of dielectric polymers is the homeostatic façade (Modin, 2014). Dielectric 

polymers consist of an elastomer material sandwiched between two conductive layers, normally 

graphite. As an electric current is applied, an electrostatic pressure is generated between the graphite 

layers and the size of the dielectric elastomer is changed due to condensation of the polymer layer. The 

deformation is retained without continuous activation. The dielectric polymers encounter large fatigue, 

which shorten the life time considerably. 

In the homeostatic façade (Figure 18) the dielectric elastomers are used as solar shading. Ribbons of 

dielectric elastomers are placed between two glazed layers in a double façade, they transform electric 

energy into mechanical work (Modin, 2014; Lelieveld, 2013).  
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Figure 18 - Homeostatic façade, in open and closed configuration, by Decker Yeadon Architects (source: (Modin, 

2014)) 

2.2.5.7: Piezoelectric materials 

Piezoelectric materials have reversible electromechanical characteristics. This means that mechanical 

work output is induced by electric current. On the other hand, by mechanical deformation an electric 

current is delivered.  

Piezoelectric materials are able to transform electrical energy into mechanical energy and vice versa. 

They are applied in building envelopes to convert the elastic energy from acoustic vibrations into 

electricity. In that way, they contribute to the reduction of the amplitude of the acoustic vibrations 

(Marysse, 2016). 

2.2.6: Green systems 

Green roofs and living walls consist of building envelopes incorporating vegetation into its outer surface. 

Living walls are also known as vertical gardens or biowalls (Designing Buildings, 2018). According to 

Marysse (2016), some researchers question if green systems belong to the group of responsive 

envelopes because plants are purely natural screens. However, vegetation can be seen as a responsive 

component. As presented in Annex A these passive wall systems are included by several authors inside 

the scope of responsive building envelopes.  

 

Figure 19 - Living walls (Loonen et al., 2010) 

Both living façades and green roofs reduce the overall temperature of building surfaces due to shading, 

evapotranspiration and increased thermal mass. According to Omrany et al. (2016), application of living 

walls in building envelopes can also improve the air quality since plants absorb carbon dioxide and 

reduce the number of particulates in the air. These systems should not be confused with green façades, 

with climbing plants, such as ivy, grow up vertically, while being rooted in the ground (Loonen et al., 

2010; Designing Buildings, 2018). 
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2.2.7: Other responsive solutions 

There are other solutions that can be considered responsive but do not fit in any of the categories above. 

This is expected since research on the field is diverse and often innovative. 

Three examples are presented in this chapter. 

• Algae façade 

 

Figure 20 – BIQ House. Hamburg, Germany. (Loomans, 2013) 

A particular case of a responsive envelope exists in the BIQ house at the International Building Exhibition 

2013 in Hamburg, shown in Figure 20. It uses the bio-chemical process of photosynthesis to design an 

energy efficient building. The BIQ house is equipped with 129 façade-integrated bio-reactors, installed 

on the south-east as well as south-west façades (Harry, 2016). These bio-reactors consist of transparent 

containers with microalgae cultivated in the envelope component. While growing, the algae in these bio-

reactors serve multiple functions at the same time: they act as shading system, solar thermal collectors 

and absorb carbon dioxide. After the cultivation phase, the algae can be separated from the water, to 

be used as biomass with an expected energy gain of 30 kWh/m2 per year (Pacheco-Torgal et al., 2015). 

• Roof pond 

 

Figure 21 - Roof pond Hammond house (Loonen et al., 2010) 

Water is a natural material that is also used in building envelope solutions considered to be responsive 

by some authors because of its thermal mass and energy storing capabilities. An application example 

is the roof pond Hammond house, in Figure 21, which has large water storing bags on its roof. These 

are covered by insulating hinged lids which open and close. When the panels are raised on sunny winter 
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days, water bags are exposed to the sun, while the panels act as reflectors to enhance absorption of 

solar radiation. In summer, the panels are raised at night. Absorbed warmth from the inside is released 

to the cool night sky (Loonen et al., 2010). 

• BioSkin façade 

 

Figure 22 - NBF Osaki Building east envelope (Sekkei, n.a.) 

Developed by Nikken Sekkei architecture firm and implemented on the NBF Osaki Building in Tokyo, 

shown in Figure 22, BioSkin consists of a system of water-filled ceramic pipes, affixed to the side of a 

building, to provide cooling. Rainwater collected from the roof area is fed through special porous ceramic 

pipes that guide rainwater through the system to act as enormous sprinklers for cooling the environment. 

As the water evaporates, it reduces the surface temperature of the ceramic pipes and the adjacent air, 

mitigating the urban heat island effect by cooling the building as well as its immediate surroundings 

(Wood, 2014; Sekkei, n.a.). 

Figure 20, Figure 21 and Figure 22 display just three examples of RBES that do not belong to any of 

the main categories explained throughout this chapter. Numerous other examples of responsive building 

envelopes exist. 
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Chapter 3: Database technological concepts  

3.1: Database concept 

A database (DB) is a collection of data stored in digital records, structured in a given model. The data 

in a database is usually easily accessed, managed and updated, through an application known as a 

database management system (DBMS). Because of the close relationship between them, the term 

"database" is often used to refer to both a database and the DBMS used to manipulate it. 

A database architecture has several levels of abstraction. The internal, or physical, the conceptual, or 

logical, and the external level (Figure 23). 

 

Figure 23 - Database three-level architecture (Connolly & Begg, 2005) 

• The internal schema corresponds to the lowest level of abstraction. It describes the data 

structures inside the DBMS, i.e. how the data is stored and organized. It is concerned with cost, 

performance, scalability and other operational matters.  
• The conceptual schema is the middle level of the data abstraction architecture. It describes all 

the entities, attributes and relationships together with integrity constraints. It essentially defines 

the model of the world as represented in the database, using an abstract formalism. The schema 

is independent from the implementation; therefore, it is generally stable.  
• The external schema corresponds to the user’s view of the database, and his interaction with 

the DB system. A single database can have any number of views at the external level. While 

there is typically only one conceptual and internal schema of the data, several external views 

can exist. This allows different groups of users to see database information in a way that better 

suits their needs.  
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A database model determines the logical structure of a database, defining in which manner data can be 

stored, organized, and manipulated. The relational model, which uses a table-based format, is the most 

popular. 

In a relational database the information is normalized into tables that relate through identical sets of 

attributes. Each table is used for a different type of relevant entity. The advantage of this model is that 

it captures the relations between data. Relational databases are easy to extend since new information 

can be added without the need for table reorganization. In the relational model, data from a given column 

is used as a key. This means each cell defines a particular record. Records reference other records 

using these keys (SQLServer, n.a.). The main concepts of a relational database components are 

explained in Table 4. 

Table 4 – Database components main concepts 

Concepts Description 

Entity An entity is an object that exists. It is described as a set of attributes. Each row of 

a table corresponds to an entity, with the value of its attributes in the respective 

columns. Graphically, in a conceptual diagram, entities are denoted by rectangles. 

Relationship Association or interaction between entities. Graphically denoted by a diamond. 

Entity Type It is a collection of entities that have common attributes. Each type of entity 

corresponds to a table. 

Attribute An attribute is a property of an entity. It refers to information about the entity that 

needs to be stored. Each attribute of a type of entity will correspond to one column 

of the table. Graphically, attributes are denoted by oval shapes. 

Domain Set of values allowed for a certain attribute. Some columns may have a limited 

domain, which means its cells can only be filled by a set of values defined for a 

certain attribute. 

Key 

 

The key is an attribute or a set of attributes of an entity type, whose values allow 

for a unique identification of an entity amongst all entities of a given type. Keys 

are used to link various tables in a database to each other in the most efficient 

way possible. 

Graphically, key attributes are distinguished by underlining. 

 

3.1.1: Entity relationships 

Database relationships are associations between tables. Considering two abstract tables, table A and 

table B, there are three types of relationships that can exist between them (Connolly & Begg 2005): 

• One-to-one: Both tables can have only one record on either side of the relationship. Each key 

value in table A relates to only one record in table B.  
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• One-to-many: One row in table A may be linked with many rows in table B, but one row in table 

B is linked to only one row in table A.  

• Many-to-many: Each record in both tables can relate to any number of records in the other 

table.  

In a relationship, participation can be optional or mandatory. An optional relationship exists for a table 

when there is no requirement for any records to exist in that table before any records can be added to 

the associated table. Mandatory participation describes a relationship in which at least one record in a 

table must exist before any records can be added to its associated table.  

Total participation means that all the entities in an entity set must participate in the relationship. Partial 

participation means that there can be entities in the entity set that don't participate in the relationship. 

Mandatory roles are graphically denoted with a solid association line and optional roles are represented 

with a dotted line. Total participation is denoted by a double or thick association line while partial 

participation is represented by a single thin line. 

3.1.2: Entity strength 

Entities can be classified based on their strength. An entity type is considered strong if its existence 

does not depend upon the existence of another entity type. On the contrary, a weak entity always 

depends on the strong entity for its existence (Connolly & Begg, 2005). 

Graphically, a strong entity is denoted by a single rectangle, while a weak entity is denoted with a 

double rectangle. The relation between two strong entities is denoted by a single diamond. The 

relationship between a weak and a strong entity is denoted by a double diamond. 

3.1.3: Generalization and specialization 

The concepts of specialization and generalization (Figure 24) are associated with special types of 

entities known as superclasses and subclasses. Generalization is the process of creating superclasses, 

by grouping entity types with common attributes and relationships. Superclasses are entity types that 

have distinct subclasses. Specialization is the inverse process of generalization. The subclasses have 

specific attributes which are different from the general attributes of its superclass. Each entity of a 

subclass is also an entity of the superclass. The relationship between a superclass and a subclass is 

one-to-one (Connolly & Begg, 2005). 

Graphically, a generalization/specialization is denoted by a triangle. 
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Figure 24 - Generalization/Specialization (Connolly & Begg, 2005) 

3.2: Google Fusion Tables 

It was necessary to choose a tool in order to build the relational database of responsive solutions in 

building envelopes and apply the classification proposed in a practical way.  

