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The energy consumption needed to operate buildings can 

be significantly reduced with energy efficient building en-

velopes. Today’s facades are mostly passive systems and 

are largely exhausted from an energetic point of view. 

They can neither adapt to changing environmental condi-

tions related to daily and annual cycles nor to changing 

user requirements.

On the path toward more energy efficient buildings, 

multifunctional, adaptive and dynamic facades can be 

considered the next big milestone in facade technology. 

Adaptive building envelopes are able to interact with the 

environment and the user by reacting to external influ-

ences and adapting their behaviour and functionality ac-

cordingly: the building envelope insulates only when nec-

essary, it produces energy when possible, it shades or ven-

tilates when the indoor comfort so demands.

In spite of numerous already realised projects the devel-

opment and realisation of adaptive building envelopes is 

still in the initial stage. In addition to new technologies 

that enable adaptive behaviour, simulation tools and suit-

able testing methods must be developed, and existing 

norms and regulations must be adapted. Another step is to 

integrate such facades in the overall building system which 

requires a holistic view due to the many interfaces with 

other subcontracts such as building services, for example.

Currently, European research in the field of adaptive 

building envelopes is coined by numerous nationally 

funded projects and a lack of knowledge transfer between 

the individual research institutes amongst each other and 

the industry. To counteract this situation, the European Fa-

cade Network (EFN) with its partner universities TU Delft, 

University Ostwestfalen-Lippe (Detmold), University of 

Bath, University of the Basque Country and the Lucerne 

School of Engineering and Architecture has initiated COST 

Action TU1403M – Adaptive Facades Network.

((http://www.cost.eu/domains_actions/tud/Actions/

TU1403)). 

Prof Dr Andreas Luible
HEAD OF THE COMPETENCE CENTER  
FACADE AND METAL ENGINEERING 
LUCERNE SCHOOL OF ENGINEERING  
AND ARCHITECTURE

The main aim of the Action with more than 22 participating European 

countries is to harmonise, share and disseminate technological knowledge 

on adaptive facades at a European level and to generate ideas for new in-

novative technologies and solutions. This shall lead to: 

1 increased knowledge sharing between the various European re-

search centres and between these centres and the industry;

2 the development of novel concepts and technologies and/or 

new combinations of existing technologies for adaptive facades; 

3 the development of new knowledge such as effective evaluation 

tools / methods for adaptive facades; 

4 the start of new collaborations and research projects in the area 

of adaptive facades technologies.

COST Action was kicked off at the end of October 2014; planned to run for 

a period of four years. The target audience of the Action are researchers, 

manufacturers, the facade industry, professional associations, practicing 

engineers and architects, educational and standards bodies.

In parallel with this conference, a one-week workshop was held together 

with master and bachelor students from our partner universities of the 

EFN (TU Delft (NL), University Ost-Westfalen-Lippe in Detmold (D), Univer-

sidad del Pais Vasco (E), University of Bath (UK). This year’s challenge was 

to build a small prototype of an adaptive façade including an intelligent 

control system.

I would like to thank our organising partner and sponsors Swiss Metal-

Union (SMU), JANSEN Building System, Wicona Hydro Building Systems 

AG, Sika Schweiz AG and Glas Trösch Holding AG for their generous dona-

tion of staff time, materials and/or funding. Thanks also to the partners of 

the European Facade Network.

My very special thanks go to Mr. Ueli Zihlmann, scientific assistant of 

the Competence Center Facade and Metal Engineering (CCFM) at the Lu-

cerne School of Engineering and Architecture, for the professional organi-

sation of the third edition of the conference FAÇADE 2014 – Adaptive 

Building Envelopes.

PREFACE
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St. Petersburg Dance Palace
The St. Petersburg Dance Palace was designed for a com-

petition that was won in 2009, after which UNStudio de-

veloped the project through 2012. Behind the geometric 

complexity of the envelope, the project program is straight-

forward but subtly articulated to create the required con-

nections and flows through the spaces. The envelope is 

wrapped more or less tightly around this program: tucking, 

folding, articulating and wrapping around it. The windows 

are carefully composed and concealed into a gradient pat-

tern that emphasizes the envelope as a continuous surface. 

This is to say that the mutability of the skin is important to 

the organization and overall reading of the project from 

the outside and allows the building to remain an object in 

its own right. 

This objective, then, informs the compositional and de-

tailed design of the envelope. The tessellation of the enve-

lope is simple: two sizes of triangles that change in size at 

areas of greater curvature and are able to nest into one 

another to maintain the tautness of the surface. In the 

larger triangles, windows are created where necessary for 

offices, rehearsal spaces and particularly at the grand 

foyer where the skin is “opened up” to its greatest extent. 

Each time, the windows become progressively smaller and 

turn into shadow boxes to conceal the actual extent of 

program behind. All of this is controlled parametrically, to 

maintain a smooth gradient and curvature of the surface. 

And, to be sure, this technique manifests a wonderful ob-

ject that shifts between sometimes massive corners to 

delicate curvature and patterning.

To achieve this shift of effect, the skin is designed as a 

standard system. This was an ambition set out early in the 

development of the project, due to client desires and mar-

ket constraints. And, as is often the case, that constraint 

forced us to hone in on the inevitably very simple solution 

quickly. The upper shell is composed of a welded steel mo-

ment substructure supported on the slab of the 4th floor 

Rob Henderson
UNSTUDIO, AMSTERDAM (NL)

ADAPTATION

where a truss is used to create the open area of the grand foyer. It stands 

up 4 meters from there to the roof where the skin folds over, and it hangs 

to just underneath the first floor where it then folds under. To an even 

greater benefit, the substructural frame could be preassembled in large 

sections to improve quality and reduce installation times. The steel frame 

supports a stick system whose pattern nests within it, with a large amount 

of repetition in the members due to the simple tessellation. The triangle 

panels are made up of 80 % repetitive sized components whose pattern is 

nested into that of the steel, creating the next level of detail. And, with the 

moment frame behind, we are able to minimize the movement in the en-

velope, thereby maintaining consistent joints throughout the skin to main-

tain its tautness. 

The design of the envelope for the St. Petersburg Dance Palace was a more 

or less typical process of achieving architectural effects through the build-

up of standard components and the use of typical construction techniques. 

This doesn’t take away from its quality or potential. It was still a great 

process with a wonderful product. But in that process there was a germ of 

what was to come, or what was in fact already happening.

F.01 
Caption: Night view of 
Exterior of St. Petersburg 
Dance Palace. 
© UNStudio

F.01
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Rethinking
The architecture and building industry has evolved incredibly in recent 

years. UNStudio, and the industry at large, has adapted its design ap-

proach to the hegemony of the digital in design and production; the shift-

ing role of the architect within a multidisciplinary team and the awareness 

of the intricacy of facade solutions. Thus, we have for the last several years 

been intensely engaged in the rethinking – both in our internal structure 

and our approach with our partners – of our processes of exploration and 

production. This has opened us up to a deeper engagement with our pro-

jects. 

Gallium
There is a fascinating metallic element that has been a touch point during 

these same years and has gone from an anecdote, to a process, to expand-

ing a network and on to informing one of the largest projects in our office, 

if not the world. It is a lesser known, but widely used, element called gal-

lium. It is most commonly and effectively used for conductivity in solar cell 

arrays and as a compound with nitrogen in LEDs. It is a mysterious metal 

that has all of the aesthetic trappings of the most refined and polished 

stainless steel. But, within the temperature range of our comfort gallium’s 

natural state is a liquid. Actually, at right about 30degrees Celsius it will 

melt, giving it the effect (albeit in slow motion) of the T-1000 robot from 

the Terminator movies. Place it in the palm of your hand or in a warm cup 

of water, it will melt. 

There’s an easy to find video on YouTube, and kit that you can buy on-

line for “the gallium spoon trick”. Cast your gallium spoon below 29.77de-

grees Celsius, then stir it in a cup of warm (not even hot to the touch) wa-

ter, and it will melt to a puddle at the bottom of the cup. Look it up. Be-

sides the aesthetic and anecdotal fascination, there’s something more 

happening here. The pleasure in the trick is based on the subversion of 

your expectation that a metal spoon should simply mix the sugar into your 

tea and sit, with a metallic clink, onto the saucer beneath your cup. Gal-

lium, on the other hand, has a desire for adaptation to the water at this 

very comfortable temperature. We should feel a kinship with this unfamil-

iar metal fluid, because of its relationship to our temperature range, and 

take inspiration from its ambition toward adaptation.

F.02 
Caption: Melting  
gallium, atomic no. 31  
on the periodic table 
(Creative Commons  
License, Wikipedia user 
en:user:foobar)

F.02
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Knowledge Platforms
UNStudio’s adaptation has taken the form of the Knowledge Platforms. 

Begun in 2008, the Knowledge Platforms have been growing incremen-

tally ever since. They are divided into 4: the Inventive Material Platform 

(IMP), focusing on materials and material systems; the Innovative Organi-

zations Platform (IOP), focusing on program and processes; the Smart Pa-

rameter Platform (SPP), focusing on the both digital and physical paramet-

ric; and the Architectural Sustainability Platform (ASP), which sits in the 

center and focuses on the integration of sustainability components into 

the projects of UNStudio.

Within the many scales and categories of the building construction indus-

try we identified several broad sectors – from urban planning to product 

design – to outline the particular situations and players with whom we 

have the desire and need to connect. The platforms afford us the opportu-

nity/possibility to connect to all of these various parties in a specific and 

direct manner. Within the working of the office this is about allowing col-

leagues to develop their particular talents and specialties. With current 

and future clients and collaborative partners this is about allowing them 

to understand our value and engage with us in a way that all parties are 

able to appreciate and grow from.

There have been many projects that have grown out of this work and even 

more that have been influenced by it, as evidenced by the examples 

throughout this essay. A developing sector of these for us are collabora-

tions with manufacturers where our divisions of specific knowledge can 

help them think through their problems and challenges around pushing 

new products to market. A great example is when we were approached by 

a significant glass manufacturer who was searching for architects and de-

signers to scale up the application of their innovative products from its 

ubiquity in handheld devices to the scale of buildings. Our strategy was to 

build on the structural studies that were already underway. We under-

stood very quickly that the application of such a material in the building 

industry should be done incrementally. We took inspiration from the idea 

of increasing the stiffness of glass through curvature to create a series of 

elegant tables and chairs. Working through a range of scales created a 

clearer understanding of the possibilities of a product, both for our own 

explorations and that of our partners and clients. 

F.03 
Caption: The Knowledge 
Platforms make it possible 
to connect to many  
areas of the industry in a  
precise manner. © UNStudio

F.03
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Research Projects
The development of the Knowledge Platforms has been boosted as we 

have engaged in several European Commission funded research projects. 

Five to be precise. Most of these, as with many of the calls from the former 

FP7 structure and the current H2020 platform, are structured around envi-

ronmental concerns: energy efficient buildings, lowering embodied energy, 

improved air quality, etc. These are areas where the Inventive Materials 

Platform and the Architectural Sustainability Platform come into play, 

working together to engage in the research projects. The directive of the 

European Commission is that these projects should have as a result the 

introduction of new products on the European market, meaning that at 

their core each of these funded projects has both a financial and sustain-

able drive. Besides the knowledge exchanged and the potential licensing 

and royalty to be gained through these projects, one of their most exciting 

aspects is the shape of the teams that are brought together to conduct 

the research and produce the products. This gives us a clear understand-

ing, through the EC directive, that any successful product on the market 

will require a diverse consortium, to the point that they maintain limits on 

the number partners from any one country and a minimum number of 

countries that must be represented.

For instance, the Osirys project was applied for in response to a call for the 

improvement of indoor air quality. The goal, as laid out by the project con-

sortium, is now the development of several products, all of which are bio-

based, to be introduced on the European market. We are developing inte-

rior partition wall, composite wall and curtain wall systems. In order to 

develop these products our research partners are developing new coatings, 

bio-polymers and thermoform and thermoset bio-plastics. The manufac-

turing partners develop the techniques to integrate these new materials 

with bio-based reinforcement using flax, jute, hemp and other renewable, 

plant-based materials. In the consortium we have everything from nano-

technology researchers, to coating manufacturers to pultruders. Within 

this diverse group of players we act as the Science and Technology Manag-

ers. Thus we, along with the project coordinator and a facade engineering 

partner, design the products and manage the flow of information and 

work of the other consortium partners.

