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Abstract 

Responsive solutions applied in building envelopes are dynamic in character, imply adaptation to indoor and/or 
outdoor conditions and/or user preferences, and are implemented with the goal to improve environmental 
comfort in buildings and save energy. In this work the main solutions that integrate this definition are double-
skin façades, ventilation openings, shading elements, kinetic envelopes, smart materials and green systems.  

This work aims to clarify 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, an online platform was built with Google Fusion Tables, 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 area. The present work focuses on 
built examples. The Google Fusion Tables potential as a tool for building this platform and enabling it to be 
shared online was 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. 
 

1. Introduction 

Buildings represente around 40% of the total 
energy consumption in the European Union (EU, 
2012). Also, statistics show that, in Europe, people 
spend an average of 90% of their time inside 
buildings (EC, 2003). 

In technologically advanced societies, the 
reduction of consumption levels should not result in 
a reduction in comfort levels and a consequent 
reduction in quality of life levels. Therefore, when 
designing a building it is necessary to find a 
balance, ensuring indoor comfort, while reducing 
energy consumption and avoiding harmful 
emissions (Gomes, 2010). 

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  (Loonen, et al., 2015). 

The present work focuses on responsive solutions 
applied in building envelopes, which intend to 
provide adequate response to changes in indoor 
and outdoor conditions, while decreasing the 
energy consumption of buildings. According to 
Loonen et al. (2015), the application of these 
solutions can provide improvements in 
sustainability and thus represent a considerable 
contribution to achieve UE 2020 and 2050 goals. 

The present work aims to clarify the definition of 
concepts regarding responsive building envelope 
solutions (RBES), to propose a classification 
system for them and to develop a database of 
these types of solutions based on 425 buildings 
with RBES found. Finally, the work intends to 
provide a global analysis of RBES, regarding 
several aspects that were found to be relevant, 
namely which solutions are most commonly used 
and where, how they operate, their control types, 
and others. 
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The tool used to develop the database was Google 
Fusion Tables (GFT) and, for this reason, the 
present work also explores its potential. The 
database intends to promote sharing of organized 
information regarding RBES on a global level 
because it is available online and can be accessed 
by two types of users. In fact, information can be (i) 
viewed by information consumers and (ii) updated 
and maintained by authorized information 
providers. 
 
Several authors have proposed different 
terminology for RBES. This work clarifies 
terminology used in literature in this context, 
namely “responsive”, “adaptive”, “dynamic”, 
“active”, “smart”, “intelligent” and other terms. A 
selection of bibliographic references was 
assembled and  is presented in Table 1. In this 
work the term “responsive” was considered the 
most comprehensive, therefore the solutions are 
referred to as responsive building envelope 
solutions (RBES). 

There are three key characteristics that, throughout 
this work, define what constitutes a responsive 
building envelope solution. RBES’s are dynamic in 
character, either on a macro or micro level, they are 
designed and implemented with the goal to 
improve comfort and save energy, and their 
operation implies adaptation to indoor and/or 
outdoor conditions and/or user preferences. 

In the present work, solutions that aren’t applied on 
the building envelope, solutions that only serve an 
aesthetic purpose, as well as solutions that only 
serve an energy generation purpose were 
excluded. 

The main solutions that integrate the definition of 
RBES’s are double-skin façades, openings, 
shading systems, smart materials, kinetic 
envelopes and green systems. However, RBES’s 
that do not fit into any of these categories also exist. 

Double-skin façades (DSF’s) consist of at least two 
panes, generally glazed, forming a cavity filled with 
air, which can be vented. The ventilation might be 
natural, machanical or hybrid, and there are 
several ventilation modes, namely exhaust air 
(EA), supply air (SA), oudoor air curtain (OAC) and 
indoor air curtain (IAC). DSF’s are also classified 
according to their cavity partition, namely box-
window, shaft-box, corridor and multi-storey  
(Gomes, 2010).  

Table 1- Responsive solutions terminology according to 

different authors. 

  

Openings include windows, skylights, vents, flaps 
and other similar components. 

Shading elements incorporate of solutions such as 
venetian blinds, roller blinds, shutters, and other 
more innovative and complex shading systems. 

Smart materials consist of a particular type of 
materials that can change several properties, 
namely color, stiffness, transparency and shape. 
These changes occur autonomously in response to 
climatic changes. Types of smart materials include 
phase-change materials (PCM), shape-memory 
alloys (SMA) and cromic materials, such as 
electrochromic glass (EC) (Addington & Schodek, 
2005).  

In general, kinetic envelopes correspond to kinetic 
solutions with a great scale of motion. The building 
as a whole a room or a floor in a building, or the 
building envelope, are able to move, according to 
outdoor or indoor conditions or to the users needs 
and desires.  