Google Fusion Tables (GFT) was chosen for this work because it displays several useful characteristics 

and it’s still not widely used, allowing to explore and draw conclusions regarding its potential as a 

database management system. Google Fusion Tables is a cloud-based service for data management 

and integration launched by Google in June 2009 (Halevy & Shapley 2009). The service is free and 

available to everyone. Its interface is extremely intuitive, enabling its use by a broad class of users and 

for a wide range of applications. It is able to handle large data sets and supports a range of data formats 

that most users are familiar with. Tables can be easily generated through uploading files in CSV, XLS 

(X), KML, ODS and Google spreadsheet (H Gonzalez et al. 2010). Data can be exported from the 

application as CSV or KML. 

 

Figure 25 - Architecture of Google Fusion Tables (H Gonzalez et al., 2010) 

Figure 25 schematically represents the main components of the GFT service. Requests originate from 

multiple sources such as the Fusion Tables web site, stand alone applications that use the API, and 
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visualizations that are embedded in other Web pages. The front end dispatcher converts requests into 

a common representation and passes them to the query processing module, which creates a query 

plan. The plan is executed by Google’s structured data backend, which stores the data in a set of 

synchronously replicated Bigtable servers (H Gonzalez et al., 2010). 

Bigtable is a Google’s distributed storage system for structured data with excellent scalability 

characteristics (Chang et al., 2006). The fact that it is replicated translates into more safety of the 

information. 

Characteristics of this experimental web application are further explained in chapters 3.2.1: User 

collaboration to 3.2.5: Extended functionality. The Google Fusion Tables Interface can be observed in 

ANNEX B, Figure  a to Figure  no. 

Google Fusion Tables’ basic concepts (Google Developers, 2016b) are presented in Table 5. 

Table 5 – Google Fusion Tables basic concepts 

Concept Description 

Table Tables consist of data arranged in rows and columns, similar to a spreadsheet. 

There are three types of tables: 

Base: A table created by uploading data. 

View: A table created by selecting a subset of columns from a base table. A view 

may have a filter applied so that it includes only a subset of rows. 

Merged: A table created by combining two or more tables, each of which must 

have a column containing values that match a key column in the other table(s). 

Merged tables inherit the column types, data, and edit permissions on data from 

the base table.  

Table ID An encrypted string value that uniquely identifies the table. 

Column Each column has an ID, a name, and an assigned data type: "TEXT", "NUMBER", 

"DATE/TIME", or "LOCATION". A data format can also be assigned. The column 

ID is a string value. 

Row Each row has an internally generated ROWID that identifies it uniquely within a 

table.  

Template The content and appearance of the info window that appears when a user clicks 

on a marker, line, or polygon in a map visualization is defined by the template. It 

is customisable by selecting which columns to display and by specifying a custom 

layout using HTML code. 
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3.2.1: User collaboration 

It enables communities of users that need to collaborate effectively on data management, in real time, 

across multiple enterprises to easily achieve it. Fusion tables can be shared with others as collaborators, 

who may edit data, or owners, who can invite others to view or collaborate. To further enable 

collaboration, the service allows users to discuss the data in detail by commenting on rows, columns, 

and cells (Gonzalez et al., 2010). Discussions are presented as a record of statements through time, 

similar to instant messaging interfaces. The discussion feature is important since it can lead to correcting 

data values, expressing opinions about the data, and elucidating the assumptions underlying the data 

(Gonzalez et al., 2010). 

GFT also supports the integration of data from multiple sources by performing merges across tables 

that belong to multiple users. This is feasible as long as the user has read permissions on it (Cafarella 

et al. 2011). Users can merge two tables based on a shared column. When two tables are combined, 

the permissions on the individual columns are the same as for the base tables (Gonzalez et al., 2010). 

It is also possible to have a table that holds data provided by several groups, allowing each group to 

securely update their own data, without the risk of a group editing another group’s data. This is easily 

achievable by creating, for each group, a view from the base table and giving them ownership of it. As 

the groups add, edit and delete rows in their own view tables, the changes will instantly appear in the 

original base table too. 

An important social feature of GFT is the ability to attach an attribution to the data uploaded. The 

attribution is the mechanism for specifying the provenance of the data. It includes a string value and a 

URL of the source. The attribution is attached to any visualization or table that is derived from the table. 

Attribution is relevant because it allows users to know the source of the data before they can trust it or 

combine it in interesting ways. Also, attribution plays a key role in enticing organizations to share their 

data since many owners of data are reluctant to share data unless they get credit for publishing it 

(Gonzalez et al., 2010). 

3.2.2 – Privacy 

Besides sharing the data with a select set of collaborators, users also have the option of protecting data 

by setting its visibility as private, with sign-in required, or, on the contrary, they can make it publicly 

available and thus findable by search engines (H Gonzalez et al., 2010). The default settings for a new 

table is to be private and exportable. 

GFT also allows publishing a subset of rows or columns that stays up-to-date with the original table, but 

has its own share permissions, keeping some of the data private and some of it public (Google, 2018). 

GFT privacy settings options can be viewed on Table 6. 

3.2.3: Data visualization 

The service provides several data visualizations and the ability to filter and aggregate the data. Users 

can visualize their data immediately after uploading it. The set of available visualizations is computed 

based on the data types found in the table and the types required for a particular visualization. In 
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particular, numeric columns enable bar charts and pie charts, a scatter plot is available only if at least 

two numeric columns exist, one for the x axis and one for the y axis, and the presence of date and time 

columns enables timelines and motion charts. Likewise, if the system finds that the values of a certain 

column are mostly geographic locations, such as street addresses or latitude and longitude values, then 

it offers the user several map viewing options. Users can customize the map’s info cards and icons 

based on the data. Creating intensity maps is also an available feature. In fact, the tight integration with 

the Google Maps infrastructure is one of the service’s most powerful features (Gonzalez et al., 2010; 

Google, 2018a). 

When data is hosted in GFT, users always see the latest version. Charts or maps automatically update 

when the data in the table they are associated with is updated. 

A table must be public or unlisted for these features to work because, when a table is private, 

visualizations embedded in other websites cannot authenticate to GFT when they call for data. 

3.2.4: Web publishing  

The service also provides simple web publishing options. Besides sending collaborators a link, 

downloading a CSV file from the table or a KML file to view on google earth, visualizations and the tables 

themselves can be easily published in web pages. Users can copy an embeddable HTML link into the 

source of their page and the visualization will be displayed there. This means that when the data is 

updated in GFT, the visualization is also updated. Versioned visualization support is not available, i.e., 

a user cannot show a visualization based on data as of a particular date. In the case of the map 

visualization the fragment of HTML and Javascript code is also available (H Gonzalez et al., 2010). 

3.2.5: Extended functionality 

GFT (Google Fusion Tables) can interact with other Google applications, which extends its possible 

uses. Google Maps JavaScript API allows to render data contained in GFT as a layer on a map. Also, 

with the Google Visualization API, one can use GFT as a data source for Google Chart Tools, by 

requesting data to use in visualizations or to display directly in an HTML page.  

Moreover, GFT service made available an API which allows external developers to write applications 

that use GFT as a database, enabling them to extend the functionality of the platform further. The Google 

Fusion Tables API V2.0 is a RESTful API that allows developers to create and manage GFT resources 

such as tables, columns, rows, templates, and styles (H Gonzalez et al., 2010). REST is a style of 

software architecture that provides a convenient approach to requesting and modifying data. The term 

REST means "Representational State Transfer." In the context of Google APIs, it implies that developers 

can retrieve and modify representations of data stored by Google through HTTP protocol (Google 

Developers, 2016). 

The Fusion Tables API allows to programmatically perform tasks which are also available in the 

Fusion Tables web application. These include: 

- Creating and deleting tables. 

- Reading and modifying table metadata, such as column names and types. 
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- Inserting, updating, deleting and querying the rows in a table. 

- Creating, updating and deleting settings for certain visualizations. 

For tables, columns, templates, and styles HTTP requests are sent to the server.  For rows, the API 

sends SQL statements with HTTP requests. SELECT statements, i.e. queries, use GET requests, while 

INSERT, UPDATE and DELETE statements use POST requests (Google Developers, 2016). 

The privacy settings set on a given table affect the API’s ability to interact with such table. Simple read-

only GET operations can be performed on columns, rows, templates and styles just as long as the table 

is exportable and not set as private. INSERT, UPDATE and DELETE statements require authentication 

(Google Developers, 2016). Owners and editors can control access to a table according to the options 

presented in Table 6. 

Table 6 – Google Fusion Tables privacy settings 

Private Only the owner and editors have access to the table. 

Public The table is available to everyone and may show up as result in a search engine result.  

Unlisted Anyone with the URL link can view it and embedded visualizations and Google Earth 

network links have access. However, the table is not suggested by search engines. 

 

The choice to use Google Fusion Tables (GFT) to develop this academic work is motivated by several 

aspects. Besides the functionalities described in chapter 3.2.1 to chapter 3.2.5, GFT is an open source 

software, therefore it is free for anyone to use it, and it is a cloud-based software, enabling user 

collaboration and avoiding the need to set and manage a physical computer server. Not using GFT 

would likely imply the use of a Relational Database Management System (RDBMS), which would not 

be ready to use as GFT. A RDBMS needs to be installed and administrated; additionally, it is not web-

oriented and does not offer an easy access for external web applications.  

The database implementation by means of GFT is available on chapter 4.2: Database.



 

Chapter 4: Database development 

This chapter explains a new classification system for responsive building envelope solutions, which is 

at the basis of the database organization as well as the database development process.   

4.1: Classification system 

As previously defined in Chapter 2, the responsive solutions applied in building envelopes are dynamic 

in character, imply some level of response to indoor and/or outdoor conditions and/or user preferences, 

and are designed and implemented with the goal to improve environmental comfort in buildings and 

save energy.  

Also, as a consequence of the research presented in Chapter 2, it is defined in this work that, in the 

scope of responsive solutions, there are responsiveness types, which can be specifically referred to by 

using other terminology. A summary of these types is presented in Table 7. 

Table 7 – Responsiveness types of responsive solutions 

Term Description 

Active Active means that the elements are controlled extrinsically, either automatically or 

manually. 

Passive Passive means that either there is no control or the control is intrinsic, which means 

a given element responds by itself to the environmental conditions. 

Kinetic A kinetic skin adapts through visible physical movement of the elements that 

constitute it.  

Intelligent An intelligent envelope implies the use of automated physically responsive 

components. These components can be integrated with a central building 

management system (BMS), which might operate based on a predictive model, or on 

real-time sensors and actuators.  