We are also engaged in the BrightWall project, also funded through FP7, 

which has as its goal a highly engineered translucent concrete facade 

panel. Once again, the consortium brings together a diverse group of play-

ers, from liquid crystal researchers to concrete researchers to facade man-

ufacturers. To an even greater degree than Osirys, BrightWall is focused on 

the creation of products, in fact one product and its accompanying manu-

facturing process.

F.04 
Caption: Rendering of glass 
table using the increased 
stiffness of curved glass. 
© UNStudio

F.04



14 FAÇADE2014 FAÇADE2014 15

Project Product
UNStudio is engaged as Architect and Planner to create the identity for a 

significant infrastructural project for which we must consider that each de-

sign we produce will be proliferated throughout a series of buildings and 

spaces, and each design should have the potential for mutability and ad-

justment. The concept of expressing identity through architecture re-

frames the process in which we work and demands that, on top of the 

typical documentation, we supply rules for such mutability and adjust-

ment. To do this we have created a series of elements, which range from 

furniture, from walls to facades and floors to small buildings, none of 

which will be one-offs or components of a single building, but instead are 

the generic and mutable designs that will populate the broad project. So, 

in this case, identity is defined as the self-similar repetition of otherwise 

architectural “objects” as “architectural products” or simply “products”. 

That is if, as in this case, we understand the definition of “product” to be a 

design that is produced in large quantities as an exact or self-similar ob-

ject using the same industrial process. 

Part of this focus on products, similar to the situation described above 

with the glass company, requires a deeper degree of collaboration with 

manufacturers. One of the most important, but complex, elements of this 

project are light lines, the design of which calls for long, relatively thin, 

three dimensionally curved light fixtures. Other than the width, one should 

not consider that they repeat in the exact shape from any one line to next. 

In addition to giving the primary character to the space, the light lines 

must provide the functional lighting necessary for the stations and be ro-

bust enough to stand up to the strict standards for a world class metro 

system. For the eventually tens of kilometers of light lines in the first phase 

of the project we estimated a relatively short period for development.

From the outset we knew that this fixture did not exist on the market, but 

through some workshops and previous meetings were aware of some half-

finished ideas lying on R & D shelves that just needed to be dusted off. 

From there, it was quickly understood that we would have to engage the 

top lighting manufacturers at a detailed level to make it happen. Even as 

this is written the process continues as it has been for the past several 

months, and we are moving into the next phase of development. 

“Custom solutions” are part of the typical process for lighting manufactur-

ers. This normally means that the design of a product requires some cus-

tomization. Perhaps, an adjustment to an extrusion or the optics of a fix-

ture in some minor way is necessary. But usually a custom solution is sim-

ply the recombination of off-the-shelf components in a project specific 

way. This is not too dissimilar from the facade fabrication process, where 

components – profiles, igu’s, panels, etc. – are based on standard products 

engineered and reassembled for the specification of a particular project. 

We do have several other fixtures in the project that will require a “custom 

solution”, along with some LED innovation allowed by such a large project. 

The light lines, as described, are by any definition a new product. And our 

industrial partners are in the process of developing new flexible housings, 

LED arrays and lenses among other less conspicuous components.

Of course, the scale of such a project allows for this type of process and 

given the upside for the manufacturers, it could make their investment 

more than worthwhile. For us, however, that is not the most important as-

pect. It is more the opportunity to step out of the typical building process 

and focus on one component (not that we ignore others), and acquire a 

thorough understanding of the product. Now, what is most promising is 

that the innovation we help to develop, from the housing to the LEDs to 

the lenses, will inform the next generation of lighting fixtures that any of 

these companies and their competitors produce. With much iteration from 

several manufacturers and several reviews along the way from UNStudio 

and our lighting consultant, a significant amount of time is being spent on 

this product. We are interested in equalizing this iteration to production 

equation. In the end is it not simply a more elegant equation when the 

production and innovation output equals the design input?
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Mutation Adaptation 
We may have reframed it in the context of the project just described, but 

this process has been taking place already for many years in the design 

and fabrication of building envelopes. As in our St. Petersburg Dance Pal-

ace project described in the outset of the essay, any modern, and most 

contemporary, facade is a custom industrial product, given that the design 

must fit a particular building, and is then specifically engineered and 

rolled out on a scale of thousands to satisfy the scope of a project.

This essay returns again and again to the idea of iteration and collabora-

tion leading to the design of marketable products and not simply the ser-

vice of designing a building. This is the model of industrial design and of 

building envelope design. And it is a business model and a model of design 

efficiency. It is not quite that each iteration in a parametric design process 

is, in fact, a product. As opposed to the building design process where de-

sign iteration equals one, an equation is clearly out of balance. There has 

been a mutation in the architecture and building industry in the past 20 

years. If we understand a mutation to be a random change of a some-

thing’s hereditary material that becomes an adaptation when it most 

suits that entity’s survival in its typical surroundings. In reference to the 

Gallium anecdote above, let us say those surroundings are usually about 

30 degrees Celsius. We too need to become fluid like gallium at what 

should be a relatively comfortable temperature or situation. 

For instance, while the designer has become increasingly fluent in the lan-

guage of the digital, the actual industry has a bit more slowly caught up 

with the forerunners in design. But now the contractors have caught up 

also and some might say passed, the designers of buildings to the point 

that topics that used to be considered the responsibility of architect – man-

aging consultants, maintaining client expectations, overseeing implemen-

tation on the building construction and finishing – are now taken over by 

groups of engineers, procurement officers, envelope consultants, project 

management consultants, specifiers, interior architects, client representa-

tives … and the list goes on. This is not a complaint or a slight to our col-

leagues and partners that are now integral to the building process, but a 

statement of a new understanding of the architectural design and con-

struction industry and discipline and our methods and processes. This is 

our new 30 degrees. Adapt to it.

UNStudio / Ben van Berkel, Rob Henderson, Astrid Piber

More Information
A  See our article The Computational Trajectory, Computation Works: 

The Building of Algorithmic Thought, Architectural Design, March 

2013, 10.1002/ad.1545

F.05 
Caption: Curtain wall 
system of the Osirys 
project. © UNStudio

F.05
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Abstract
A promising trend in architecture and building engineering 

considers buildings as an integrated whole in which ad-

vanced systems work together adjusting their perfor-

mance in response to external changes. This trend has 

been coined as adaptive – or responsive – building concept. 

Its applications to the external envelope are particularly 

encouraging; however, there is a risk of irrelevance if its 

conceptual foundations and design tools are not well laid 

out.

 

This paper focuses on the role of time scales in designing 

and implementing adaptive building elements for new or 

retrofitted envelopes. A review of adaptive building enve-

lope concepts is sketched based on four categories: degree 

of complexity, energy performance, comfort and durability. 

The paper then presents the effect of time scales onto 

adaptive façades, whether these scales are minutes, days, 

seasons, years, or decades. Adaptive façades can be made 

to last in two practical ways: a) using simple and reliable 

materials and systems, based on the use of multifunc-

tional components; or b) assuming the varying durability 

of façade layers, based on the capacity of the external skin 

to be dis-assembled and upgraded with time. 

Ignacio Fernández Solla 
ARUP FACADE, MADRID (E)

TIME SCALE  
AND ADAPTIVE  
ENVELOPES –  
MINUTES OR  
DECADES?

1 Introduction. 
Let us start with a fact: in the end, all buildings are temporary. Neverthe-

less, some last more than others do. 

“A poorly conceived or badly constructed building will quickly need to be 

replaced, with all the financial and environmental costs that it brings. So 

designing our buildings to last as long as possible benefits both the people 

who use them and the environment. As designers, we should always ask 

our clients “What’s the expected lifespan for this building?” We should 

then aim to help exceed this lifespan.” 1

If we turn from buildings to building skins, the fact of temporariness runs 

even gloomier. Stewart Brand dared to look at how buildings perform 

through the eyes of a facilities manager: 

“Does the building manage to keep the rain out? That is a core issue sel-

dom mentioned in architectural magazines but incessantly mentioned by 

building users, usually through clenched teeth. They can’t believe it when 

their expensive new building … leaks.” 2

If building envelopes are not yet capable of keeping rainwater out (or heat 

in), does it make sense trying to add new functions as adaptability to 

them? Would it not be asking too much? 

The author of this paper is a practicing façade engineer with an architec-

tural background and a career spanning from façade contracting to fa-

çade systems manufacturing to a bit of academia and research. This pa-

per is written under the conviction that adaptability is the way out for our 

current under-performing, unsatisfactory building skins, and that now is 

the time to put that way to work for new and refurbished buildings alike. 

The technical knowledge required is already at our reach, and it is being 

used partially in many projects at present. What we need is a change of  

attitude in the way we design, procure, build, deliver, and operate our 

buildings, with the goal to integrate so far isolated actions into a grid of 

responsiveness. 
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Economic crisis are usually the outcome of energy crisis: the current one is 

no exception; and crisis are the opportunity for paradigm shifts. The new 

paradigm at the rise of the 21st century puts energy and sustainability at 

the centre of the building discussion. Adaptive (and lasting) façades are 

the answer to improve our building stock in practical matters and in long-

term performance, avoiding fragmented or one-size-fits-all answers.

Economic crisis are usually the outcome of energy crisis: the current one is 

no exception; and crisis are the opportunity for paradigm shifts. The new 

paradigm at the rise of the 21st century puts energy and sustainability at 

the centre of the building discussion. Adaptive (and lasting) façades are 

the answer to improve our building stock in practical matters and in long-

term performance, avoiding fragmented or one-size-fits-all answers.

2 Adaptive vs. responsive building envelopes – does it matter?
For millennia, buildings have been linked to stability. Building position, 

structure, external image and protection against climate were considered 

as immutable decisions. We are still under the influence of ‘design for im-

mutability: remember the architects’ preference for fixed windows in cor-

porate and commercial buildings 3. 

A new adaptive building concept is the logical, evolutionary step after cen-

turies of static architecture. Some aspects of building envelopes are al-

ready adaptive, as shutters or screens for sun protection, and of course 

operable windows for air ventilation.

Designing adaptive building envelopes is not an alternative to passive or 

active design strategies; it is a complementary step. It can be seen as the 

culmination of a path from passive design for energy saving to active tech-

nologies for energy generation. However, only passive – or passive / ac-

tive – buildings have a limit if the goal is to achieve near zero-carbon de-

signs together with a comfortable space all year round. The new task is to 

balance the requirement for high insulation and air tightness during harsh 

winter days with a more permeable and open space the rest of the 

year – and here is where an adaptive building strategy enters.

The research on dynamic behaviour of buildings is so recent that terminol-

ogy is still not uniform. Two words are being used for the same concept: 

adaptive buildings and responsive buildings. A quick search in the diction-

ary provides these synonyms and antonyms for each:

– Adaptive: adjusting, flexible, modifying, robust; as opposed to 

brittle, rigid, resistant;

– Responsive: quick to react, aware, reactive, sensitive; as opposed 

to inert, insensitive, inanimate.

Responsive was the word chosen by the International Energy Agency team 

behind the ECBCS Annex 44 task, Integrating Environmentally Responsive 

Elements in Buildings, developed between 2004 and 2012 . In the task 

Project Summary Report, written by Per Heiselberg in 2012, a responsive 

building is based on four parameters: a) dynamic behaviour; b) adaptabil-

ity; c) multi-functionality; and d) intelligent controls. Here then adaptabil-

ity seems to be part of the responsiveness concept.

F.01 
From left to right, evolution 
from passive to responsive 
(adaptive) building concept. 
Adapted from IEA-ECBS 
Annex 44, Project Summary 
Report (2011), p. 6

F.01
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Similarly, the Memory of Understanding of the COST Action TU 1403: 

Adaptive facades network, published in May 2014, refers to multifunc-

tional and adaptive building envelopes as those that “can provide step-

change improvements in the energy efficiency and economic value of new 

and refurbished buildings, while improving the wellbeing of building occu-

pants” 5. The first two keywords of the Memory of Understanding are a) 

responsive and adaptive façades, and b) multifunctional façades.