Green roofs and living walls consist of building 
envelopes incorporating vegetation into its outter 
surface (Designing Buildings, 2018). 

It is considered in this work that, inside the scope 
of responsive solutions, there are the following 
responsiveness types: 
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- 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. 

It was found that the several terminologies relate to 
each other. A diagram explaining these relations, 
and with some examples of solutions, is presented 
in Figure 1.  

 

Figure 1 - Relations and intersections between 

responsiveness types 

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.  

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. 

2. Classification System  

The database design is strictly related with the 
classification of RBES adopted. Therefore, it is 
important to present the main aspects of the 
classification, namely control type classification 
(Figure 2), responsiveness type classification 
(Figure 3), mechanism classification (Figure 4) and 
operation classification (Figure 5). 

 

Figure 2 - Control type classification 

It is key to know the control type of a given solution 
in order to fully understand how it operates. The 
control types adopted are shown in Figure 2. It was 
also determined that it is possible to classify a 
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given solution according to its responsiveness by 
knowing three aspects:  

• The material which constitutes it. 

• If its operation involves visible physical 

movement or not. 

• Its control type. 

The responsiveness classification diagram is 
presented in Figure 3. 

 

Figure 3 - Diagram for classification of responsiveness 

The classification adopted also proposes to classify 
RBES according to the mechanisms and actions 
that are at the basis of the solutions’ dynamic 
character, as presented in Figure 4.  

 

Figure 4 – Mechanism and Action classification 

Finally, the operation classification, presented in 
Figure 5, is particularly relevant for solutions with 
automated, programmed or intrinsic control since it 
concerns the inputs that trigger the solution to 

display its dynamic character and respective 
outputs. 

 

Figure 5 – Operation Classification 

It is important to note that, sometimes, more than 
one input are considered simultaneously. 

It is also important to notice that the options 
presented throughout the classification are not 
necessarily exhaustive since there is a great 
diversity of RBES and more can be created and 
implemented in different ways over time. 

Besides the above classification presented, the 
construction of the database also took into 
consideration the particularities of each of the main 
types of responsive solutions. For example, the 
database encompasses the possibility to classify a 
DSF according to its ventilation type, ventilation 
mode and cavity partition. 

2. Database Description 

The present database includes 425 buildings with 
responsive building solutions. Approximately 120 
buildings with double-skin façades, present in the 
PhD thesis of Gomes (2010), written in the scope 
of the IEA EBC ANNEX 44, served as a starting 
point for the case studies in the database. 

The tool used to build the database was Google 
Fusion Tables (GFT), a cloud-based service for 
data management and integration launched by 
Google in 2009 (Halevy & Shapley, 2009). GFT’s 
main features are the possibilities it provides for 
user collaboration on the cloud, as well as its data 
visualization and web publishing tools (Gonzalez et 
al., 2010).  

One powerful data visualization tool relates to the 
service integration with Google Maps, which allows 
columns with geographic locations to be geocoded 
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directly through Fusion Tables (Gonzalez et al., 
2010; Google, 2018). 

In fact, the GFT’s integration with the Google Maps 
was used to geolocate every case study in the 
database and this resulted in a map, partially 
presented in Figure 12. 

The Responsive Building Envelope Solutions 
Database’s (RBESDB) will have two types of users, 
the information consumers and the information 
providers. The users will have different access 
levels to de database. While the first group is 
authorized to view the database, the second is also 
allowed to update 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. 

Information consumers are interested in consulting 
the database to better understand RBES and how 
they are applied in buildings. Information providers 
are interested in collaborating with other 
professionals on RBES and improving the 
dabatase.  

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. It is presented in Figure 6. 

 

Figure 6 – Conceptual Design of the RBESDB 

The major entities of the RBESDB identified were: 
Building, Application, Solution, Double-skin 
façades, Openings, Shading Systems, Kinetic 
Envelopes, Smart Materials, and Green systems. 

The tables built in Google Fusion Tables are based 
on this conceptual model, and designed in a way 
that aims to ensure that the information in the 

database is correct and complete and also that 
duplicate information is avoided, in order not to 
waste space. A sample of the Building Table in the 
database is presented in Figure 7. 

 

Figure 7 –Sample of the Building Table in GFT 

The Responsive Building Envelope Solutions 
Database’s (RBESDB) purpose is to gather data 
together to explore questions regarding responsive 
solutions in building envelopes, therefore some use 
cases were established to illustrate what type of 
information the users are interested in accessing 
(Figure 8). 