Smart A smart envelope is one that is constituted, partially or completely, by smart materials. 

Living A living, or bio, skin is any envelope with plants integrated in it. 

 

Some terms, such as interactive, were excluded from this classification since it was found that they do 

not have a consensual interpretation. 

After the definitions of responsiveness types were established, it was possible to understand how the 

several terminologies relate to each other. A diagram explaining these relations, and with some 

examples of solutions, is presented on Figure 26. The examples of solutions for building envelopes 

given in Figure 26 are presented in Chapter 2.2: .  
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Figure 26 – Relations and intersections between responsiveness types, with some examples of responsive 

building envelope solutions (RBES) 

The relations and intersections between responsiveness types clarify the reason behind the diversity of 

terms used for the same concept and the difficulty in defining them. The same solution might fit in several 

responsiveness types. For example, it is equally appropriate to refer to automated shading elements as 

intelligent, kinetic, active and responsive. 

In fact, by taking the example of a double-skin façade (DSF) one can conclude that the same solution 

might be considered responsive and passive, responsive and active, or responsive, active and 

intelligent, simply depending on its control type: 

• A hybrid DSF that begins to ventilate the cavity when a sensor detects a given threshold 

temperature can be considered an intelligent building envelope. It can be also considered active 

since it is controlled extrinsically. And it is responsive since it responds to indoor or outdoor 

environmental variations and intends to improve the interior comfort, while saving energy. 

• A manually controlled DSF that starts its mechanical ventilation according to user’s decisions 

cannot be considered intelligent, however it is still an actively responsive building element. 

• A naturally ventilated DSF that is permanently open is neither intelligent nor active. However, it 

is a building solution that is still dynamic in character due to the ventilation effect in the cavity, 

changes according to climate conditions and intends to improve comfort and save energy, 

therefore it can be considered responsive. 

Solutions which were excluded from the present work are: 

• Solutions not applied on the building envelope. 

• Solutions that only serve an aesthetic purpose. 

Solutions designed to only serve an energy generation purpose were not studied in this work, although 

they can be considered responsive since they do fall within the definition of RBES. 
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4.1.1: Control type classification 

Given the importance of the control type on the classification of these solutions, it is important to clarify 

the several control types that exist. The several control types are presented in Figure 27. 

 

Figure 27 - Control type classification  

Control can be local or central. The structure of intelligent building skins consists of three basic elements: 

sensors, processors and actuators. Local control happens through embedded computation in local 

processors, which means that each actuator is autonomous and linked to an exclusive sensor-control 

system, related to one component. Materials that react against external conditions are also considered 

to have embedded local control. Central control is driven by a supervisory control unit to achieve global 

target values and implies that different components are grouped together and linked to one single control 

system, normally called a Building Management System (BMS). If the system is pre-programmed, the 

control is also considered central (Marysse, 2016; Loonen et al., 2013). 

Based on how authors such as Loonen et al. (2013) and Marysse (2016) classify control types and on 

the research regarding several specific solutions, a classification of control type was proposed. Hence, 

there are five control types: intrinsic, manual, automated, programmed and no control.  

• Intrinsic: the control is embedded in the material that reacts against external conditions. The 

adaptation may happen quickly or slowly; however, it is always gradual, at the pace by which 

the material alters its properties. Generally, smart materials have intrinsic control, however there 

are exceptions. For example, electrochromic glass can be manually or automatically controlled. 

• Manual: the control is totally detained by the user of the building.  

• Automated: the control is achieved with sensors, such as thermostats, and actuators that are 

able to, in real time, detect, interpret and respond to a given stimulus. An example of this is a 

blind that opens and closes according to the incident solar radiation, or irradiance, or illuminance 

sensor, usually located on the building envelope. 

• Programmed: It is similar to an automated control strategy and it is not always easy to identify 

if a certain solution is operating on one type or the other. However, this control type concerns 

solutions that operate according to predictive climate models and/or anticipated user behaviors. 
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Instead of a blind that closes at the moment a given sensor detects a certain level of radiation, 

this control type would be, for example, associated with a building that revolves around a central 

vertical axis according to the time of day, avoiding the predicted radiation.  

• No Control: it is also an option when classifying responsive envelope solutions. It is the absence 

of control and it applies, for example, on a green roof or a permanently open naturally ventilated 

DSF. 

One important aspect of the control of responsive envelope solutions is if they allow for user override or 

not. This is applicable only to automated or programmed operating solutions. According to Skelly & 

Wilkinson (2001), whilst evidence exists to suggest that systems such as automated blinds do reduce 

building energy consumption, a growing amount of evidence also suggests that their simplicity may 

cause occupant discomfort. Hence, it is very important that, when designing for example an office 

building, energy saving measures introduced to automate control systems do not adversely affect 

occupant productivity and the needs of individual users since, economically, small decreases in 

productivity can outweigh gains from reducing energy consumption. Therefore, allowing for user 

override can be important since it gives users the ability to interrupt the solution from functioning if, for 

some reason, it is causing discomfort. 

4.1.2: Responsiveness type classification 

As a consequence of determining the differences between terminology it was concluded that there are 

different types of responsiveness. A diagram that can be easily applied to obtain the responsiveness 

type classification of any given solution was produced and is presented in Figure 28. 

 

Figure 28 – Diagram for responsiveness classification 

In the classification proposed it is important to know three main aspects in order to be able to classify a 

solution’s responsiveness type: 
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• The material which constitutes it. 

• If its operation involves visible physical movement or not. 

• Its control type. 

4.1.3: Scale and application 

Since these responsive building envelope solutions are applied in buildings it is important to classify 

them according to their scale and application. Responsive behaviour is either based on a change at a 

macro scale, or at a micro scale. The distinction is the spatial resolution at which responsive actions 

take place. Adaptation on the macro scale usually results in changes in the building shell's configuration 

via moving parts. This can happen through components placed on the skin, or movement of the entire 

skin. Envelope systems where movement is attained by transportation of fluids, namely flow of air, are 

also considered to have macro scale adaptability. Micro scale adaptability happens when change 

directly affects the internal structure of a material (Loonen et al., 2013). Figure 29 sums up the scale 

and application classification. 

 

Figure 29 - Scale and application classification (*N/Ap - Not Applicable) 

Essentially, the responsive solution might be a building component, a building envelope as a whole, or 

a material. In any of these cases either the responsive material or component is applied on a roof or a 

wall with a given orientation, or the building skin itself corresponds to a roof or wall with a given 

orientation. The cardinal points showed in Figure 29 are representative. In the database, the 

intermediate directions Northeast, Northwest, Southeast and Southwest, were also included as options 

in order to have more accurate information regarding orientation. For buildings with circular or elliptical 

layouts that have the same solution applied throughout the envelope, the option “All (Elliptical Shape)” 

was used. 

In the case of materials and components they might be applied on the exterior or interior side of the 

envelope. They can also be located in an intermediate space between the interior and the exterior layers 

of the envelope. An example of this is the introduction of blinds in the cavity of a DSF.  
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4.1.4: Mechanism classification 

Since each of the responsive solutions has dynamic character, they can be classified according to the 

action that takes place during their operation. The action is the behaviour that characterises any given 

solution. For example, the action that occurs when a PCM is applied on a building envelope is a phase 

change of the material. In shading systems and kinetic buildings, the action that takes place is related 

to the movement they display; for green skins the action relates with natural phenomenon of the 

organism such as photosynthesis and evapotranspiration, whereas DSF’s characterising behaviour is 

airflow. Understanding which is the action that defines a given responsive solution is relevant for their 

classification. A non-exhaustive list of actions is presented in Figure 30. Figure 30 also displays the 

mechanisms that are at the basis of these actions. The mechanism is the solution’s operation principle. 

For example, the phase change occurring in a PCM happens through a chemical mechanism of the 

material. Shading systems can operate on several mechanisms. For example, the ETFE skin of the 

Media-TIC building in Spain (see Figure 7 in Chapter 2.2.3: Shading elements) is activated using 

pneumatic mechanisms while the shading system of Council House 2 in Australia (see Figure 9 in 

Chapter 2.2.3: Shading elements), operates with an hydraulic mechanism. Living skins operation is 

characterised by a biological mechanism, DSF’s by a fluid transport mechanism and so on. 

 

Figure 30 – Mechanism classification 

4.1.5: Operation classification  

Energy-efficient buildings are only effective when they are designed in a way that ensures the occupants 

comfort while performing the task they are meant to perform in that building, whether it’s raising a family, 

working in an office, or manufacturing a product. Comfort is critical to the happiness, health and 
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productivity of the building’s users; therefore, the maintenance or improvement of indoor comfort 

conditions is a key aspect of responsive envelope solutions. 

Because of this, they are designed to accomplish a given comfort goal. There are four main types of 

human physical comfort that can be at the basis of a given solution design: thermal, visual, indoor air 

quality and acoustic. 

- Thermal comfort 

The principal physical variables affecting thermal comfort are air temperature, air velocity, radiant 

temperature and humidity. The right level of these variables has a degree of subjectivity since it varies 

from person to person. It depends upon the person’s metabolic rate, which is influenced by factors such 

as size, age sex, and activity level, and it also depends on the clothing the person is wearing (McMullan, 

2002). Comfort ranges also vary with climatic area.  

- Visual comfort 

Maintaining visual comfort means that occupants have the right level of light for their activity. Ensuring 

that as much of this light as possible is daylight does not only save energy but also is desirable for good 

visual comfort. 

The amount of light being given off by a particular source, in all directions, is called luminous flux (F) 

and it is measured in lumens, the amount of light reaching a surface, per surface area, is illuminance 

(E), and it is measured in lux (metric unit = lumen/m2), and the amount of light reflected by a surface is 

luminance (L) and it is measured in candelas per square meter (cd/m2). Although these are objective 

measures, the way people experience light is somewhat subjective (McMullan, 2002).  

- Indoor air quality 

If air is too stale or polluted, it can make users uncomfortable, unproductive, unhappy, and sick. It is 

important that air is clean, with pollutant and pathogen levels below certain thresholds, fresh, meaning 

that a certain percentage of outside air is circulating into spaces, and circulated effectively in the space 

(McMullan, 2002). 

- Acoustic comfort 

Similar to lighting and heat, how humans perceive sounds is subjective. However, it is possible to control 

objective measures such as decibel level (McMullan, 2002).  