We find this definition of adaptive building envelope in the COST Action 

document: 

“Adaptive façades (…) consist of multifunctional systems where the 

physical separator between the interior and exterior environment (i.e. the 

building envelope) is able to change its functions, features or behaviour 

over time in response to transient performance requirements and bound-

ary conditions with the aim of improving the overall building performance.” 6 

Adaptive and responsive share therefore the same meaning in this context.

Other components in the definition of responsive building envelopes are 

less obvious than adaptability and multifunction, however they may play 

a key role in the future development of the concept – for good or for bad. 

Let us discuss four of them in the following paragraphs.

2.1 Degree of complexity – the high-tech factor
Let us go back to Stewart Brand and his critique of leaky buildings. Above 

all, we must harness complexity if we want to design buildings that per-

form well in the old way, no leaks or condensation; but also in the new way, 

responding to changing external conditions and internal needs. The gen-

eral answer to these requirements is simplicity; in other words, using only a 

few materials that can perform several functions in a straightforward and 

predictable way.

Complexity as an outcome is generally bad. It can be welcome during the 

design process, as long as the result is neat and simple. The Apple prod-

ucts are a good example of this idea. However, the “avoid complex out-

comes” message fades when confronted with some architects. The follow-

ing paragraph is a telling example of the risk we are facing:

“Contemporary architecture can be seen as a dynamic system that 

changes in response to its environment and even as a system that can 

modify itself. (…) The architect must develop an understanding of the lan-

guage of sensors, actuators and control systems. Interdisciplinary design 

research with mechatronic engineers allows a wide range of experimenta-

tion. (…). The resulting projects – kinetic architecture on control systems – 

challenge our understanding of what our built environment could be.” 7

It may sound as a challenging concept, but “kinetic architecture on control 

systems” with all its embedded parametric tools and Arduino-type soft-

ware, is exactly the opposite of the adaptive envelope goals this paper 

embraces. A built example may illuminate the difference: the thousands of 

adjustable shutters on the south façade of the Institut du Monde Arabe in 

Paris were designed by Jean Nouvel as a diaphragm to control and filter 

direct light, but they ceased to operate a few years after the building 

opened in 1987. Apparently, the cost of keeping the devices operable ex-

ceeds the maintenance budget of the building, so the shutters remain in-

ert in an intermediate position. Inert, the opposite of responsive, is one of 

the outcomes of excessive complexity. 

2.2 Performance vs. “performative” – the trendy factor
Design for performance is a good thing when performance means struc-

tural soundness, fire resistance, noise protection, a fair level of daylighting, 

thermal comfort, and so on. Labelling architecture as “performative” 8 

should be regarded with suspicion though, related more to virtual than 

tangible space. At its best, performance as a stage-related concept can be 

a funny farce; performance as an ex-post justification of any architectural 

shape is not farcical but tragic.

Achieving the required performance in a building should be understood as 

a craft rather than an art. Does this imply that aesthetics in building de-

sign is irrelevant? Not at all: the image of a building or a façade is critical 

as part of the urban web. The implication is that, in this specific instance 

when a paradigm shift in building design is being introduced, we need to 

act like careful craft workers rather than as aspiring artists. As Stewart 

Brand said:

“Craft is something useful made with artfulness, with close attention to 

detail. So should buildings be.” 9 
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2.3 The energy and the user-comfort factors
Adaptive buildings are inherently understood as dynamic, as opposed to 

static, entities. This has implications in the way their energy performance 

is evaluated. A friendly and common concept as the U-value, though still 

fundamental for a quick analysis, may be insufficient to comprehend the 

way a building manages its thermal flows through a large period of time. 

Let us consider commercial buildings for instance, where internally gener-

ated thermal loads are so important. When we conduct building physics 

simulations of office façades connected to the whole building, more often 

than not in warm climates it comes out that a higher U-value of the enve-

lope is better. In other words, it is beneficial to lose some extra heat in 

winter than to retain too much heat in summer, when cooling loads are 

larger and more expensive to counteract. 

However, the saving of resources should not be the only factor driving the 

building envelope design. In the previous example of an office space, by 

means of current year-round / day-round simulations and modelling tools, 

we can adjust the design (orientation, window to wall ratio, degree of insu-

lation, solar controls, thermal mass, ventilation, amount of pollutants in 

air, etc.) to obtain a good balance between energy consumption and phys-

iological and psychological impact on the building users. There is a name 

for that activity that goes beyond building physics: “design for human per-

formance” 10. It seems obvious that human performance and economy of 

resources are the two most important drivers to balance when applying an 

adaptive building strategy. Easy to say but difficult to achieve. 

2.4 The whole-life-cycle assessment approach
As the building community emphasizes sustainability, more comprehen-

sive methods are required to evaluate and minimize the environmental 

impacts created by buildings. A fundamental tool in this respect is the Life 

Cycle Assessment of buildings; however, the understanding and use of LCA 

methodologies as part of the design process is still in its infancy. We can 

call it the field of cradle to grave building resource management. The pro-

cess strongly depends on the regional accuracy of databases and is lim-

ited by the one-off nature of building design and construction, but it pro-

vides a glimpse of the future resources – and costs – required to maintain a 

building in operation, related to its initial construction cost. 

Even accepting the current limitations of LCA, the industry looks ahead to 

this emerging discipline in measuring building design, construction, and 

operations in a sustainable way. This being a dynamic tool, the outcomes 

are harnessed by our current and future knowledge of construction and 

service technologies, their durability and the cost to keep them in opera-

tion during the building lifetime. But we are learning more about these 

factors every year, so that the initial critics on LCA will be soon overcome.

3 Enters time
There are two ways time can affect the design of adaptive envelopes: the 

first is the scale of time under which adaptations take place, from very 

short to very long periods; the second is how the passing of time affects 

the performance of adaptive envelopes, also called durability. We could 

say that one is active: the façade uses time to transform itself; and the 

other is passive: the façade is affected by the action of time. The first – or 

active – meaning of time is discussed in this section; the second – or pas-

sive – is discussed in the following one.

F.02 
Al Bahar Towers,  
Abu Dhabi. Source: http://
garakami.com/20140207/
the-al-bahr-towers- 
by-aedas-wrapped-in-solar-
powered-mechanical- 
parasols/ 
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When adaptive building envelopes effectively change, this involves the 

variation of one or more parameters within a range of positions along 

time. This can be experienced with the rotating angle of a slat in a louvre 

system, or more dramatically with the progressive opening or closing of 

the fabric shades in the Abu Dhabi Al-Bahar Towers.

However, other movements or variations of façade elements are less no-

ticeable because their pace is much slower. Think on the different heat 

flow through a varying U-value insulation blanket that widens or shrinks 

with seasons, or on the heat stored during the day in phase-change mate-

rials, ready to be released at night. In any of these cases, adaptation is re-

lated to time.

An adaptive façade usually responds to a variety of time scales: 

– Seconds, the shortest-term fluctuations governed by swift varia-

tions in wind speed and direction. This triggers movements in 

some of Ned Kahn’s kinetic facades as The Wave in Target Field, 

the home baseball field of the Minnesota Twins in Minneapolis 

(USA).

– Minutes or hours, as when passing clouds alter the amount of 

daylight approaching a façade, forcing the perimeter lighting to 

be turned on or off in a large room. Many adaptable building 

envelope components optimize daylight gains and solar shad-

ing in order to reduce energy demand. This is achieved at the 

cost of reducing the visual comfort (altering the degree of trans-

parency) at a rate of change in the order of several minutes. In 

another instance, a louvre system can track the angular move-

ment of the sun around the building as a continuous process, 

and then fine-tune the response depending on the clouds condi-

tion. An example of this performance is the MAC 567 office 

complex in Milan by Sauerbruch & Hutton Architects.

– Diurnal and seasonal, as when ventilation or solar radiation 

through the envelope are modified depending on the external 

air temperature (along the day) and the radiation cycles (along 

the seasons). Day-night cycles are noticeable in meteorological 

conditions as the intensity of solar radiation and ambient air 

temperature. An example of diurnal and seasonal variations 

triggering the response of an adaptive building component is 

the use of shape memory alloys (springs that modify their 

length with the outer temperature) to make rotate horizontal 

louvres and adjust incoming solar radiation.

– Several years, when the building changes its use or when cli-

mate changes force the adjustment of the building environmen-

tal conditions. This concept is called evolvability, by which build-

ing components can evolve over long periods of time in response 

to future, unforeseen events. Other long-term variations are sim-

ply due to the passing of time, as weathering of the building 

envelope that can lead to increased absorption of solar energy.

F.03 
Indoor temperatures in a 
NYC masonry building after 
a winter blackout. Source: 
adapted from Urban Green, 
“Building Resiliency Task 
Force”, New York City 2013, 
p. 18
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There is an aspect involving time and responsive façades that can be seen 

as either active or passive: resiliency. This concept has gained acceptance 

in the building sector after Hurricane Katrina hit New Orleans in August 

2005, and even more after Hurricane Sandy showed the vulnerability of 

Lower Manhattan in October 2012, causing 48 direct deaths only in the 

city. At the height of the storm, over 7.5 million people in the U.S. East 

Coast were without power. There is consensus in considering that had the 

temperatures been lower the days after Sandy (around 5º or 7º C instead 

of 15º C) New York City would have witnessed a tragedy of hundreds of 

people dying of hypothermia at their homes.

The answer to these unforeseeable but potential events lays in resilient 

energy systems, but also and fundamentally in better-insulated dwellings, 

capable of providing a longer shelter even without gas or electricity. This 

brings us to the concept of passive survivability, or making sure that our 

buildings can maintain liveable conditions in the event of power outages 

and loss of fuel or water11.

On the building envelope side, the first action for passive survivability is to 

reinforce passive strategies, mixing very high insulation with very low air 

permeability. The second action is to introduce energy-generating sys-

tems, especially solar panels to heat water and photovoltaic panels to gen-

erate even a small amount of electricity. In heat-dominated areas, equiva-

lent measures would drive the design: shading devices and solar-powered 

cooling systems together with a large amount of natural ventilation. Fa-

çades can also help in harvesting rainwater, collecting water into contain-

ers. The third action would be to design adaptive devices capable of react-

ing when temperatures fall below a certain threshold. A possibility would 

be additional insulation filling air cavities as a way to keep liveable tem-

peratures for a longer time inside dwellings.

In summary, adaptive façades should respond to the challenges posed by 

resiliency in two ways: first, resisting the hit of the unexpected without 

failing; second, reacting to the immediate changes with a variation in their 

performance, operating in a sort of reactive survivability.

F.04 
The dark blue super-insula-
ted Brooklyn row house  
in this thermal image shows 
how drafty its neighbors 
are. Source: Urban Green, 
“Building Resiliency Task 
Force”, New York City 2013, 
p. 18
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4 Made to last – OK, but how?
One thing is the time involved in the response of adaptive façades – that 

as we have seen spans from short to long periods – and another thing is 

their durability as building components. Can adaptive facades last as 

much as – or more than – traditional facades? 

On a first analysis, the answer would be positive: adaptive building enve-

lopes facilitate evolvability during the medium and long term, which 

should lead to an increased building lifetime. However, on a more detailed 

analysis, the opposite seems to be true: adaptive façades are inherently 

more complex, require more maintenance operations, and are subject to 

the risks associated with any new technology. Therefore, most of the 

adaptive façades already built seem doomed to last less, or maybe as 

much as standard façades but with a larger expense of maintenance and 

replacement operations.

This is an undesired outcome, and we have to make adaptive facades more 

durable. Durability referred to building elements in general can be defined 

as: 

“The ability of a building or any of its components to perform its required 

functions over an intended period of time without unforeseen cost for 

maintenance or repair.” 12

The period of time referred to above is precisely the service life of that 

building element. Durability, service life, design life, and service quality: 

these are somehow elusive but critical concepts that require a deep analy-

sis before any adaptive building envelope design can be undertaken. Two 

countries with consistent bad weather have excelled – not by chance – in 

the assessment of durability applied to building envelopes, so their stand-

ards are a great place to start. These countries are Canada 13 and the 

United Kingdom 14. 

If durability is a delicate matter when dealing with standard building com-

ponents as traditional façades, when we want to increase the service life 

of more dynamic, adaptive building envelopes the task becomes much 

more difficult. 