 

Figure 8 – Use Cases For an Information Consumer 

Since the GFT are not a traditional database 
management system, a database application was 
built in order to allow consultations to the 
information in the tables, according to the use 
cases established in Figure 8. Demonstrations of 
these use cases are presented in Figure 10 to 
Figure 14. Many other uses are possible based on 
the same tables, due to the completeness of the 
information and its design, specifically suited to 
RBES in actual buildings. 
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Figure 9 - Use case demonstration: Buildings in a given 

country 

 

Figure 10 – Use case demonstration: Applications of a 

given responsive solution 

 

Figure 11 – Use case demonstration: Specific 

responsive solution application 

 

Figure 12 – Use case demonstration: Interactive Map 

 

Figure 13 – Use Case demonstration: Interactive Map 

 

Figure 14 – Use case demonstration: Interactive Chart  

3. Analysis of results  

Since the present work involves both the database 
development, using GFT, and the database case 
studies analysis, some considerations can be 
drawn regarding both of these aspects. 

The main results regarding GFT as a tool to 
develop the database were: 

- 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 is a 
powerful tool, 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. 



7 

- The GFT’s possibilities for easy collaboration in 
the cloud between several users are likely to be 
useful in the context of this work since the goal is 
to promote dissemination of knowledge about 
RBES.  

- The main limitation of GFT that directly affects the 
present work is related with the GFT’s privacy 
settings. 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 and limits the 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. This way 
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 to edit information. 

The main results regarding the analysis of RBES in 
the database were: 

- The large majority of buildings with RBES was 
found in Europe, which might be related to the 
sources consulted (Figure 15).   

 

Figure 15 - Distribution of 425 buildings inserted in the 

database according to continents. 

- Most of the buildings in the database are located 
in warm temperate climates (84%) (Figure 16). 
Only 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, the traditional static approach 
of designing the building for the dominant outdoor 
climatic conditions, instead of making the envelope 
react to them, might be appropriate. 

 

Figure 16 - Distribution of the 425 buildings inserted in 

the database according to climate zones. 

- 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 RBES applied in building 
envelopes (Figure 17). This is due to the tendency 
for designers to select standardized components, 
which manufacturers produce in high quantity for a 
considerably lower cost. Kinetic envelopes and 
smart materials on the contrary seem to exist in 
buildings much less often. 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.  

 

Figure 17 – Occurrences of RBES distribution 

 - The most common mechanism at the basis of the 
RBES operation found was fluid transport (43,8%) 
(Figure 18) and the most common action is airflow 
(43,5%) (Figure 19), which was expected given the 
large amount of DSF’s in the database. The second 
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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%). 
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 18 – Mechanisms Distribution 

 

Figure 19 – Actions Distribution 

- It was found a big connection 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 
solutions have automated control (Figure 20). 

 

Figure 20 – Control Types Distribution 

- Finally, the main inputs (Figure 21) for RBES with 
automated, programmed or intrinsic control, were 
found to be solar radiation (29,7%) and 
temperature (22,2%), while the main outputs 
(Figure 22) were found to be shading (54,1%) and 
ventilation (31,3%). 

 

Figure 21 – Inputs Distribution 

 

Figure 22 – Outputs Distribution 

- Figure 23 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. 
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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 23 – Responsiveness types distribution 

Shading systems, openings and kinetic envelopes 
are very associated with physical movement, 
therefore it is expected that they are associated 
with a kinetic responsiveness (Figure 24). In fact, 
these solutions display mostly kinetic intelligent 
responsiveness. DSF’s display three different 
types of responsiveness, passive, intelligent or 
manual, depending on their control type. 

 

 
Figure 24 – Responsiveness types distribution 

according to type of RBES 

 
 

5. Conclusions.  
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 to improve 
indoor comfort in buildings and save energy. A 
classification for RBES in buildings was developed 
and a database of 425 buildings with RBES was 
built using GFT and data was analysed. The 
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) served as 
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. 

There is still no consensus on the exact definition 
of what constitute responsive solutions for building 
envelopes. The classification proposed is easily 
understood, comprehensive and able to 
encompass future developments of RBES. 

A significant amount of responsive solutions 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.  

This work, by developing a database on this 
specific subject, facilitates the research of 
systematically organized information and the 
insertion, modification and deletion of data. Data is 
aggregated, structured and clearly presented. Data 
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.  

From the database analysis with 425 case studies 
it was concluded that most RBES correspond to 
double-skin façades (43,5%) and kinetic shading 
devices (34,6%). This is due to the tendency for 
designers to select standardized components, 
which manufacturers produce in high quantity for a 
considerably lower cost. However, RBES diversity 
can expand and greatly change over time. Due to 
the GFT functionalities, the database will be able to 
encompass these changes.  
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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. The 
Responsive Building Envelope Solutions Database 
allows for broad analysis as well as some more 
detailed analysis, specific to each solution.  
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