While designing responsive solutions, an adequate strategy is chosen, according to the comfort goal. 

There can be several ways of applying strategies. For example, the use of blinds redirects the radiation 

while the use of an electrochromic glazing diffuses it. However, they both constitute effective daylight 

control strategies. Figure 31 shows the main inputs, or factors, that might initiate the response of 

automated, programmed and intrinsically controlled type solutions. These are temperature, humidity, 

precipitation, wind, solar radiation, noise and pollution.  
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Figure 31 - Operation classification 

Each input relates to specific input metrics. Input metrics are easily understood by understanding a 

simple example of a daylight control strategy, introduced to provide visual comfort, such as an 

automated blind. Often, the input of this type of solution is solar radiation. The input metric is the specific 

parameter that is detected and measured by the sensor which is connected to the blind, so it can be, 

for example, illuminance or irradiance on a given surface. The same principle applies for an intrinsically 

controlled solution such as a PCM, since it is triggered by certain temperature values with the goal of 

providing thermal comfort. Programmed control type solutions also have a given predicted input and a 

desired comfort goal at the basis of their design. 

The output metric is often, though not always, the same as the input metric. For example, if the 

automated blinds are triggered by a certain threshold value of illuminance on a given surface, then the 

output would probably be shading, and the output metric would be increasing or decreasing that value 

of illuminance. Likewise, if the input metric for a hybrid DSF to begin ventilation is a certain air 

temperature value in the cavity, then the output metric will likely be a lower air temperature value in the 

cavity.  

Note that solutions with no control, such as green systems, adapt continuously, therefore the notion of 

trigger and input does not apply to them. These notions also don’t apply to manually controlled solutions. 

It is important to note that Figure 31 also presents the relation between strategies and the inputs that 

are commonly used at the basis of the responsive solutions design. For example, to achieve thermal 

comfort some solutions use temperature as the input. However, others are designed with humidity, wind 

or solar radiation at their basis since these factors also affect how temperature is perceived by 

occupants. Some solutions might also use a combination of these factors. This also means a given 

solution doesn’t necessarily have consequences only in one single type of comfort. In fact, most of them 

influence performance in more than one domain. For example, an automated window which opens when 

a given value of CO2 concentration is detected, will likely affect not only the indoor air quality but also 

the thermal comfort of the occupants.  
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Table 8 presents a summary of possible input metrics for responsive envelope solutions, as well as a 

brief description and the corresponding usual measurement unit. When available, these input metrics 

were registered in the database, however, it is often not clear or not available which is the specific 

parameter being measured. For example, the available information is that an automated blind is 

changing according to solar radiation, but what the sensor is exactly measuring is not specified.  

Table 8 – Input and output metrics summary 

Input Unit Description 

Air temperature K or Cº Temperature of the air surrounding the occupant. 

Surface temperature K or Cº The weighted average of all the temperatures from surfaces 

surrounding an occupant. 

Air velocity m/s The rate of air movement in a given direction. 

Relative humidity % The amount of water vapour in the air. 

Carbon dioxide 
concentration 

ppm The quantity of CO2 in the air surrounding the occupant. 

Illuminance lx The amount of light incident on a surface. 

Sound level dB The loudness of sound. 

 

4.1.6: Detailed classification 

The classification systems proposed in sections 4.1.1 to 4.1.4, are applicable to any responsive solution. 

However, there must be specific classification schemes for each of the solutions because they are very 

different from each other.  

• Double-skin façades 

Double-skin façades were classified (Figure 32) according to ventilation type, ventilation mode and 

cavity partition, explained in Chapter 2. 

 

Figure 32 - DSF classification 
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• Shading systems 

There is a big diversity of types of shading systems. The most commonly used are presented in Figure 

33. The less commonly used fall under the “Other” category. It is useful to include their level of opacity 

in the classification since a translucent shading system, such as a light textile roller blind, will allow more 

light inside the building than an opaque one. 

 

Figure 33 - Shading systems classification 

• Openings 

Ventilation openings were classified according to type, material and shape, as presented in Figure 34. 

 

Figure 34 - Openings classification 

• Smart materials 

Due to the complexity and diversity of smart materials, Figure 35 represents a non-exhaustive list of 

smart material types and subtypes that seem to have potential if applied in buildings. 
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Figure 35 - Smart material classification 

• Kinetic envelopes 

The characterisation of kinetic envelopes is essentially associated with the type of kinetic movement 

and scale of the solution. Figure 36 presents the motions and scales found in buildings in the context 

of this work. 

 

Figure 36 - Kinetic envelopes classification 
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• Green systems 

A simple classification for green systems is presented in Figure 37. 

 

Figure 37 - Green systems classification 

• Other 

Since the solutions that fall under the “Other” category are diverse and do not share common 

characteristics, no classification was proposed for them.  

4.2: Database design and implementation 

This chapter explains the database application construction process, while presenting the guidelines 

that served as a basis for producing a well-designed database. This work resorted to Google Fusion 

Tables to build the tables and to Github as a tool that enabled to create a database application as proof 

of concept and to make it available online.  

There are two main principles that guide any database design process: 

• Duplicate information, also called redundant data, shouldn’t exist because it wastes space and 

increases the likelihood of errors and inconsistencies.  

• The information in the database should be correct and complete. If a database contains 

incorrect information, any decisions the information consumers make based on information 

extracted from the database will be misinformed. 

The stages of development of the Responsive Building Envelope Solutions Database (RBESDB) were 

as following: 

4.2.1: Planning 

The first stage was determining the database’s purpose, what information it should include, how it should 

be organized and presented, and who will use it and how.  

Although responsive building envelope solutions (RBES) exist on several levels of development, the 

university level, the company level, and the built level (Figure 38), the present work focuses on RBES 

implemented in actual buildings, therefore the database should enable the introduction of information 

about the building itself, for example the building’s name, who designed it, when was it built and what it 

is used for. 
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Figure 38 – Levels of development of responsive building envelope solutions 

This aspect in conjunction with understanding the database subject, in this case the solutions and how 

they can be classified (see chapter 4.1), has lead to an understanding of which are the entities and 

attributes that should exist in the database, and what relationships should be implemented. 

Essentially, the RBESDB’s purpose is to gather data together to explore questions regarding responsive 

solutions in buildings.  

• Users 

The database (DB) intends to have two types of users, the consumers of the information and the 

providers of the information. Both groups are constituted by professionals in the field such as architects, 

engineers and scientific researchers. 

What should be produced from the database is essentially related to the questions that the information 

consumers might need the database to respond. Information consumers will be able to see the tables 

and use the information. A set of sample questions was anticipated. Some of the relevant questions 

identified were:  

- Where is this building?  

- When was it built?  

- What does the building look like? 

- How does the solution work? 

- What is the ventilation mode of this DSF? 

- How is the solution controlled? 

These users might want to research several different aspects in the tables. For some, the buildings 

location might be a very important information. For example, the focus of their work might be responsive 

solutions for building envelopes, restricted to a given country. For others, for example researchers 

focused on double-skin façades (DSF’s), it may be important to research which buildings in the database 

have DSF’s and their operation.  

According to the information which these users might want to obtain from the database, five examples 

of use cases of the database have been chosen and are presented in Figure 39. Many other use cases 

would be relevant and possible to make resorting to the Responsive Building Envelope Solutions 

Database. 
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Figure 39 – Use Cases For an Information Consumer 

Information consumers might use the database for the following purposes: 

- Discover built examples of the several solutions and understand how they work.  

- Understand how these solutions can be classified and organized. 

- Study responsive building envelope solutions (RBES). Learn, for example, which have been 

used for some time and which are still on an experimental level, which solutions have been 

chosen more often for a given climate, what are the most common control types, and more. 

- As a starting point to further study a certain building. For example, by researching buildings in 

a given city, professionals may find built examples in their area, be able to visit them and study 

the implemented solution further.  

- If more detailed information is available in time, it may help infer which are the most adequate 

solutions (in terms of comfort and energy savings), based on existing buildings in similar climatic 

areas, so the DB can serve as an inspiration for a new building project.  

- Obtain information regarding who designed and built a given building or solution and stimulate 

the contact between professionals of the area in order to spread the use of these solutions, but 

also increasing the probability of them being implemented in the most adequate way. 

- As a starting point for the development of new solutions as well as the development of new 

knowledge such as effective evaluation tools for these envelopes. 

Information providers will be able to, essentially, continue the work developed in the present thesis. 

The information providers can edit the tables in Google Fusion Tables in four ways: 

- They are able to insert new rows into the tables, corresponding to new buildings and new 

responsive solutions applications in those buildings.  

- They can also edit the information currently in the DB if something changes, for example the 

name of a given building, or if information that is currently not available, becomes available.  

- They might also add options to a given column, for example to add a new type of mechanism 

in the Application Table, if the ones available are found to be insufficient at a given point. 
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- Finally, information providers might change the actual structure of the tables to adapt to new 

needs, for example including a column for energy consumption of the building, or to adapt to 

the characteristics of new types of responsive solutions available.  

Information providers might use the database for the following purposes: 

- Help architect firms with projects that resort to RBES to establish themselves in the market as 

environmentally conscious, innovative, and concerned about the users and their design 

functionality. 

- Help companies to establish themselves in the market as capable of implementing innovative 

solutions in an effective way. 

- Open doors for communication between professionals of the sector, aligned in terms of values 

and goals. Share technological knowledge on RBES between R&D centers and between these 

centers and industry.  

- Add more information to the database in order to better study these solutions afterwards, as an 

information consumer.  

4.2.2: Conceptual design 

Conceptual design is independent from the database system to be used, internal level, and from the 

detailed views of the users, external level. The conceptual model reflects the structure of the information 

to be held in the database, clarifying the relations between different entities as well as attributes. The 

conceptual design of the Responsive Building Envelope Solutions Database (RBESDB) is presented in 

Figure 40.  

The major entities of the responsive building envelope solutions database (RBESDB) identified were 

Building, Application, Solution, Double-skin façades, Openings, Shading Systems, Kinetic Envelopes, 

Smart Materials, and Green systems (Figure 40). 

The several RBES are subclasses of the Application entity because they correspond to an application 

of that responsive solution on the building. DSF’s Application, Openings Application, Shading Systems 

Application, Kinetic Envelopes Application, Smart Materials Application and Green Systems Application 

are specialisations of the Application entity, which means they share some attributes but they have also 

specific attributes which are different between them. They are disjoint specialization entities because 

each application corresponds to only one of the records in one of the specialization entities.  