Two basic strategies can be applied, both equally valid depending on the 

characteristics of the building envelope element under discussion:

4.1 Simple and reliable: low-tech adaptive façade 
The first idea is to abandon the high-tech tendency and opt for long last-

ing, easy to handle adaptations. This can be done if we select a few multi-

functional materials for the envelope, capable of responding to simple 

stimuli in an autonomous way. A good example are phase change materi-

als inserted as particles in a plasterboard 15 panel or as fibres within the 

thermal insulation 16. 

The intention is to define the least number of materials, organized in the 

least number of layers, each of them covering several functions and with a 

varying (adaptive) performance along the day or the year. Simplicity is re-

inforced by not having to use actuators as pistons or engines, nor sensors 

connecting the responsive layers to a building maintenance system. The 

adaptive façade layers react autonomously to variations in external tem-

perature, internal temperature, light intensity, etc., within a predetermined 

range.

It can be argued that simplicity and autonomy reduces the possibilities of 

response, or limits control by the users. This is true, but it can be minimised 

if we accept to focus on the feasible, not on the optimal, maybe relaxing 

the internal environment acceptability criteria. After all, we human beings 

are adaptable too.

4.2 Varying durability of layers: façade upcycling
The second idea is based on recycling, here understood as a wheel of upcy-

cling until the end of life of the building envelope. In this case, the façade 

is equally composed of a number of layers, but the outermost layer is as-

sumed to last less than the others do, and hence it is designed for an easy 

replacement after a shorter life span. Typically, the expected life of the 

outer layer here is set on 15 to 20 years, instead of 25 to 35 years as with 

standard lightweight façades.
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The concept of façade upcycling has the following characteristics:

– The inner layers are designed to last longer than usual (50 to 60 

years), to overcome the shorter life span of the outer skin;

– The outer skin is designed so that it can be replaced very quickly, 

working only from the outside, and without compromising the 

internal activities in the building. The façade replacement does 

not require the building to be out of use;

– The replaced external skin is not yet at the end of its life; it can 

be downgraded and used for the recladding of an industrial 

building, a warehouse or the like;

– There is an opportunity to upgrade the insulation, the air perme-

ability or to add some extra intermediate layers during the re-

skinning process, thus improving the performance of the façade 

at a very low extra cost.

– There is an expectation that the new outer layer will incorporate 

new active or adaptive technologies, not available during the 

initial construction period but yes after 15 – 20 years of opera-

tion – and once again during the second re-skinning operation;

– The market value of a building increases when its façade is refur-

bished more than when the refurbishment does not affect the 

external image. Hence, it is possible that the upcycling process 

can repay itself in real-estate value increase.

Techniques for an efficient and cost-effective disassembly and assembly 

operation turn out to be critical in this strategy. The durability of the exter-

nal layer, inversely, is less important. Materials as textile membranes for 

instance are ideal for façade upcycling. 

The following paragraph by Ulrich Knaack becomes clearer under this new 

light:

“The field of façade refurbishment has shown that the lifespan of mod-

ern façades is about 30 years. We will have to wait and see whether this 

value will change in the future. It is entirely possible that the lifespan 

might get shorter when considering ever faster developments in the area 

of construction and changing user requirements. However, façades will al-

ways be designed for a long lifespan, and the functionality of the façade 

has to be ensured throughout.” 17

F.05 
Durability characteristics 
and relationships as a 
function of service quality 
and service life. Adapted 
from http://www.
canadianarchitect.com/asf/
enclosure_durability.htm

F.06 
Functional requirements of 
an integrated façade: 
Loadbearing, insulating, 
sealing and ventilating  
as well as transparency and 
energy generation. Source: 
Knaack, “Facades. Principles 
of Construction”, p. 130.
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Similarly, Roel Loonen was perhaps envisioning something similar to fa-

çade upcycling here:

“Adaptability in the building shells offers architects and designers an at-

tractive additional design variable: time. This can have dramatic impacts 

compared to the traditional aesthetics of a façade, which makes that 

buildings equipped with adaptive building shells often result in excep-

tional or iconic architecture.” 18

Let us try not to aim for the exceptional or the iconic, but just search for 

façade solutions with a varying life span that can make full sense in a tech-

nical, performative and economic way. External does not imply disposable, 

but it does not mean eternal either. A suitable answer can and must be 

found each time.

5 Conclusion: time matters
A realistic (and promising) adaptive façade concept is one based on the 

integration of layers and functions, where a number of sometimes-contra-

dictory requirements coexist, combined in a shallow space and regulated 

within varying spans of time.

The answer to the question posed by Ulrich Knaack in 2007 seems now at 

our reach:

“The functions of protection against heat and cold, sun protection, di-

recting of light, natural or mechanical ventilation, heating, cooling, energy 

generation and energy storage (e.g. PCM) have to be integrated into the 

façade structure. This leads to the question of how the façade should be 

structured – all in one layer or stacked on top of each other.” 19

Our vote goes for a small number of layers (not too few, not too many –  

between five and seven probably), able to integrate several functions and 

coexist harmonically, and also capable of being upcycled from time to 

time. Short and long time spans running at the same time, one supporting 

the other, waiting for future opportunities to upgrade the façade and im-

prove the building as a whole. 

 

Figure 06: Functional requirements of an integrated façade: Loadbearing, 

insulating, sealing and ventilating as well as transparency and energy gen-

eration. Source: Knaack, “Facades. Principles of Construction”, p. 130.

There is a long road ahead of us: façade engineers, architects, MEP engi-

neers, suppliers, developers, facilities managers, and users; we must work 

together before considering adaptive building envelopes a reality. A wider 

perspective is required here, one that involves many specialists. It will take 

time though: new efficient building envelopes will only make a significant 

contribution to energy and carbon reduction targets between 2020 and 

2050.

In the meantime, let us apply the following time test when assessing a 

new façade concept: if it is not designed to last, one way or another, it is 

not reliable – it cannot be adaptive or responsive. 

Marguerite Yourcenar opened an essay about the passing of time with 

these words: “On the day when a statue is finished, its life, in a certain 

sense, begins .” 20 The sentence is equally true when we apply it to build-

ings.
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Introduction
The Abu Dhabi Investment Council New Headquarters (Al-

Bahar ICHQ Towers, figure 1) is an international competi-

tion won by Aedas Architects in Collaboration with Arup in 

2007. The office twin towers stand at 150 meters high in 

Abu Dhabi in the United Arab Emirates in the Gulf Region. 

Islamic and Regional Architecture, Sustainable Technology 

and Inspiration from Nature form the foundation of the 

design concept of Al-Bahar Towers (figure 2). Among its 

many performance-oriented design features, the building 

mainly stands out with its fluid form, honeycomb structure 

and dynamic shading screen that adapts to the changing 

environment, offering the building a unique identity. 

The building won Best Innovation Award for the year  

2012 – offered by the Council for Tall Buildings and Urban 

Habitat (CTBUH) among many others. The concept and 

design development of the building offer a model of how 

design teams may respond to recent calls for more sustain-

able building design and to local initiatives like Estidama 

2030. It also introduces hybrid systems and technologies 

inspired from nature and the past and re-introduced in a 

contemporary manner to relate to the context and to ad-

dress the client’s aspirations. 

In order to realise such an ambitious and highly complex 

design within relatively constrained budget and pro-

gramme, a special design-to-delivery strategy had to be 

developed for this purpose. A series of bespoke algorithms 

were developed following underlying mathematical princi-

ples inspired from the universal order of orbital motion. A 

special data communication mechanism was developed in 

order to convey these algorithms into a construction-in-

dustry-friendly format that enables the supply chain to un-

derstand and deliver.

Abdulmajid Karanouh 
RAMBOLL, LONDON (UK)

AL-BAHR TOWERS 
ADAPTIVE  
SHADING SCREEN

F.01 
Al Bahar Towers; A natural 
outcome of contextually 
inspired and performance 
driven design.

F.02 
ADIC Concept & Philosophy 
displaying the key design 
elements of each of the 
main concept
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Key design elements
Geometric Composition: The intersection of the infinite arrangements and 

populations of circles (2D) & spheres (3D) generate infinite arrangements 

of nodes that – when connected following a mathematical logic – generate 

the famous Islamic patterns and forms. The geometric composition princi-

ples however chosen for the Al-Bahr Towers are derived from hexagonal 

triangulation (figure 3, 4). 

Main Structure: An intelligent honeycomb formation – inspired from bee-

hives and uniquely applied to towers providing a highly efficient and ro-

bust system.

Main Form: All floor-plates and vertical profiles of each tower are made of 

tangential arcs following specially devised mathematical rules. They gen-

erate an intelligent fluid form that offers orientation while maximising vol-

ume to envelope ratio, admission of natural diffused light and distribution 

and minimising wind-load impact on the building skin and supporting 

structure. 

Façade: Over 1,049 mechanised folding components per tower form the 

external adaptive shading screening to the weather-tight glass skin to pro-

tect it from excessive solar gain (figure 6). 

The design brief was based on the aspiration of having a building that 

represents the ethos of the Investment Council while relating to the con-

text and the underlying cultural tradition of Abu Dhabi.

F.03 
Circles and Spheres form 
the base of Islamic 
Geometric Composition 

F.04 
Circles and Spheres form 
the base of Islamic 
Geometric Composition 
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Adaptive mashrabiya solar screen
The main stand-out feature of the Al-Bahr Towers is the adaptive Mashra-

biya; a unique kinetic shading screen that comprises of triangular units 

that fold/unfold like umbrellas at various angles offering louvers-like ge-

ometries in various positions. 

Concept: The design concept was originally inspired from the Mashra- 

biya – a traditional lattice shading screen particular to the Middle 

East – that reduces direct solar rays reaching the main skin of the building. 

Additional inspiration was drawn from natural systems like leaves and 

flowers that adapt to the moving sun (figure 5) to improve efficiency and 

thus the dynamic Mashrabiya was born. The screen will reduce solar glare 

while providing better visibility by avoiding dark tinted glass and internal 

blinds that distort the appearance of the surrounding view. This sophisti-

cated system offers better distribution of natural diffused light and opti-

mises the use of artificial lighting through dimmers linked to light perime-

ter sensors. The system also reduces requirements for air-cooling loads 

due to reduction of solar gain of the main skin. The system will help in re-

ducing the overall energy consumption, carbon emission, and plant room 

size. The flexible smart folding geometry was carefully worked out to over-

come the limitations of traditional vertical and horizontal louvers espe-

cially when applied to geometrically complex buildings.

Distribution: There are 1 049 units fitted to each of the towers covering 

the East, South and West zones leaving the North face exposed (figure 6) 
where there is no exposure to direct sunlight. When a façade zone is sub-

jected to direct sunlight, the Mashrabiya units in that zone will deploy into 

their unfolded – closed state providing shading to the inner glazing skin. As 

the sun moves around the building each Mashrabiya unit will progressively 

open (figure 7).

Control Software + Building Management System: During the competition 

stage, Aedas R & D team collaborated to produce a bespoke program using 

a Java stand-alone applet (figure 10) which simulated the path of the sun 

and the kinematics reaction of the shading units. A Human Machine Inter-

face software was later developed using Siemens & SCADA control sys-

tems (figure 25, 26). 

F.05 
Concept of the shading 
screen inspired from the 
Mashrabiya and natural 
adaptive systems.

F.06/07 
Top to bottom (right) six 
Mashrabiya units at 
unfolded, mid-folded and 
max-folded positions.
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Managing complexity
Each tower comprises of over 3000 unitised curtain-wall panels and 1049 

mashrabiya units. Similarly, the main structure comprises of thousands of 

components of unique sizes. This poses a great challenge in terms of man-

aging complexity during the design development stage all the way to fab-

rication/manufacturing and construction. This challenge was tackled as 

follows;

Algorithmic Thinking: Designing by explicit rules where the geometry and 

performance criteria are both mathematically and technically pre-ration-

alised meant that at no time the process would/should ever be locked 

down to a single CAD/BIM Package or 3D model. This offered every re-

lated party (architect, engineer, contractor, sub-contractor etc) the free-

dom to use whatever tools they are comfortable with as long as they fol-

low the pre-set rules and produce their scope within the specified toler-

ances. 