The entity Building is strong because its existence does not depend on the existence of any other entity, 

while the entity Application is weak in relation to Building because applications of a responsive solution 

on a given building envelope cannot exist unless there is a building. Because of this, the ID of the 

Application entity will always depend on the ID of the Building entity, which is why it is underlined with a 

dotted line. 



 

 

Figure 40 – Responsive Building Envelope Solutions Database (RBESDB) conceptual model



 

Each application in the database falls under a general category, RBES. The types of RBES and their 

description are stored in the entity Solution since, if this was stored in Application as an attribute it would 

be repeated many times and space would be wasted. The entity Solution is a strong entity, since these 

definitions exist regardless of being applied on a building or not. 

Attributes correspond to information that is relevant for each entity. In order to be able to identify which 

types of information were relevant to record in the database, it was necessary to understand the 

application domain, which was accomplished by gathering case studies of buildings with responsive 

solutions and producing the classification presented in chapter 4.1: Classification system.  

The entity Building must have all of the attributes necessary to describe the building, for example 

Building Name, Date of Construction, Building Use, Location and Designers. The double line in the 

attribute Designers means that it can have multiple values simultaneously. The entity Application must 

have all of the attributes necessary to describe where the solution is applied in the envelope, as well as 

all of the attributes that are common to all RBES. Likewise, the entity DSF’s Application must have all 

of the attributes necessary to describe a DSF applied on a given building envelope. The same is 

applicable to the remaining entities. 

Building and Application have a one-to-many relationship. This relation is mandatory since at least one 

record in a table must exist before any records can be added to its associated table. 

4.2.3: Logical design 

The logical data model translates the conceptual model into a schema that implements the relevant data 

structures within the database. It is expressed in terms of a particular database model supported by the 

chosen DBMS, in this case the relational model. The logical model of the RBEDB is presented in Figure 

41. 

As explained in chapter 3.1: Database concept, keys are used to associate data from multiple tables. 

Each table must include a column or set of columns that constitute the table’s primary key. The table’s 

primary key values must be different for each record. Also, they shouldn’t change in order to reduce the 

chance that they become out of sync with other tables that reference it. Arbitrary unique incremental 

numbers were assigned as primary keys in all tables because they don’t contain factual information 

describing the row that they represent, therefore they do not change and it can be guaranteed that they 

are different for each record.  

In some cases, two or more fields, together, provide the primary key of a table. This happens in the 

Application Table, as well as in all of its subclasses. Note that each application of a solution on an 

envelope is identified by the ID column of the Application Table as well as by the Building ID column.  

Some columns besides the ones set as attributes in Figure 40 were added to the logical model, because 

the information was available for some buildings and considered relevant. Examples are the Renewable 

Energy Production column in the Building Table and the Building Management System column in the 

Application Table.  
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Building Table 

ID 

Picture 

Building Name 

Building Use 

Designers 

Façade / Energy Specialist 

Date 

Country 

Location 

Address 

Geographic Coordinates 

Climate Zone 

Renewable Energy Production 

Floors Above Ground 

Main Solution  

Description 

Sources 

Application Table 

Building ID 

ID 

Envelope Element 

Orientation 

Solution 

Mechanism 

Action 

Control Type 

Responsiveness Type 

Building Management System 

Details 

 

 
 

Double-Skin Façade Table 

Building ID 

ID 

Ventilation Type 

Ventilation Mode 

Cavity Partition 

Cavity Width 

Blinds in the Cavity 

Input 

Output 

User Override 

Details 
 

Openings Table 

Building ID 

ID 

Type 

Material 

Shape 

Input 

Output 

User Override 

Details 

 

 

Shading Systems Table 

Building ID 

ID 

Type 

Location 

Opacity 

Input 

Output 

User Override 

Details 

 

 

Kinetic Envelope Table 

Building ID 

ID 

Motion 

Scale 

Input 

Output 

User Override 

Details 

Smart Materials Table 

Building ID 

ID 

Type 

Subtype 

Input 

Output 

User Override 

Details 

Green Systems Table 

Building ID 

ID 

Type 

Plant 

Details 

 

Solution Table 

ID 

Description 

 

 

 
 

Figure 41 - Responsive Building Envelope Solutions Database logical model 
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In order to avoid empty spaces, the Application Table only has columns that are applicable to all 

solutions, such as type of solution, envelope element, and orientation. Columns that only make sense 

to describe a DSF, such as ventilation mode, are only present in the Double-Skin Façade Table. This is 

the reason why there is a table for each type of solution, with columns that make sense for each of them. 

It was also taken into consideration that Input and User Override columns do not make sense for the 

rows of the Application Table corresponding to green roofs or living façades, which is why they exist in 

all of the tables corresponding to the subclasses of Application except for the Green Systems Table, 

avoiding the wasted space that would exist for all of the rows related to green systems in such a column 

in the Application Table. 

4.2.4: Physical design 

In the present work, the physical design is very connected to the Google Fusion Tables (GFT) interface, 

since it was the tool used to convert the logical drawing into actual tables. Each relevant entity type 

previously identified corresponds to one table only in the physical design. 

To ensure the correctness and completeness of the information, as well as to avoid duplicate data, the 

two main aspects of a good database design mentioned in the beginning of this chapter, the options 

available for each column were previously defined, whenever possible. For example, when adding a 

row to the Shading Table, the user must choose one of the options available in Figure 42 for the Type 

column. Still, the Shading Table contains a Details column in which the user can write freely. 

  

Figure 42 – Type options in the Shading Table (left) and example of a row in the Shading Table with Type “Other” 

(right) 

In fact, all of the other tables contain a Description or a Details column. This allows the user to add 

information even when a given option is not yet available. This proved to be extremely useful in the 

Shading Table where a lot of records hold the value Other in the column Type, but no information was 

lost because the solution is explicitly described in the Details column, as shown in the example in Figure 

42, on the right. 

Figure 43 present the process of geocoding a given row in GFT. By clicking the “edit geocode” button, 

that appears next to any column defined as type “Location”, a map appears, where it is possible to 

search for the exact location and select it. The result is presented on the right. As it can also be seen in 
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Figure 43, values on a given column can also be associated with icons of different colours in the map. 

In this case, a purple icon corresponds to a building that has as a main RBES a shading system.  

 

Figure 43 – Google Fusion Tables Interface: Geocoding process in GFT 

The cards with the summary information about the building were edited by using the GFT’s 

functionalities, which allow customization of the HTML code. 

Despite all of the GFT’s functionalities explored, the most important aspect of the database physical 

design is that the tables should reflect the major entities and the columns should reflect the major 

attributes identified. Also, the relationships between the tables must be well-established. Some 

examples of rows in several tables, corresponding to the same building are presented below, to illustrate 

this. 

The first example is the Siblik Eletrical Office Building, in Austria. In the building table (Figure 44) there 

is all available information regarding the building itself, namely building name, location, designers, 

building use and picture. The Building ID uniquely identifies every building. 

 

 

Figure 44 - Siblik Eletrical Building, Building Table (row divided into two for presentation purposes) 

It is relevant to notice that, in the Application Table (Figure 45), each row corresponds to a specific 

solution applied on a specific envelope of a specific building, which is the reason why any application is 

uniquely identified by the Building ID and the ID of the application simultaneously. In the case of Siblik 

Eletrical Building there are 3 records of RBES on the application table.  
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Figure 45 - Applications of responsive solutions in the Siblik Eletrical Office Building, Application Table 

Immediately it is possible to know that all of the responsive solutions applied in this building are located 

on the same façade, the south façade. Then, to understand these applications in more detail one can 

consult the same application in the DSF Table (Figure 46) to obtain more detailed information about this 

specific DSF. 

 

Figure 46 - DSF in Siblik Eletrical Office Building, DSF Table 

The same can be done in the Shading Systems Table (Figure 47). 

 

Figure 47 – Shading Systems in Siblik electrical Office Building, Shading Table 

Samples of the tables in GFT’s can be found in Annex B, in Figure  a to Figure  k, as well as the 

respective links where the tables are available for online visualization. Also in Annex B, in  

Figure  l to Figure  o, more is presented of the Google Fusion Tables Interface.  

• Database application with Github 

Physical design requires a good knowledge of the expected workload and access patterns, and a deep 

understanding of the features offered by the chosen Database Management System (DBMS). A regular 

DBMS includes the ability to define the relationships between the entities and the attributes, therefore it 

is easy in such a system to relate two tables. Here, the GFT provided an easy way to build the tables 

as well as many other advantages presented in chapter 3.2: Google Fusion Tables. The tables created 

for this work are conceptually well related and constitute a database. However, because the GFT’s are 

not an actual DBMS, it was necessary to establish the relations between them through an application 

that constitutes a proof of concept that this database (DB) can have those relationships defined, as well 

as an intuitive user interface for the information consumers. This DB application focuses on the 5 use 

cases established in Figure 39, demonstrating that the information in the database can be easily 

accessed and researched by the information consumers, according to their needs. The Responsive 

Building Elements Database Application is available online at: https://raquelmariano.github.io/RQM/. 

4.2.10: Database access control 

Database access control deals with controlling who is allowed to access which information in the 

database. In the case of the RBESDB there are two types of users accessing the database, the 

consumers and the providers of information. While the first group is authorized to view the database, 



 - 58 - 

the second is also allowed to update the data in the database. The tables are available online for 

everyone, as is the application built. To become part of the second group however, the users will need 

to request access and prove to be viable information providers, such as researchers working in the field. 

Access can be granted by the database manager if requirements are met. This is important to guarantee 

the safety and accuracy of the information.



 

Chapter 5: Results analysis 

This chapter presents an analysis of the results obtained in terms of adequacy of the Google Fusion 

Tables as a tool for implementing the database and also in terms of the state of the responsive building 

envelope solutions found in buildings nowadays. 

5.1: Google Fusion Tables as a DBMS tool for implementing the Responsive 

Building Envelope Solutions Database 

This chapter describes which were the Google Fusion Tables (GFT) advantages and limitations while 

building the Responsive Building Envelope Solutions Database (RBESDB) and it also demonstrates 

how the objectives were accomplished in terms of the database being able to respond to the sample 

questions in chapter 4.2: Database design and implementation as well as successfully enabling the use 

cases presented also in the same chapter. 