Universal Solution: The complex nature of the geometry of the building 

and behaviour of the mechanised units as described earlier meant that 

components would connect and take positions in numerous different an-

gles and coordinates. It was therefore very important to adopt a ‘universal 

design’ approach where connections and interfaces would be designed to 

accommodate and adjust to most different cases and scenarios. This 

would therefore limit the complexity associated to unique sizes while min-

imising the number of unique engineered solutions.

Computation: The above lends itself quite well to parametric design ena-

bling using different types of tools efficiently. This included using various 

packages like Grasshopper, Digital Project (CATIA), Tekla, Inventor, Solid-

Works among many others. This allowed direct data extraction from the 

digital models and feed into CNC machines for fabrication and then into 

topographic survey machines on site for installation. Over 15 different 

software and packages were used by various parties to develop and deliver 

their scopes.

Communication: The major challenge however on a project of this scale 

and complexity is how to communicate an algorithm to a project team 

F.08 
first freehand sketch of the 
first mashrabiya adaptive 
solar screen intent

F.09 
first Orgami physical model 
and 4D simulation model of 
the folding/unfolding 
mechanism

F.10 
Without Mashrabiya  
(static solution)  
With Mashrabiya  
(adaptive solution)
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and supply chain that do not necessarily have the required background 

and level of understanding in terms of mathematics and programming. 

Simply handing over a computer code won’t be enough. A special and 

rather unique Geometry Construction and Performance Manual was devel-

oped for this project which drew inspiration from nature’s DNA (set of in-

structions of what and how to build and function a human body for exam-

ple) and from LEGO toys manuals – to be elaborated in later chapters.

The algorithm
The mathematical principles behind the algorithm that generates the ge-

ometry of the buildings’ components are relatively straightforward and 

consistent across the various items of the towers. All main components are 

constructed from a series of circles and spheres as described earlier. All 

mechanical components’ motions are traced by a combination of circular 

and spherical motions.

The focus of this chapter however will revolve around the Adaptive Mashra-

biya Solar Screen. A series of exercises had to be performed prior and after 

writing the first algorithm for generating the geometry and operation of 

the Mashrabiya adaptive solar screen in order to validate it and later com-

municate it to all other related parties. The development process of the 

algorithm underwent the following stages;

a. Freehand sketches (figure 8)
b. Physical paper models (Origami, figure 9)

c. Performance criteria (figure 10)
d. 2D CAD geometry construction 

e. 3D CAD geometry construction

f. Setting-up first set of algorithmic principles

g. 4D Java scripting

h. 4D Parametric/BIM model

i. Geometry optimisation

j. Solar study

k. System optimisation

l. Geometry Construction & Performance Manual

m. Updating the adaptive algorithmic principles

n. Writing the code for the final HMI Control Software

Adaptive Mashrabiya Two 
Dimensional Geometric 
Construction: 
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Setting-up first set of algorithmic principles + 4D Java scripting
Right after setting up the first 3D-model of the Mashrabiya origami paper 

in Rhino, a few principle experiments and assumptions were made as to 

how the Mashrabiya would move and arrange itself around the building. 

There was a need however to populate the mashrabiya units en mass 

around the towers and getting them running in real time. This task was 

given to Pablo Miranda – Architect & Computational Designer and former 

member of the R & D Computational Design Group at Aedas. The princi-

ples of the algorithm were agreed with Pablo who went on to develop a 

programme using Java Script.

Below is a description of the process in Pablo’s own words:

“The intention of the program for the visualisation of the Masharabiya ac-

tuated facade was to provide a fast way of generating an accurate geo-

metric representation of the elements that constitute it (at a schematic 

level), as well as evaluating its possible responses to different sun angles 

during the different days of the year. The sequence of the program is as 

follows: first, a triangular mesh is read by the program; this mesh repre-

sents the position and shape of all the triangular façade components. The 

program then associates a Masharabiya element to each of these trian-

gles. Each of these elements has a description of all the geometrical rela-

tions of the Masharabiya and is capable of calculating through a simple 

formula, (which is the result of the development of the equations repre-

senting these relations and constrains, code snippet 1.) the shape of the 

Masharabiya for a specific position of the linear actuator placed in the 

centre of the component, or in other words, it is capable of calculating the 

shape of the Masharabiya for any given aperture angle. This is done in a 

sort of generic coordinates (identical to all components), and later trans-

formed in to the specific triangle of the façade using barycentric coordi-

nates (code snippet 2). The process assumes that the initial mesh is cor-

rect (all triangles are equilateral). In the case this is not true, the program 

will work, but the produced geometry will be distorted according to the 

triangles. The application provides a simple user interface (through a 

slider) for modifying the position of the linear actuators and generating 

and evaluating the corresponding resulting geometries as well as saving 

these geometries in DXF format.

In a further variation of the program, the aperture of each of the elements 

of the Masharabiya is made to correspond to the incidence angle of the 

sun. Depending of the angle of the normal of the triangular face defining 

each element with the sun angle (calculated through a simple formula for 

different year, month, day and time), each element will be more or less 

unfold. When the angle is small, that is, when the sun rays incident is 

straight and orthogonal to the element, it unfolds to prevent direct sun-

light and excessive glare into the building. On the other hand when the 

angle is high (at noon for example) the element folds providing shade and 

offering better views. The program provides an interface to set the month 

of the year calculating and visualising in real time how the Masharabiya 

performs throughout the day. The interface offers the possibility to tweak 

a number of parameters (such as setting the minimum and maximum ap-

erture angles for all elements) and to freeze and capture the geometry at 

any time.

Adaptive Mashrabiya Two 
Dimensional Geometric 
Construction: 
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Code Snippet 2: Baricentric coordinates .

private void calcBaryCoor(float[] p, float[] bar)

 {

  /**

* BaryCentric coordinates formula for a triangle from: *http://en.wikipedia.

org/wiki/Barycentric_coordinates_(mathematics)

   */

  

  //the triangle is defined by pts[1], pts[4] and pts[6],

  //the vertices of the triangle.

  

  float a=pt1[0] – pt3[0];

  float b=pt2[0] – pt3[0];

  float c=pt3[0] – p[0];

  

  float d=pt1[1] – pt3[1];

  float e=pt2[1] – pt3[1];

  float f=pt3[1] – p[1];

  

  //this is according to formula...

  //since we are using a flat triangle we should not do this, and 

  //make them all 0 instead

  bar[0]=(b*f – c*e)/(a*e – b*d);

  bar[1]=(a*f – c*d)/(b*d – a*e);

  bar[2]=1 – bar[0]-bar[1];

 }

[Pablo Miranda – 2009]

Code snippet 1: Geometric formula for the Masharabiya.

The formula solves only one point (the position of one of the straight an-

gles of the triangular pieces of the element). All other points can be de-

duced from this or through simple trigonometric relations).”

private void calcGeometry()

 {

  

  height=pos+centreZOffset;

 

  length=(float)Math.sqrt(longSide*longSide-height*height);

  

  float vx= length/longSide;

  float vz= – height/longSide;

  

  /**

   * we find the line that passes through h, is in the folding  

  plane (on s1)

   * and has an angle with the h-l line that is 60. This results  

  in a quadric

   * equation.

   */

  

  float a= vz*vz*(1+tan60*tan60)+vx*vx;

  float b = – 2*cosAlfa*vx;

  float c = cosAlfa*cosAlfa-vz*vz;

  

  float sqint=b*b-4*a*c; 

  sqint=sqint<0? 0:sqint;

  

  float ux=(float)((-b-Math.sqrt(sqint))/(2*a));

  float uy= ux*tan60;

  float uz= (cosAlfa-vx*ux)/vz;

  

  pts[4][0]=ux*shortSide;

  pts[4][1]=uy*shortSide;

  pts[4][2]=vz>= – 0.005 ? – pfZOffset : uz*shortSide+height; 

 }

F.11 
A Java bespoke control 
program was developed 
during the competition 
stage by Architect – Compu-
tational Designer Pablo 
Miranda simulating the 
motion of the sun and the 
reaction of the shading 
screen components to it.

F.11
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4D Parametric/BIM Model + Geometry Optimisation
After the preliminary geometric construction, kinetic motion, and adap-

tive algorithmic principles were set for the Mashrabiya shading screen, it 

was time to analyse the preliminary assumptions made earlier in the com-

petition and produce a proof of concept. This task required a sophisticated 

mathematical solver. The Project Team hired Gehry Technologies [GT] for 

this task as they can operate and customise advanced platforms like Digi-

tal Project – a CATIA based tool common in the automotive and aerospace. 

The budget for hiring specialists was limited therefore GT’s scope had to 

be carefully formulated and very specific. The author teamed up with An-

drew Witt – former Director of Design Innovation at Gehry Technologies – 

to develop the system. Andrew is trained as a mathematician, designer, 

and programmer, and is interested in the application of rigorous mathe-

matical approaches to solve complex problems – a perfect partner for this 

task. Below is the description of the process of implementing BIM in An-

drew’s own words:

“The Al-Bahr Tower’s project presented several remarkable opportunities 

for parametric design, nonlinear optimization, and kinematic simulation, 

particularly in the mechanical design of the sophisticated mashrabiya sys-

tem. Over a period of several months I participated as a Gehry Technolo-

gies consultant to the leading designer, Abdulmajid Karanouh.”

“We used several advanced methods including functional optimization, 

constraint-based kinematics systems, and stochastic simulation to under-

stand a series of fascinating implicitly defined puzzles surrounding the dy-

namic behaviour of the building. GT’s engagement on the project focused 

on building a BIM reusable for construction and a capacity to model and 

optimize implicitly defined nonlinear problems which may influence the 

environmental performance of the building and the mass customization 

of its components.”

“We began with a full parameterization of the model, which allowed us to 

compare various stochastically optimized global forms for their relative 

envelope area to volume ratio, and thus their environmental performance. 

In order to truly model the daily solar gain of the building, it became nec-

F.12 
BIM model built in Digital 
Project in collaboration with 
Gehry Technologies.

F.13 
Mashrabiya shading screen 
unit kinetic proof of 
concept parametric model 
built in Digital Project in 
collaboration with Gehry 
Technologies using circles 
and spheres to track the 
motion trajectory of the 
moving components.

F.14 
Fully modelled and 
populated kinetic 
Mashrabiya units

F.15 
First solar rays study where 
the initial adaptive  
rules and assumptions were 
tested and analysed

F.12

F.13

F.14

F.15
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Shadow line landing on
shading device surface

Shadow line landing on
the vision glass

Exposed Curtain-Wall Protected Curtain-Wall

essary to understand and model the dynamic behaviour of the hundreds 

of mashrabiya covering the facade. In particular, we wanted to model an 

optimal folding function, so that we could shade as much of the building 

as possible while obstructing views as little as necessary. It quickly became 

clear that an idealized, origami concept of the mashrabiya could not ade-

quately represent the true dynamic behaviour of these elements. The 

thicknesses of the joints, hinges, and materials created small but signifi-

cant divergences from the idealized motion model. The compound mo-

tions were highly nonlinear, and thus we modelled them with an implicit 

kinematics solver. But the kinematics themselves were also constrained by 

extrakinematic factors, in particular solar motion. By integrating all of this 

into one model, we were able to fully control geometry, mechanics, and 

functional outputs in a dynamic way from a single performance constraint: 

solar gain.”

“What became interesting about the process was the very mechanical be-

haviour of the joints and actuators had an emergent impact on the solar 

performance of the building. Thus the optimization of the nonlinear func-

tion of solar shading created implicit constraints on the mechanics of the 

mashrabiya, itself a highly nonlinear problem. It was a classic inverse func-

tion boundary value problem, but one which was conceptualized as a com-

bination of geometric and analytic terms, not simply functional ones.”

“It was an extremely interesting process because Abdulmajid had defined 

the geometric conception of the project so clearly from the beginning; it 

lent itself perfectly to a parametric approach. It also presented an unusual 

opportunity to think about performance-based kinematics. Probably the 

most exciting and distinguishing thing about the project was to think 

about how kinematics details of a few millimetres could determine the 

performance of the entire facade, and then to calculate with functional 

precision how the actuators of the shading devices should behave.”

F.16 
This diagram shows that no 
direct solar rays (red) are 
allowed inside the occupied 
floor space.

F.17 
A shading system works 
effectively when the 
shadow of one shading 
component casts all its 
shadow edges on the 
neighbouring shading unit 
(as is the case on the right).

F.16

F.17
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With the first Mashrabiya unit kinetic model worked out, it was populated 

around the building (figure 13) in preparation for the first solar rays study 

(figure 14). The results of the first study were not satisfactory. It showed 

extreme results where the units are either fully folded or fully unfolded. 

Intermediate positions were not utilised following our previous rules. It 

was therefore necessary to go back to the drawing board. In that respect, 

there was a need to optimise the geometry of the building, the shading 

units, and the geometric rules of the adaptive principles with respect to 

the solar rays. There was equal need to develop a communicable format to 

convey the new optimised design and associated principles across the Pro-

ject Team.

Adaptive Principles Optimisation + Construction & Performance Manual
The following are self-explanatory slides extracted from the Al-Bahr Tow-

ers Geometry Construction & Performance Manual that demonstrates the 

adaptive principles of the folding/unfolding of the Mashrabiya shading 

units with respect to the changing solar rays angle;

Updating the Adaptive Algorithmic Principles + HMI Control Software
The following diagram (figure 13) is self-explanatory in terms of the math-

ematical rules of the adaptive principles that drive the folding/unfolding 

of the Mashrabiya units.

F.18 
At low sun angles, the 
shading units unfold 
completely to block direct 
solar rays.

F.21 
At low sun angles.

F.19 
At intermediate solar 
angles, the units are 
deployed in mixed folding 
positions. 

F.22 
At intermediate sun angles.

F.20 
At high solar angles, the 
units are deployed in 
maximum fold position to 
block direct solar rays.

F.23 
At high sun angles.

F.21

F.22

F.22

F.18

F.19

F.20
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As It Stands
The adaptive Mashrabiya shading screen system has been installed in 

2011, has been commissioned in July 2013, and has been up and running 

since without any major difficulties. The adopted concept and philosophy, 

development process, methodology and delivery strategy of Al-Bahr Tow-

ers favours a more responsible approach to design and in return perhaps a 

more authentic way of strengthening a city’s identity. The research and 

development, bespoke testing regimes and tools developed specifically for 

the project may offer a good example in terms of verifying the perfor-

mance and reliability of novel adaptive solutions, hence eliminating as 

many potential risks as possible from the equation. Whether the towers 

may set new standards for others to develop further remains to be seen 

depending on the success of the building. The outcome of the towers will 

certainly be up for debate for years to come. However, the approach and 

methodology used may indeed present a good strategy to address the 

various interests of key stakeholders from governments, clients, consult-

ants, contractors and so forth. The adaptive nature of Al-Bahr Towers may 

open a new gate for future building design and construction both as a lo-

cal reference in the Gulf Region and as a universal benchmark globally.

F.24 
Principles used by Yuanda 
Europe – Façade Specialist 
Engineers – to develop  
the code embedded in the 
Siemens HMI Control 
software that runs the 
Mashrabiya shading system 
(figure 25, 26).

F.25 
Part of the code embedded 
in the Siemens HMI 
software of the Mashrabiya 
shading system.

F.26 
BMS control room operator 

F.27 
Mashrabiya HMI software 
close-up look.
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F.25

F.26

F.27
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Building envelope has always been considered a key ele-

ment to provide an adequate comfort level within build-

ings and to assure an optimal energy performance. 

Recently, its importance and centrality for the energy ef-

ficiency of buildings was even more strengthened by the 

growing awareness of the need to reduce the production 

of greenhouse gases (especially CO2) and to significantly 

limit the consumption of fossil fuels. In particular, the new 

European legislative framework (2010/31/EU Energy Per-

formance Buildings Directive – EPBD recast) sets the ambi-

tious objective that, within 2020 all the new buildings 

(2018 for public buildings) will have to satisfy the “Nearly 

Zero Energy Building” (nZEB) target. 

An nZEB is a building characterized by “… a very high 

energy performance, and the very low amount of energy 

they require (nearly zero) should be mainly covered by en-

ergy from renewable sources produced onsite or nearby …”.

Designing and attaining such high performance build-

ings implies a revolution of the traditional constructive 

habits and imposes a radical change in the design para-

digms on which engineers and architects have based their 

professional certainties for decades.

In the technical meaning which is currently recognised, 

“building envelope” is that set of sub-systems and/or com-

ponents which are used to separate the external from the 

internal environment. It has traditionally been given the 

function to provide an adequate comfort level and assure 

an optimal energy performance. The façades which are 

used in modern buildings are the result of a technological 

evolution which has been developed through centuries, 

however following through time the same design philoso-

phy, that is: creating a “barrier”.

Prof. Marco Perino 
POLITECNICO DI TORINO, TURIN (I)

THE BUILDING  
ENVELOPE: A FUTURE  
BEYOND THE  
CONCEPT OF THER-
MAL INSULATION

For decades, the objective was to create a confined space to protect the 

indoor environment – which was conditioned – from the weather and from 

the strains of an external environment which was considered to be hostile. 

This was achieved by means of a “protective shield” which should divide as 

much as possible the outdoor climatic conditions from the indoor.

The properties that have been highlighted until recent times were hence 

those – broadly speaking – of “separation”, “insulation”, “tightness” and 

“waterproofing” of the building envelope components. Moreover, it must 

be highlighted that, in the past and for the majority of countries, the 

unique concerns about the indoor environmental quality of buildings was 

that of just providing a sufficient heating during the winter season (while 

summer period, artificial lighting and plug loads were not of concern). This 

single focus pushed designers and builders to assume that the energy op-

timization of buildings could be obtained just through the minimization of 

the heat losses (mainly that due to transmission) and the maximization of 

the free gains. 

F.01 
Typical example of building 
envelope optimization  
in traditional buildings  
in relation to the 
exposition, according to  
the classical approach  
of “energy conservation” –  
climatic zone E 
(A south exposition,  
B north exposition).
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It is the so-called “Energy conservation approach”.

In the old times this vision caused – at least in the industrialized countries 

– the building envelope to assume the shape of massive opaque walls with 

only few and small transparent openings. The difficulty of finding suitable 

energy sources, to make them available on site and to convert them 

through efficient processes led also to optimize the building envelope in 

relation to the various expositions and to exploit the opportunities offered 

by the local climate conditions.

If we observe the traditional architectures, we discover how our ances-

tors used to adopt different ratios of transparent on opaque envelope ac-

cording to the exposition, hence maximizing solar gains (through win-

dows) on the southern walls and optimizing thermal insulation (through 

thick masonry walls) on the northern walls. (figure 1).
Such a solution allowed, through the centuries, to satisfy with a sole 

component both requirements of mechanical resistance and of thermal 

protection. The presence of a masonry structure with a high thermal mass 

could provide an effective thermal storage and the thermal resistance  – 

even though it was not optimal – was at least adequate to the indoor en-

vironmental quality that was expected by the occupants at that time, es-

pecially if compared to the very bad performance that the available trans-

parent components could provide. 

The technological evolution of these architectonical configurations fo-

cused both on the improvement of the constructive techniques and of the 

materials development, but it stayed crystallized on the same design prin-

ciples (the energy conservation) without presenting any significant inno-

vation since the beginning of the XX century. With the theories of Modern-

ism, an architectonical school of thought established, and both the atti-

tude towards the form and the building envelope technologies deeply 

changed. 

The use of new materials (steel, concrete, glass, …) with significantly 

better mechanical performance, the industrialisation of the construction 

processes & components and the improvement of the design procedures 

allowed to “dematerialize” the surfaces of the building envelope, dividing 

the function of structural resistance from the other functions (thermal, 

protective, aesthetic, …). The façades of traditional buildings – solid, com-

pact, massive – could now be made lighter by introducing “incorporeal” 

and transparent elements, whose extension grew more and more, until re-

placing – in certain cases almost completely – the opaque surfaces.

Thanks to these innovative features and to the introduction of the cur-

tain-wall, the use of completely transparent façades has become very pop-

ular since the early 1950s.

The enthusiasm and confidence towards the technology which were in-

spired by these cultural movements, the availability of reliable and effi-

cient systems, the relatively low cost of energy combined with an ease of 

finding and vectorising it, led to the development of projects where the 

local climatic conditions were not properly taken into account. During this 

historical period, designers and architects put much more attention to for-

mal and aesthetic aspects rather than to energetic implications and com-

fort within the built environment. The influence of the “international” ar-

chitecture and the superficial mimicry of the style proposed by the refer-

ence architects had the consequence of a flourishing of buildings whose 

poor building envelope performance was counterbalanced by the intro-

duction of oversized HVAC systems. The consequences of this way of de-

signing were extremely poor performance in terms of energy consumption 

and unsatisfactory indoor environmental quality. The use of glazing sur-

faces with an excessive and unnecessary extension with respect to the 

need for daylighting – especially if constituted by single panes of clear 

glass – and a design of façades that was not anymore related to the expo-

sition and to the microclimatic opportunities, gave origin to transmission 

heat losses unacceptably high during the heating season and to huge 

cooling loads during the summer period. The obvious and only apparent 

remedy which consisted in installing oversized HVAC systems had the only 

effect of counterbalancing, at least under the mere energy balance point 

of view, the excessive free gains, but it was not capable of solving the local 

discomfort problems in a satisfying way (e.g draft risk, noise, …). This was 

due both to the excessively high or low radiant temperatures of the trans-

parent façades and to the draft risk consequent to the need of introducing 

large flow rates of conditioned air to counterbalance the “massive” ther-

mal loads. 

Nowadays, even though there is more attention to the issues of energy 

sustainability and Indoor Environmental Quality (IEQ), frequently design-

ers still pay little attention to the “optimization” of the building envelope 

surfaces with respect to the needs of the indoor environment, to the expo-

sition and to the climatic context (figure 2).
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The energy crisis of the early Seventies and the consequent increase of the 

energy costs, a growing consciousness towards environmental problems 

and, least but not last, the dissatisfaction of the occupants (who were liv-

ing in nice looking but not so comfortable buildings) represented the boost 

towards the next steps of the evolution of the concept of building enve-

lope. 

The first laws concerning the energy efficiency of buildings date back to 

the early 1970s. For the first time, and practically in the whole industrial-

ized world (in Italy with the law 373 of 1973), these laws set minimum re-

quirements on the thermo-physical performance of opaque and transpar-

ent building envelope components.

However, also in this new phase of development, the driving concept 

which inspired researchers and legislators was the “energy conservation” 

principle; the attention was as yet focused almost completely on meas-

ures to limit the energy demand for space heating and to maximize the 

solar gains.

This approach was based on the assumption, which at the time was prob-

ably more than justified, that the predominant quota of energy demand 

of buildings was due to space heating and domestic hot water production, 

whereas summer cooling, electrical consumption and the so called plug-

loads were considered negligible A. The studies done during those year at 

MIT in Boston (Hottel, 1989) were led by this philosophy. 

Through the time, a series of technological improvements and design 

strategies were thus focused, on the one hand, on diminishing the winter 

thermal loads (thick insulation of the opaque walls, improvement of the 

thermal transmittance of the glazings, heat recovery units, improved air-

tightness of the building, …) and, on the other hand, on maximizing solar 

gains (either “passive”, through transparent building envelope compo-

nents, or “active”, by means of solar thermal systems). 

Undoubtedly, the massive and diffuse application of these concepts, 

which in Italy were reinforced with law 10 of 1991, allowed to significantly 

improve the thermal performance of buildings and, within 20 – 30 years, 

led to a drastic reduction of the energy demand for space heating and to 

cover a relevant portion of it through the use of renewable sources (mainly 

of solar origin).

F.02 
Typical examples of 
building envelopes which 
were not designed in 
relation with exposition  
and climate: different 
expositions and climatic 
contexts, same design 
philosophy of the envelope 
(from left to right and  
from top to bottom: 
Brisbane – Australia, Hong 
Kong – China, Seoul – South 
Korea, Toronto – Canada, 
Tokyo – Japan, Helsinki – 
Finland, New York – USA ).

F.02
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From the point of view of the technological development of the building 

envelope, this meant to focus almost completely to the enhancement of 

the thermal resistance of the components, proposing, developing and us-

ing materials characterized by higher and higher performance in terms of 

equivalent thermal conductivity and wall packages with higher air-tight-

ness and insulation capability. 