• Advantages 

The GFT is a free web application that provides a way to build tables with pre-determined data types 

and formats.  

Three main aspects of GFT are useful for the purpose of this thesis: 

- In GFT the tables are easy to build and also easy to change continuously over time, if needed. 

They can be edited to simply add new cases to the database, but also to alter its structure. 

- The GFT integration with Google Maps, which allowed to specify the location of each building 

with great accuracy but also to visualize all of the buildings locations and interact with the 

markers, that when selected display a card with a synthesis of the building characteristics. 

- The GFT’s possibility for easy collaboration in the cloud between several users. This is useful 

since one of the main goals of the database is to engage governmental and non-governmental 

professionals and organizations from around the world to collaborate by inputting more cases 

of RBES into the database.  

Other advantages include the GFT’s visualization tools which allow online charts to be automatically 

generated with the data on a Fusion Table and embedded on a website. These charts are automatically 

updated as the table is updated. 

• Limitations 

The main limitations of GFT that directly affect the present work are related with the GFT’s ownership 

settings and with the fact that GFT is not a traditional DBMS: 

- An option which lets a user add a row without being given permission to edit everything in the 

table does not exist. This means any information provider, in order to be given permission to 

insert more case studies, is automatically given permission to alter the tables structure, by 

altering or deleting anything from columns domain values to existing rows and even existing 

columns. This constitutes a huge inconvenience, potential safety problem, and limits the 
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database growth potential because who constitutes an information provider needs to be very 

selective. A way of solving this would be to create a Google Form which can be filled and linked 

to the table. By creating the Google Form and linking it to the tables, the user would only insert 

a row, not being able to alter the tables structure, but this does not make use of the GFT user 

friendly potential of being intuitive and easy to use and edit information. 

- GFT’s are not a traditional Database Management System, therefore it is not possible to 

establish relationships between entities or define certain restrictions through GFT’s as it is in a 

traditional DBMS. This meant that the good design and quality of the database is completely 

dependent on a coherent organization of the tables. 

In chapter 4.2: Database design and implementation sample questions that the database intends to 

answer were identified, such as:  

- Where is this building?  

- When was it built?  

- What does the building look like? 

- How does the solution work? 

- What is the ventilation mode of this DSF? 

- How is the solution controlled? 

The first question implies that information regarding building location should be included. This was 

accomplished not only through a set of columns that define location but also resorting to the GFT 

functionality of integration with Google Maps, which allowed to have georeferenced buildings that have 

RBES showing in a map (see Figure 43, in 4.2: Database design and implementation and Figure 54, in 

this chapter). The second question hinted that the building’s date of construction should be included, 

and so it was. The third question implied that a picture of the building should be included, and so it was. 

The fourth question led to the inclusion of a Description field in the Building Table. The fifth question led 

to the inclusion of a Ventilation Mode column in the DSF table, and finally the sixth question led to the 

inclusion of the Control Type column in the Application Table.  

These questions are just some examples. The information in the database can answer these questions 

and many others, therefore its implementation could be considered as successful in this regard. 

Also, the database application developed, enables information consumers to successfully research the 

tables according to the use cases established in chapter 4.2: Database design and implementation. 

Examples of these researches are presented in Figure 48 to Figure 53. Figure 48 displays the landing 

page of the database application. In the same figure, the links below the title “Database Tables” 

correspond to the tables in GFT simply embedded into the application to allow visualization. The content 

of the “How to use this application” link is presented in Annex B, Figure  p. 
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Figure 48 – Online database application interface (landing page) 

In Figure 49, the first use case is demonstrated. The Building Table in the database was researched for 

all of the buildings in France by writing “France” in the search box and pressing the search button.  

 

Figure 49 - Online database application interface, building search according to country “France” (Example: 

L’Institut du Monde Arabe) 

In Figure 50 and Figure 51 the second use case is demonstrated. The Application Table in the database 

was researched for all of the applications of DSF’s on building envelopes by writing DSF in the search 

box and pressing the search button, and also for all of the applications of shading systems on building 

envelopes by writing “Shading” in the search box and pressing the search button.  
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Figure 50 - Online database application interface, RBES search according to type of solution “DSF” (Example: 

L’Institut du Monde Arabe) 

 

Figure 51 – Online database application interface. RBES application search according to type of solution 

“Shading” (Example: L’Institut du Monde Arabe) 

In Figure 52 and Figure 53, the third use case is demonstrated. Here, the user can choose the 

database’s table corresponding to the relevant type of responsive solution (DSF, Shading System, 

Opening, Kinetic Envelopes, Smart Materials or Green Systems), from the drop-down menu. Then, the 

user is able to research a given Building ID. In this example, the user decided to search for the Building 

ID “1” in order to find the details of the DSF application in terms of Ventilation Type, Ventilation Mode, 

Cavity Partition, Input and Output, of the corresponding building, L’Institut du Monde Arabe.  
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Figure 52 - Online database application interface, specific application search according to Building ID “1” and 

option “Double-Skin Façades" (Example: L’Institut du Monde Arabe).  

 

Figure 53 - Online database application interface, specific application search according to Building ID “1” and 

option “Shading Systems" (Example: L’Institut du Monde Arabe). 

Note that all of the cells highlighted in Figure 49 to Figure 53 correspond to L’Institut du Monde Arabe. 

This demonstrates that it would be possible for the user to view all of the relevant information about the 

RBES in this building through the application. 

In Figure 54 the fourth use case is demonstrated. The database application displays a map with pins 

corresponding to the buildings locations. These pins are colour coded according to the main responsive 

solution in the building and the user is able to filter them according to this. The user is also able to view 

a summary information card of a given building by interacting with any of the pins in the map, as shown 

previously, in Figure 43.  

 

 

 

Figure 54 - Online database application interface, map with all locations (left) and searched according to main 

solution “Shading System” (right). 

Finally, Figure 55 demonstrates the fifth use case. The user can view graphs produced with the Google 

Fusion Tables visualization tools, which enable the generation of charts directly with the information in 

the database. They are updated automatically every time anyone adds new information to the tables, 

so they are always in synch with the tables that originated them. 
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Figure 55 - Online database application interface, examples of interactive graphs automatically produced by 

Google Fusion Tables and embedded in the application: Number of buildings according to main solution 

distribution (Pie chart, top left), Number of buildings according to building use distribution (Pie chart, top right), 

Number of buildings according to climate zone distribution (column chart, bottom left) and relations between 

climate zones and main solutions (network graph, bottom right). 

5.2: Statistical analysis of the case studies 

In this chapter a statistical analysis of the case studies inserted in the database is presented, in order 

to be able to draw conclusions about the current state of responsive solutions applied in buildings in the 

world. 

An important aspect to consider in terms of accuracy and quality of the information, is the source of that 

information. Information regarding most buildings in the database comes from more than one source, in 

order to ensure greater detail. The distribution of the main sources for information about each building, 

in terms of publication type, is presented in Figure 56. 

 

Figure 56 – Distribution of sources publication types. 
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The largest percentage of buildings had as main sources PHD Thesis. In particular, this database was 

fed with many case studies with double-skin facades from Gomes (2010). In total, 73% of sources are 

of academic nature, such as articles and research reports, from projects such as the  Bestfaçade Project 

(Schiefer et al., 2005), 6% came from technical books, such as Intelligent Skins (Wigginton & Harris, 

2002) and Intelligent Glass Façades: Material, Practice, Design (Compagno, 2002), and the remaining 

21% came from more commercial sources such as companies’ brochures and websites. The complete 

sources of the information regarding the buildings and solutions are listed in the database’s Building 

Table on the column “Sources”.  

Some of the solutions mentioned in Chapter 2.2 are not represented in the database because no built 

examples were found. For example, solutions such as bimetal (see Figure 17 in Chapter 2.2.5.3: Shape 

memory materials) only exist on an experimental level. 

A total of 425 buildings were inserted in the database, which corresponds to a considerable amount of 

case studies, resulting in a fairly good sample for analysis. As mentioned, the case studies that served 

as a starting point to implement the database were approximately 120 buildings with double-skin 

façades present in the PhD thesis of Professor Dr. Maria da Glória de Almeida Gomes, Thermal 

Behaviour of Double-Skin Façades: Numeric modelation and experimental analysis, written in the scope 

of the IEA EBC ANNEX 44: Integrating Environmentally Responsive Elements in Buildings. 

It is important to note that the small number of case studies with green systems inserted in the database 

does not accurately reflect the state of development of that specific field. Literature regarding that topic 

is vast and a great amount of buildings with green roofs or living walls exists all over the world. However, 

the present work focused less on these in comparison to all other types of solutions. In fact, most of the 

green systems included are mostly buildings that have a green system in addition to one of the other 

solutions. For this reason, in this chapter few results regarding green systems were obtained. 

The 425 case studies were classified according to the criteria presented in chapter 4. The analysis 

presented throughout this chapter is based on that classification. 

A total of 565 occurrences of responsive building envelope solutions (RBES) was found in the database. 

For example, in a building with 4 similar DSF’s, one in each façade, those DSF’s were counted as one 

occurrence. However, if all of the DSF’s presented different characteristics they were counted as 4 

occurrences. Figure 57 presents the distribution of occurrences according to type of RBES. 

  

Figure 57 – Types of solutions occurrences distribution. 
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As demonstrated in Figure 57, double-skin façades and shading systems, in particular common types 

such as venetian and louvers, seem to be the most common and widely used types of responsive 

solutions for building envelopes, which was expected because they are the most widely and commonly 

manufactured by companies, meaning, contrary to other solutions, they already crossed from a research 

stage to a commercial stage. 

In fact, the ones inserted in the database are not exhaustive of the ones found throughout the elaboration 

of this work. With continuous research more and more cases of these types can be easily found and 

added. The ones presented however, display a good representation of the state of the art and give a 

perception of how they are very commonly used. Kinetic envelopes and smart materials, on the contrary, 

have been exhaustedly researched and they seem to exist in buildings much less often than DSFs and 

shading systems. Also, it was noted that, although several different types of smart materials exist on a 

research level, currently only Phase Change Materials and Electrochromic Glass have some 

representation on actual buildings. Smart materials and kinetic envelopes only account for 6%, each, of 

the total occurrences, which is a very small percentage considering their potential. This is most likely 

explained by the fact that commercial applications are still not very common, contrary to shading 

systems and double-skin façades. 