The benefits deriving from these politics were unquestionably relevant 

and allowed, especially in their first application phase, to realize more sus-

tainable buildings.

As time passed, however, the limits of this approach started to become 

evident and the more the progress went on, the more the drawbacks and 

undesired effects revealed in all their gravity. The “energy conservation 

approach” can cause, in many cases, problems of overheating and, if on 

the one hand it allows to reduce the energy demand for space heating, it 

often causes a significant increase of the cooling loads (especially in ter-

tiary buildings where, together with an improvement of the thermal insu-

lation of buildings, an increase of the endogenous electric loads also oc-

curred).

A few decades of optimization of building and systems focused mainly 

on space heating and domestic hot water production, combined with the 

growing demand of the occupants for higher levels of indoor environmen-

tal quality during the summer season, caused the other elements of the 

thermal balance of a building (summer cooling, artificial lighting and 

plug-loads) to increase their influence. It is well-known that in many mod-

ern office buildings, even in very cold climates (Oslo, Stockholm), cooling 

loads occur even during the winter season. Furthermore, the optimization 

of natural lighting was an often neglected element in the traditional de-

sign of the building. Therefore, even considering the energy improvements 

of the light sources (which showed an increase of about an order of mag-

nitude), the energy consumption for lighting has in percentage increased 

in the energy balance of the built environment.

Besides these elements, it should also be considered that the prolonged 

action of enhancing the performance of the traditional building envelope 

components (and systems) allowed to have on the today market high per-

formance solutions in relation to the properties inspired by the “energy 

conservation” principle (substantially the thermal insulation). This means 

that pursuing this strategy any further will allow to only obtain marginal 

improvements, with ever growing costs. This phenomenon, which is com-

mon in many engineering and economic sectors, is known as “low of di-

minishing returns” (Shepard, 1974). It was highlighted how, for example, 

even pushing the optimization of the technological solutions so far ex-

plored to their limit, the improvement of the current energy performance 

of buildings that can be achieved is at most of 50% (Torcellini et al.), 

which is well far from the target imposed by the EPBD recast directive of 

2010.

Hence, the principle of “energy conservation”, which saw the apex of its 

maturation in the idea of “passive house”, appears today to be outdated. 

To be able to fulfill the requirements set forth by the nZEB and/or ZEB 

buildings, a radical change of paradigms onto which the research and de-

sign are based is needed. The “pillar” assertion, until now considered as a 

dogma, according to which the constructive elements of a building are 

components which do not change their structure and aspect and whose 

features, properties, functions and behaviour are immutable, starts to be 

strongly limitative and unsatisfactory. Moreover, the frequently adopted 

“one-size-fits-all” approach (see figure 2) is not at all functional, especially 

in an era where the energy sustainability drives both designers and users 

to look for new ways to make the buildings more efficient and “smarter”. 

Today it is mandatory to exploit the opportunities offered by the local cli-

mate and by the natural resources, instead of working against them 

(shield/barrier effect), as suggested in the past by the energy conservation 

approach.

At the present, the envelope should not be anymore intended as a “prob-

lem”, a “difficulty”, but it should be considered as an “opportunity”, a “po-

tentiality” and, of course, a “challenge”. 

The building envelope, more than a “construction component”, will have 

to be seen as a “place”, a spatial location. It represents the surface that 

divides the conditioned and controlled environment from the external en-

vironment, and through it all the mass and energy transfers between these 

two thermodynamic systems take place. Hence, the building envelope of-

fers a huge interface that can be effectively used to dynamically (and in a 

controlled way) manage the mass and energy balances of the built envi-

ronment and to host the technologies for the exploitation of renewable 

(non-carbon) sources and/or low quality energies (low energy).

The way towards the innovation of the building envelope, that today 

appears far more promising, consists in passing from the concept of “insu-

lation” to that of “integration and multifunctionality”. This requires the 

transition from a “passive” or resistive component (recurring to the well-

known electric analogy for the heat transfer) to an “active” component, 
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where the networks become resistive and capacitive and are integrated 

with generation/conversion systems, as for example, the technologies for 

the on-site conversion of solar radiation (see e.g. the technology proposed 

by Xu and Van Dessel, 2008 for the transparent components, and by Fa-

voino et al., 2014 for the opaque components). In this view, the envelope 

is not anymore a barrier, a shield, a separation, but a “living” membrane, 

dynamic, responsive, adaptable to various necessities and capable of inte-

grating and performing different functions (figure 3) (e.g. adaptive, re-

sponsive, multifunctional facades, Perino, Serra, 2010, Goia et al., 2011). 

According to this design philosophy, opaque and transparent components 

will be used to “filter, store and/or modify the mass and heat fluxes, hence 

managing the external environmental parameters to satisfy the internal 

needs and to guarantee an optimal IAQ”.

The keywords on which their development will have to be based are (Van 

der Aa et al. , 2009):

– Responsivity

– Adaptability

– Dynamic behaviour (active response)

– Integration/interactivity (with the various technological 

 systems and sub-systems of the building)

– Generation/conversion of energy (integration with “RES” 

 technologies)

– Harmonization (tuning) and/or exploitation of the 

 external environment 

– Multifunctionality

How it can be easily imagined, this vision – which represents a revolution 

in the way of conceiving and developing the building envelope compo-

nents – is everything but easy. To be able to solve such a complex problem, 

a systemic approach is needed. Some researchers (Goia, 2013) suggested 

to subdivide and structure the research and development on three differ-

ent levels, corresponding to the dimensional scales of the building  

envelope:

– the concept level

– the system level

– the material level

F.03 
Conceptual scheme  
of dynamic, responsive, 
multifunctional  
and integrated façades
(adapted from Van der  
Aa et al., 2011).
Korea, Toronto – Canada, 
Tokyo – Japan, Helsinki – 
Finland, New York – USA ).
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The Concept Level
The aim of this level of the research is to explore new ideas and visions, 

analyzing them from a theoretical point of view in order to obtain infor-

mation on the “working principles”. The objective is to identify which lines 

to follow to conceive and develop new components and to optimize the 

strategies of integration with the systems and the building.

From a practical point of view, the aim of these studies is to give an an-

swer to the question of “what” would be desirable to obtain from a new 

product, without worrying about “how” it can be done (hence not putting 

attention on the technological feasibility of the solutions or on the actual 

availability of materials with the desired properties).

It is a very notional/theoretical phase and, apparently, far from the ap-

plicative reality. Nevertheless, it represents the fundamental point to es-

tablish, for example, which is the “range” of properties that a dynamic en-

velope should have to satisfy the adaptability requirements and what is 

the “amplitude” of their variability. It is also useful to define the degree of 

integration with other building/systems components, the multifunctional-

ity level and the benefits in terms of energy savings.

Since the development of such an analysis needs a “total energy” ap-

proach (at least heating, cooling and lighting) the simulation instruments 

which are available today are often inadequate and the researchers need 

to develop numerical models ad hoc. Such a difficulty explains why a lim-

ited amount of these kind of studies and few published results can be 

found in the literature.

A first and interesting attempt in this field was done by Goia, 2013, who 

developed a sensitivity analysis to evaluate the influence of various ther-

mal properties of the building envelope on the total energy demand (to 

identify which are the most influential ones) and the range of variability 

which is needed to proceed to the energy optimization of the building.

More recently, Kasinalis et al., 2014 presented a design and analysis ap-

proach for the so called CABS (Climate Adaptive Building Shell), exploring 

the possibility of conceptually ideate and optimize an adaptive façade (on 

seasonal basis) which allows for the minimization of the energy consump-

tion. The obtained results show how a responsive building envelope com-

ponent, which can dynamically modify six of its properties (density, spe-

cific heat and thermal conductivity of the material, external absorption 

coefficient of the surface, opaque on transparent surface ratio, typology 

of glazings), allows an improvement of 16 – 18 % of the performance in 

comparison with the state of the art façades based on the traditional 

static concept.

The System Level
Researches in this level are focused on the identification of technological 

solutions to build modular façade components. The objective is to obtain 

building envelopes which are almost self-sufficient under the energy point 

of view, creating systems which integrate many functionalities (for exam-

ple: ventilation, thermal exchange and heat recovery, lighting, thermal 

storage, energy conversion systems, HVAC components, solar shading de-

vices, etc.). Even though the realization of a self-sufficient skin appears to 

be a very ambitious goal, and it seems very difficult to translate it into a 

product to place on the market, this idea is considered very promising. 

Proof of it is that some leader companies in the sector are developing, or 

have already proposed, multifunctional façade modules inspired to this 

philosophy (for example the E2 façade from Schüco and TEmotion from 

Wicona). Quite numerous are also the examples of studies on these kind of 

envelopes which are available in the literature (Quesada et al., 2012a and 

2012b, Saadatian et al., 2012).

Even though, under a practical point of view, the configurations can be 

extremely various, it is however possible to identify some basic features 

which are common to the multifunctional building façades:

– the controllable management of the heat fluxes, obtained – in 

general – minimizing the heat transfer through the component 

(maximizing the thermal resistance for transmission) and con-

trolling the heat transfer through ventilation, or through the 

management of charge/discharge of thermal storages (in fa-

çade) or, eventually, with the use of heat transfer fluids,

– the onsite conversion of solar radiation, done with active sys-

tems (for example PV, PVT, etc.) or with passive techniques 

(managements of free gains),

– the reduction of the energy inefficiencies at the building scale 

(for example avoiding long ducts for ventilation, which cause 

pressure drops),

– the integration with the systems, using the façade as a terminal 

system device or as a source/sink of thermal energy,

– the optimization of daylighting.



ACTRESS transparent
sub-module

ACTRESS opaque sub-module
(Opaque Ventilated Façade)

ACTRESS MFM

triple glazing
 – low-e coating
 – 25 mm aerogel
  outer cavity

OVF ventilation grid

aSI PV panels (3 x 29 Wp)

Ventilated cavity:
 – cavity thickness = 120 mm
 – equipped with 4 axial fans

internal sandwich panel:
 – gypsum wall board
 – 25 mm VIP layer
 – gypsum wall board
 – PCM layer (Tmelt = 27º)
 – electric heatd carpet
 – PCM layer (Tmelt = 23º)

triple glazing
 – low-e coating
 – outer cavity low/e
  venetian blinds

transparent sub-module opaque sub-module
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An example of a MFM, conceived, designed built and tested at the Depart-

ment of Energy – Politecnico di Torino, is shown in figure 4.

The Material Level
This is the step where the most detailed studies are developed. The objec-

tive is to identify those materials and/or subcomponents whose features 

are suitable to build multifunctional façade modules and to characterize 

their behaviour. It is hence a functional and preliminary phase to the de-

sign at the system level.

The incredible development of the material science that took place in 

the last decade, and the consequent availability of new products, offer 

great opportunities for the realization of innovative envelope components. 

Among them stand out superinsulating materials, especially VIPs (Vac-

uum Insulation Panels), aerogels, Phase Change Materials (PCMs), non-

conventional glazings (thermotropic, photochromic and electrochromic 

glazings), gasfilled panels, coating and membranes with selective/reflec-

tive optical properties.

Figure 5 and 6 shows, as an example, dynamic glazing systems making 

use of PCM. These prototypes have been conceived, designed and tested 

at the Department of Energy, Politecnico di Torino in recent times.

More Information
A  The plug-loads are the loads deriving from electric devices such as 

computers, televisions, electric appliances …

References
1  Van der Aa Ad, Heiselberg P., Perino M. Annex 44 – Final  

report – Designing with Responsive Building Elements. Aalborg: 

Aalborg University; 2011.

2  European Commission. 2010. Directive 2010/31/EU of the European 

Parliament and of the Council of 19 May 2010 on the energy 

performance of buildings (recast). Official Journal of the European 

Union 2010;53: 13 – 35.

3  Bianco L. F. 2014 Involucri Trasparenti Innovativi: modellazione e 

sperimentazione su componenti dinamici e sistemi di facciata attivi. 

Tesi di Dottorato, Torino, maggio 2014, Italia.

F.06 
Dynamic behaviour of a 
glazing system making use 
of PCM in the  
cavity between the two  
gas panes-sunny days.

F.04 
Scheme of the ACTRESS 
MFM prototype.