The climate zone was classified according to Köppen-Geiger, which is the most frequently used climate 

classification map. The 5 types of climate zones used by Köppen-Geiger classification are presented in 

Table 9.  
Table 9 - Köppen-Geiger climate zones 

Climate Zone Description 

 

Equatorial 

Tropical rainy climates. The colder month has an average outdoor 

temperature higher than 18ºC. The winter station is practically non-existent. 

Strong annual precipitation. In the database, 8/425 buildings are located in 

equatorial climates. 

 

Arid 

Dry climates. Low annual precipitation (lower than 500mm). In the 

database, 24/425 buildings are located in arid climates. 

 

Warm Temperate 

Moderate rainy climates and averagely warm. The colder months have an 

average outdoor temperature between -3ºC and 18ºC. In the database, 

356/425 buildings are located in warm temperate climates. 

Boreal 

Cold climates with snow and forest. Average temperatures below -3ºC on 

the colder months. In the database, 37/425 buildings are located in boreal 

climates. 

Polar 

Polar climates have average outdoor temperatures below 10ºC in the 

warmer months. The summer season is practically non-existent. There are 

no buildings in polar climates in the database. 
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By using a KMZ file layer in Google Earth which overlaps this classification over the world map it was 

possible to research every address on Google Earth and find the corresponding climate zone 

immediately. The version of the file used dates from March 2017 (Kottek, M. et al., 2006). 

As demonstrated in Figure 58 and Figure 59, most of the buildings in the database are located in warm 

temperate climates. They make up 84% of the total, followed by buildings in boreal climates, 9%, and 

arid climates, 6%. The remaining 2% correspond to buildings in equatorial climates and no cases were 

found in polar climates. This might be explained by the fact that the majority of cities tend to exist in 

locations with less extreme weather, while locations with polar climates are rarely inhabited. However, 

this can also mean that RBES are most useful in locations where climatic conditions vary throughout 

the year. If a location is characterized by a constant type of weather conditions, which is the case for 

polar climates where the summer season is practically non-existent and for equatorial climates, where 

winters are practically non-existent, the traditional static approach of designing the building for the 

dominant outdoor climatic conditions, might be appropriate, instead of making the envelope react to 

them. 

  

Figure 58 – Distribution of the 425 buildings in the database according to climate zones. 

 

 

Figure 59 – Distribution of 565 occurrences of solutions according to climate zones. 
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In Figure 60 and Figure 61 it is possible to observe that the large majority of responsive solutions in 

buildings, regardless of the type, was found in Europe, which implies research and commercial 

applications of responsive solutions are more developed in this continent. Further analysis regarding 

location of the buildings with RBES in terms of countries was produced and is presented in ANNEX C, 

in Figure  q to Figure  u. It is relevant to notice that Germany alone accounts for 72 of the 425 buildings, 

and 92 of the occurrences, with RBES found, which makes it the country most present in the database.  

 

 

Figure 60 – Distribution of 425 buildings inserted in the database according to continents. 

 

 

Figure 61 – Distribution of 565 occurrences of responsive solutions according to continents. 
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Figure 62 – Distribution of building uses 

It was found that offices, government and education facilities, such as universities and libraries, which 

need to provide good work conditions that allow their users to be focused and ensure their indoor 

comfort, had mostly double-skin façades and regular shading systems as responsive solutions, which 

are the most commercially available types of solutions. Kinetic envelopes, on the contrary, are 

essentially present in residential and leisure buildings in the database. This reflects the research stage 

they are currently in and might also be explained by the fact that they are potentially more distracting 

for the users in a working environment. Smart materials seem to be on the early transition period from 

research to the building stage since, although they are mostly present in small projects of residential or 

leisure nature, with 1 to 2 floors above ground, they are also present in some healthcare facilities and 

offices. 

From a total of 565 different occurrences of responsive solutions in building envelopes, the results 

presented in Figure 63 show a big association between automated or programmed control and 

responsive solutions. In fact, 59,7% of the solutions have these control types. However, in the scope of 

the present work, responsiveness does not directly imply automatism because some solutions, such as 

DSF’s, can be considered responsive even with manual or no control, since its ventilation responds to 

the climatic conditions. 

 

Figure 63 – Control types distribution 
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Figure 64 displays the control types distribution for each type of responsive solution. While classifying 

green systems according to their control type it was found that all of the cases display the same control 

type, no control. Although there can be human intervention for example in terms of times of day when 

the plants are watered, the responsiveness lies in the plant’s interaction with the environmental 

conditions, for example heat, humidity and CO2 levels, but this interaction happens without control. 

Smart materials are often associated with intrinsic control and, in fact, this was the control type in 55,9% 

of the cases, although, unexpectedly 29,4% display automated control. 
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Figure 64 – Control types distribution for (a) Double-skin façades, (b) Shading Systems, (c) Openings, (d) Kinetic 

Envelopes, (e) Smart Materials and (f) Green Systems. 
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Figure 65 – Occurrences mechanisms distribution total (left) and according to type of RBES (right). 

The most common mechanism is fluid transport (43,8%) and the most common action is airflow (43,5%), 

which was expected given the large amount of DSF’s in the database. Fluid transport also includes 

cases of RBES of the type “Other” where the action occurring is water flow. The second most common 

mechanism is electro-mechanical (33,4%). This mechanism is present in openings, shading systems 

and kinetic envelopes. However, some of the shading systems and kinetic envelopes in the database 

also present pneumatic and hydraulic mechanisms. Associated with these mechanisms is the second 

most common action, the physical movement of the solutions (36%). Physical movement can 

correspond to several motions, presented in Figure 67, the most common being pivoting (41,7%), 

followed by sliding (38,7%) and rotating (12,3%). Less than 1% of the solutions displays a mechanical 

mechanism, and all of them correspond to kinetic envelopes. Chemical mechanisms (3,4%) and 

electrical mechanisms (2,5%) are displayed by smart materials, mostly PCM’s that display a phase 

change, and EC glass solutions that display a colour change, respectively. Biological mechanisms 

correspond to 3,2% of the mechanisms distribution, and evapotranspiration and photosynthesis 

correspond to 3,2% of the actions distribution. These are associated with green systems. 

 

Figure 66 – Occurrences actions distribution total (left) and according to type of RBES (right). 
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Figure 67 – Physical movement types distribution. 

Figure 68 presents the types of responsiveness that the RBES in the database display. In 7,2% of the 

cases it was not possible to determine the solution’s responsiveness, which means that the solution was 

neither a smart material, which would have smart responsiveness, nor a green system, which would 

have living responsiveness, and that the control type was not available. 

The majority of the solutions displays kinetic intelligent responsiveness (41,2%), followed by intelligent 

responsiveness (16,6%), passive responsiveness (14%), manual responsiveness (10,6%), smart 

responsiveness (6%), living responsiveness (3,2%) and kinetic manual responsiveness (1,2%). The fact 

that the majority of the solutions display kinetic intelligent or intelligent responsiveness is in agreement 

with the fact that there is a great association between RBES and automated or programmed control.  

 

Figure 68 – Occurrences responsiveness distribution total (left) and according to RBES (right). 
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For the automated, programmed and intrinsically controlled solutions the inputs and outputs regarding 

their operation were inserted in the database and its distribution is presented in Figure 69 and Figure 

70, respectively. 

 

Figure 69 – Inputs distribution of automated, programmed and intrinsically controlled RBES in the database. 
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however in these instances it is more associated with avoiding damage in the shading system than with 

adaptation to improve indoor comfort. CO2 levels as an input is present in double-skin façades and 

openings, which is expected since these are associated with producing ventilation, therefore introducing 

fresh air into the building. 

 

Figure 70 – Outputs distribution of automated, programmed and intrinsically controlled RBES in the database. 
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The most common outputs found were shading (54,1%), ventilation (31,3%), heat absorption and 

release (4,3%) and air cleaning (0,5%). Air cleaning output was only found in some smart materials that 

react with the presence of solar radiation, triggering a chemical reaction with smog outside of the building 

and transforming it into less harmful substances. Heat release and absorption corresponds to the output 

from phase-change materials. Kinetic envelopes’ and shading systems’ outputs correspond to shading 

since their operation implies avoiding solar radiation. Ventilation is present in openings and double-skin 

façades.  

It should be noted that although there is some association between inputs and outputs, that association 

is not always linear. For example, the input temperature might result in ventilation, shading or heat 

release or absorption. 

Due to its diversity, smart materials seem to be the solution that produces the greater variety of results. 

Contrary to DSFS which outcome is essentially ventilation and associated consequences such as 

reducing temperature, improving air quality and reducing noise, the smart materials found in buildings 

produce shading, air cleaning and heat absorption and release.  

Figure 71 displays the renewable energy production in the buildings inserted in the database. 

Surprisingly, only 55 of the 425 buildings in the database explicitly mention in their sources to have 

renewable energy production. However, a large number, 259, simply does not mention having it or not, 

meaning that it is possible that more buildings in the database do have renewable energy, but the 

information was simply not available. 

 

Figure 71 – Renewable energy production in buildings with responsive solutions. 
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is multi-storey (51%), followed by corridor (24,3%) and box window (16,8%), and finally the least used 

cavity partition, shaft box (7,9%) (Figure 72) (see chapter 2.2.1: Double-skin façades, for detailed 

descriptions of the DSF’s typologies). 

 

Figure 72 – DSF’s in the database ventilation type (left), ventilation mode (center) and cavity partition (right). 

Regarding shading types distribution, presented in Figure 73, the most common type found was 

venetian blinds (32,2%), which was expected since they are the most commercially available type of 

shading system. Other type of solutions, normally innovative and unique, are the second most common 

type of responsive shading (28,9%). These are followed by louvers (23,0%), roller blinds (11,2%), 

shutters (3,3%), and harmonica screens (1,3%) (see Figure 33 for schematic drawings of these type of 

solutions). 

 

Figure 73 - Type of shading system occurrences distribution. 
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Figure 74 - Type of smart material occurrences distribution. 
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The distribution of types of kinetic envelopes in the database are presented in Figure 75. The most 

common type of kinetic envelopes found were rotating buildings (55,9%), followed by the pivoting 

envelopes (17,6%), sliding envelopes (5,9%) and retractable envelopes (8,8%). 

 

Figure 75 - Type of kinetic envelope occurrences distribution. 
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Figure 76 – Domespace in France (left), Marmara Antalya Hotel in Turkey (center) and round house in the USA 
(right). 
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Chapter 6: Conclusions and future developments 

This chapter presents the conclusions of the present work and future developments that can be pursued. 

The present work focuses on responsive building envelope solutions (RBES), which are solutions 

applied on building envelopes that have a dynamic response indoor and/or outdoor conditions and/or 

user preferences, and are implemented with the main goal of improving indoor comfort in buildings and 

save energy. The work focuses on built case studies. A classification for RBES in buildings was 

developed and a database of 425 buildings with RBES was built and analysed. The main goal of the 

study can be considered successfully accomplished because information regarding RBES was 

organized, classified and implemented on a database where professionals of the sector are able to 

collaborate effectively. Google Fusion Tables (GFT) constituted an effective tool to develop the 

Responsive Building Envelope Solutions Database (RBESDB) and explore and manipulate data. The 

database is well structured and accomplishes desirable design goals. It accommodates the data in a 

way that suits the users’ needs, avoids redundant data and ensures the accuracy and integrity of the 

information whenever possible, by defining and restricting the correct domain values as options for a 

given column instead of allowing the user to write any value without criteria.  

As a summary, the goals set in Chapter 1 have been achieved: 

• The main differences between terminology used to describe RBES were clarified. 

• A classification for RBES was proposed. 

• A database of buildings with RBES was built, where 425 case studies were introduced and 

characterized. 

• The case studies inserted in the database were analyzed and an overview of the current state 

of the integration of RBES on buildings was obtained. 

The present work could be considered valuable due to the following three main aspects: 

• As explained in Chapter 2 there is still no consensus on the exact definition of what constitute 

responsive solutions for building envelopes. The proposed classification is original, while based 

on several aspects agreed on the literature. The classification presented in Chapter 4 is clear 

and easily applicable to current and future responsive building envelope solutions. 

• A significant amount of RBES are at a research stage. There was a lack of research focusing 

uniquely on built examples. This work explicitly presents which solutions are present in 

buildings, their characteristics and geographic distribution.  

• Data regarding responsive envelope solutions was dispersed and not systematically organized. 

This work, by developing a database on this specific subject, facilitates the research of 

information and the insertion, modification and deletion of data. Data can now be now 

aggregated, structured and clearly presented. It can be sorted, visualized in different ways such 

as in spreadsheets, maps or timelines, and is accessible to multiple users in the cloud, 

simultaneously and over time.  
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As main conclusions that result from the database analysis, out of the 565 occurrences of responsive 

solutions in a total of 425 building case studies inserted into the database, double-skin facades (43,5%) 

and kinetic shading devices (34,6%) are the most common responsive solutions applied in building 

envelopes nowadays. This is due to the tendency for designers to select standardized components, 

which manufacturers produce in high quantity for a considerably lower cost.  However, this field can 

expand and greatly change over time. Due to the GFT functionalities, the database will be able to 

encompass these changes.  

In terms of responsiveness types, the majority of the solutions displays kinetic intelligent responsiveness 

(41,2%), followed by intelligent responsiveness (16,6%), passive responsiveness (14%), manual 

responsiveness (10,6%), smart responsiveness (6%), living responsiveness (3,2%) and kinetic manual 

responsiveness (1,2%). 

A big connection was found between automatic systems and responsive solutions, with automated 

occurrences accounting for 56,7% of the total, however it was also found that not all responsive building 

envelope solutions have automated control. 

Finally, the main inputs for responsive solutions with automated, programmed or intrinsic control, were 

found to be solar radiation (29,7%) and temperature (22,2%), while the main outputs were found to be 

shading (54,1%) and ventilation (31,3%). 

One of the main challenges in defining a classification system is to ensure simultaneously that the 

parameters are broad and simple, and that the same criteria can be used to clearly define every solution 

while, at the same time, guaranteeing that the complexity and differences between each system is well 

displayed and detailed enough. This balance was taken into account when designing the database, 

therefore the database allows for broad analysis as well as some more detailed analysis, specific to 

each solution. It is important to notice that the classification, and corresponding database, was built and 

iteratively improved based on the sample of 425 case studies found, therefore it accurately reflects the 

characteristics of responsive building envelope solutions nowadays. 

In order to build upon the present work and improve the research in the field of responsive envelope 

solutions several future developments can be pursued: 

- Feed the database with more case studies of buildings with responsive envelope solutions.  

- Establish partnerships with organizations, such as architecture firms, who apply these solutions. 

They can feed the database and use the data for themselves, but at he same time advertise 

their work, although they would have to be willing to share the information since the database 

intends to be free access for everyone.  

- The scope of the database could be extended in the future. There are three stages of 

development of RBES: the prototype phase, the product phase, and the built phase. Concepts 

that are currently still in the research phase may become final products over time and integrate 

real buildings. The database is specifically designed to integrate responsive solutions in the 

built phase. However, it may be relevant to record data of solutions in previous stages of 

development. To enable this, more tables could be added to the database in the future in order 



 - 79 - 

to encompass more solutions that are still prototypes or products. Instead of information about 

architects and the façade specialist we could register for example the University and main 

researchers that are developing that prototype.  

- For data security reasons, and in order to avoid the limitation of GFT regarding the required 

permissions for any given user to edit information in the tables, a Google Form could be created 

to feed the database with new case studies without giving him permission to edit the structure 

of the database. This form should be normalized and ensure the introduction of data in exactly 

the same way every time, meaning that the information provider would always need to fill the 

same fields for every new case study which would promote consistent and complete information 

in the database. 

- Program the application to automatically generate a normalized PDF document with all the 

information regarding a given case study. 

- Experiment with other softwares that have fewer limitations than GFT to build a database, based 

on the same classification.  

- Including data resulting from the maintenance and operation of the buildings in the database. 

Some examples include the users comfort satisfaction level, the costs associated with the 

implementation of the responsive solution, and if the solution components can be repaired or 

replaced easily and at low costs.  

- Include data regarding energy consumption of the buildings, especially when that data can be 

compared to data of the same building without the responsive solution, for example a building 

retrofitted by adding a DSF to the envelope. As a consequence, conclusions regarding which 

solutions best suit different climates, which ones have a better cost-benefit relation, as well as 

information regarding best practices when applying these solutions in buildings could be drawn.  

- Further study on specific applications of these solutions in order to analyze if their goals are 

being met. For example, often responsive building envelope solutions require energy to operate. 

This can be counterproductive if that energy consumption is higher than the energy savings 

associated to their implementation, so it is important to study if, in fact, the solutions are 

accomplishing their energy and comfort goals. 

- Improving the database application by making it more user friendly and aesthetically appealing.
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Figure  a – Sample of the Building Table in Google Fusion Tables 
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Figure  b – Sample of the Building Table in Google Fusion Tables 
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Figure  c - Sample of the Application Table in the Google Fusion Tables. 
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Figure  d – Sample of the Application Table in the Google Fusion Tables. 
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Figure  e – Solutions Table in Google Fusion Tables. 
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Figure  f - Sample of DSF (Double-skin Façade) Table in Google Fusion Tables. 
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Figure  g - Sample of the Shading Systems Table in Google Fusion Tables. 
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Figure  h – Sample of the Opening Table in Google Fusion Tables 



 J 

ANNEX B – Google Fusion Tables 

 

 

Figure  i – Sample of the Smart Material Table in Google Fusion Tables 
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Figure  j – Sample of the Kinetic Envelope Table in Google Fusion Tables. 
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Figure  k – Sample of the Green Systems Table in Google Fusion Table 

The full tables partially presented in Annex B are available online at:  

Building Table: https://fusiontables.google.com/DataSource?docid=1aV6eqezyjszrHXZboAD0nM5XPLRlQLGvg9sYnjN7#rows:id=1 

Application Table: https://fusiontables.google.com/DataSource?docid=1BfpFouAmOx43Yrmk2xOFbK_63XEhltzI-RzOqU5d#rows:id=1  

Solutions Table: https://fusiontables.google.com/data?docid=1wYdb6dVyRqFdPjB9IJYPyTFDcRspDgA9CkbjNjtV#rows:id=1 

DSF Table: https://fusiontables.google.com/DataSource?docid=1xgIj3Wrx2VRHC7FdXU3sAoGKrX4Ac7ENVMy76rza#rows:id=1  

Openings Table: https://fusiontables.google.com/DataSource?docid=1mE1yJJb1LhBEsvRKZIT2d3Ggk5kjX26QVpa3cVSl#rows:id=1  

Shading Systems Table: https://fusiontables.google.com/DataSource?docid=18BG1RYsJPy4ngvwJiiM_9HLQoc90PMTJBQRhA9sc#rows:id=1  

Kinetic Envelope Table: https://fusiontables.google.com/DataSource?docid=1q9oFXRqde6zOnSFApzDl1xgkNDRraFU8fBHgo0Ql#rows:id=1  

Smart Material Table: https://fusiontables.google.com/DataSource?docid=1OBkiaGMkXdDEEiEvRyAhL_P5hVkdS7XVGojPcigN#rows:id=1  

Green Systems Table: https://fusiontables.google.com/DataSource?docid=1OM1V24JlKT1MD9wySr7qiGIAv77wXkd5FhY1862i#rows:id=1  



 

ANNEX B – Google Fusion Tables 

 

 
 

Figure  l - Map with building locations in GFT 

 
 
 

 
 

Figure  m – Google Fusion Tables Interface: Chart Editor Tool in Google Fusion Tables 
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ANNEX B – Google Fusion Tables 

 

Figure  n – Google Fusion Tables Interface: Column Definition in the Application Table 

 

Figure  o – Google Fusion Tables Interface: Row Edition in the Application Table 



 

ANNEX B – Google Fusion Tables 

 

 

Figure  p – “How to use this application” link content in the database application 



 

ANNEX C – Distribution of occurrences of solutions according to countries 

 
Figure  q - Distribution of occurrences of solutions in Europe 

 

Figure  r - Distribution of occurrences of solutions in America 

 

Figure  s - Distribution of occurrences of solutions in Oceania 

 

Figure  t - Distribution of occurrences of solutions in Asia 

 

Figure  u - Distribution of occurrences of solutions in Africa 
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