F.05 
Dynamic behaviour of a 
glazing system making use 
of thermotropic glass panes 
and PCM, during a sunny 
days (PCM + TT glass in the 
lower part, TT glass in  
the upper part. From left to 
right: PCM fully solid,  
at the beginning of the 
transition phase, at  
an advanced stage of 
fusion, fully liquid).

F.05

F.04

F.06



74 FAÇADE2014 FAÇADE2014 75

4  Corgnati S.P., Perino M., Serra V. 2007 Experimental assessment of 

the performance of an Active Transparent Façade during actual 

operating conditions, Solar Energy, Journal of the International Solar 

Energy Society, Vol. 81 N° 8 pg. 993 – 1013, August 2007

5  Favoino F., Goia F., Perino M., Serra V. 2012 Energy performance 

assessment of an advanced responsive multifunctional facade 

module: first results of an experimental campaign, Proceedings of 

the 5th International Building Physics Conference (IBPC 2012) Kyoto, 

Japan, May 28 – 31, 2012

6  Favoino F., Goia F., Perino M., Serra V. 2014 Experimental assessment 

of the energy performance of an advanced responsive multifunc-

tional façade module, Energy and Buildings, Volume 6 – part B, pg. 

647 – 659, January 2014

7  Goia F. Dynamic building envelope components and nearly zero 

energy buildings – theoretical and experimental analysis of concepts, 

systems and technologies for an adaptive building skin. PhD Thesis, 

Trondheim, December 2013, Norway.

8  Goia F., Perino M., Serra V., Zanghirella F., 2010. Towards an Active, 

Responsive and Solar Building Envelope, Journal of Green Building , 

Volume 5, Number 4, pages 121 – 136, College Publishing, ISSN 

1552-610, Fall 2010

9  Goia F., Haase M., Perino M. 2013 Optimizing the configuration of a 

façade module for office buildings by means of integrated thermal 

and lighting simulations in a total energy perspective, Applied 

Energy, Volume 108, August 2013

10 Hottel HC. 1989. Fifty years of solar energy research supported by 

Cabot fund. Solar Energy, 43:107 – 28.

11 Kasinalis C., Loonen R.C.G.M., Costola D., Hensen J.L.M. 2014. Frame-

work for assessing the performance potential of seasonally adapt-

able facades using multi-objective optimization. Energy and Build-

ings (2014)

13 Perino M., Serra V., L’innovazione dell’involucro trasparente: oltre il 

concetto di isola-mento termico, 48° Congresso Internazionale 

AICARR – “Il Recupero Energetico degli Edifici Esistenti: Quali Soluzi-

oni per un Sistema Integrato, l’Involucro, gli Impianti e la Regolazi-

one”, Atti 48° Convegno Internazionale AICARR 2011, pg. 61 – 79, 

22 – 23 Settembre 2011, Baveno, Italia.

14 Quesada G., Rousse D., Dutil Y., Badache M., Hallé S. 2012a A compre-

hensive review of solar facades. Opaque solar facades. Renewable 

and Sustainable Energy Reviews 2012;16:2820 – 32.

15 Quesada G., Rousse D., Dutil Y., Badache M., Hallé S. 2012b A compre-

hensive review of solar facades. Transparent and translucent solar 

facades. Renewable and Sustainable Energy Reviews 

2012;16:2643 – 51.

16 Saadatian O., Sopian K., Lim C.H., Asim N., Sulaiman M.Y. 2012 

Trombe walls: A review of opportunities and challenges in research 

and development. Renewable and Sustainable Energy Reviews 

2012;16:6340 – 51.

17 Shepard RW. 1974. The law of diminishing returns. Lecture notes in 

economics and mathematical systems, 99:287-318.

18 Torcellini et al., 2007, ASHRAE Journal. 

  Xu X., Dessel V. 2008, Evaluation of a prototype active building 

envelope window-system, Energy and buildings, 2008.

19 www.schueco.com/web/uk/unternehmen/presse/trade_fair_innova-

tions/Schueco_E2_Facade_System_mature.

20 http://www.wicona-int.com/en/Product/Facade/TEmotion-Intelligent-

facade-concept/



76 FAÇADE2014 FAÇADE2014 77

60

6

exterior inert gas

Fluid 1

VSGLowE

pane of glass fluid layer, dashed heat reflecting coating inert gas filling VSG = laminated safety glass

LowE

Fluid 2

inert gas interior

2 6 12 4 4 12 6 2 6

Background
Glass is widely used as construction material of building 

facades not only in temperate, but also in hot climate. This 

is due to aesthetical benefits that an unobstructed view 

provides. However, large areas of glazing not only affect 

the heating demand in cold regions, caused by the ther-

mal heat transfer from the interior to the exterior, but also 

the cooling demand in hot regions, because of high uncon-

trolled solar heat gains. The latter is especially challenging 

for high rise office buildings with considerable high inter-

nal heat gains and limited possibilities to install adjustable 

exterior shading systems. Because of this, often glass with 

high reflectivity and low transmittance is installed, which 

not only reduces the solar transmittance, but also the vis-

ual transmittance permanently. As a result, electrical light-

ing is more often required at days with low solar irradia-

tion to ensure enough luminance at the working desks in 

distance to the façade. Furthermore, not making use from 

the solar irradiation on the exposed glazing of facades lim-

its the energy management of buildings in one direction: 

to just supply energy from the heating and cooling system 

instead of also providing heat from the façade to support 

the building system with energy.

Idea and current configuration
The driving idea of this research project is developing an 

adaptive glazed façade element that allows controlling 

the solar transmittance within the glazing element to ben-

efit from higher solar heat gains when needed during the 

heating season and to reduce solar heat gain during the 

cooling season while ensuring enough day light. Up to now, 

the technologies used to achieve adjustable transparency 

are electrochromic materials, liquid crystals and electro-

phoretic or suspended particle devices (Baetens, 2010). 

The solar transmittance in this research project will be con-

trolled by particles in a fluid that is circulated in a chamber. 

Basically, this is achieved by adding pane of glasses to the 

exterior and interior face of a regular glazing, which create 

chambers as shown in the schematic design of figure 1. 

Volker Ritter
INSTITUTE FOR ARCHITECTURE AND PLAN-
NING AT UNIVERSITY OF LIECHTENSTEIN, 
CHAIR OF SUSTAINABLE CONSTRUCTION  
OF PROF. D. SCHWARZ, VADUZ (FL)

FLUIDGLASS, AN 
ADAPTIVE GLAZING

Contrary to regular solar glazing, the glass in this configuration should al-

low for maximal transmittance, as the solar transmittance is adjusted be 

the according fluid chambers. The lowe coating on the glasses towards 

the inert gas fillings is required to achieve high thermal resistance. The 

coating is not required in terms of solar irradiation. A laminated safety 

glass is required in centre to ensure safety. The overall dimension of this 

configuration is 60 mm, which will require an adjusted framing. Other con-

figurations with only one fluid chamber are also assessed in this project, 

which have a reduced thickness.

The chambers are just about 2 mm wide. Fluid is circulated in each cham-

ber and transfers heat at a heat exchanger. The heat exchangers are con-

nected to the regular building heating and cooling system. The two cham-

bers operate separately. Glycol is added to the fluid of the exterior cham-

ber as antifreeze. Since the hydrostatic pressure of the fluid would cause 

the pane of glass to break, the fluid is operated in negative pressure.  

Spacers are required to keep the minimal distance between the pane of 

F.01 
Section of the currently 
considered configuration. 
Numbers on top are 
distances in mm. 

F.01
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FLUIDGLASS – A MODULAR  
FACADE SYSTEM

glass. Adjusting the temperature and mass flow rate of the fluid inlet influ-

ences the heat flow at the glazing. The mass flow rate varies between 1 – 3 

kg  min–1 per running meter of Fluidglass, depending on the operation 

mode. Nozzle bands at top and bottom of the glazing ensure a laminar 

flow, as shown in the schematic of figure 2. Furthermore, the Fluidglass 

requires a so called Fluid circuit box, which contains a separator and a dis-

penser, which adjust the required concentration of the particles in the 

fluid, as shown in figure 3. Additional information regarding the configura-

tion and components of the Fluidglass is published by Gstoehl et al, 2011 

and on www.fluidglass.eu.

Operation modes
The considered configuration allows operating the Fluidglass in different 

modes, depending on the location, the building time and the installed 

building system. The basic modes are shown in figure 4. The façade ex-

posed to the solar irradiation is adjusted in its transmittance during the 

summer day to ensure that the minimal illuminance is provided, but over-

heating is avoided. The concentration of the particles in the fluid can rela-

tively quickly be changed, which allows to react on changes in the solar ir-

radiation due to clouds, etc. just in time. This layer also acts as solar ther-

mal collector, especially if the concentration of the colorant is high. 

Collected heat can be used as heat source for a heat pump system to gen-

erate hot water or directly as heat to regenerate thermal storages like 

boreholes or in district heating networks. In certain cases if this heat is not 

needed or a permanently surplus exists, like at locations in hot climate, the 

gained heat during the daytime can again be released by the exterior fluid 

chamber to the ambient during the night time. This can considerably re-

duce the energy demand for cooling, as the temperature of the heat sink 

during the night time is lower than during the day time. The fluid in the 

chamber facing the interior can be operated during this season as cooling 

panel by circulating a fluid with low temperature. During the cold season 

the exterior fluid chamber is not operated. This allows for high internal 

heat gains if needed. During the cold season, the interior fluid chamber 

also acts as heating panel. However, the concentration of the colorant in 

the fluid of the interior fluid chamber can be changed if necessary. This 

allows collecting heat with this chamber even during the cold season, if no 

internal heat gains are required or a surplus of heat exists. This heat can 

F.02 
Section of the currently 
considered components, 
showing the nozzle bands 
on top and bottom, the 
various inlet and outlets 
and the required spacers to 
keep the distance between 
the pane of glass.

F.03 
Diagram of the Fluidgass 
façade element consisting 
of the glazing and the fluid 
circuit box (illustration on 
the left) and the Fluidglass 
facade connected to the 
building HVAC core system

F.02

F.03
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either directly be circulated to another space or to the heat storage of the 

building. This is especially interesting during spring and autumn, when the 

solar irradiation is relatively high, which can cause overheating in modern 

office spaces. This surplus would be better used in other parts of the build-

ing that are not directly exposed to the solar irradiation. The power of the 

panel can be controlled by the fluid inlet temperature and the mass flow 

rate. During the hot season, the interior fluid chamber panel is circulated 

with cold fluid for cooling the interior space with inlet temperatures of 

18 °C, while the the fluid inlet temperature is raised to 30 °C during the cold 

season for heating. This allows for a cooling power of 50 W m –2 of pane of 

glass and 70 W m –2 heating power. Certainly the heating power can fur-

ther be increased with higher inlet temperature, but increasing the cooling 

power with lower inlet temperature than 18°C would risk condensation at 

the glass panel. The typically large areas of glazing of office buildings al-

low for panel heating and cooling with relatively close temperatures to the 

room temperature. A surface area of the glazed façade closer to the tem-

perature of other components of the building (floor, ceiling interior walls) 

reduces the imbalance of radiation in the space and raises the thermal 

comfort of the user. 

First assessment basic control strategies
Adjusting the concentration of the particles in the fluid requires a dis-

penser and a separator unit connected to the fluid circuit. The optimal 

concentration of particles, fluid inlet temperature and mass flow rate re-

quires a smart control of the system. First simulations show how consider-

able the control strategy affects the energy demand of such a system. The 

bar diagrams in figure 5 show heating demand, cooling demand and elec-

tricity demand for lighting the space for a reference case with solar glaz-

ing and for case studies of the Fluidglass system with different control 

studies. The model for this simulation allows comparing five control strate-

gies of the colorant concentration. The nature of all control strategies is to 

be reactive and not predictive. Consequently, they only react on a specific 

condition at that time and ignore previous or very probable conditions in 

the (near) future. Solar irradiation is the key parameter of the first control 

strategy (CS1). The second control strategy (CS2) sets the colorant con-

centration based on the illuminance in the interior space. The disadvan-

tage of CS1 and CS2 is that the interior air temperature, which accounts 

F.04 
Schematic of the basic 
operation modes of 
Fluidglass. High 
concentration of particles 
in the exterior fluid 
chamber prevent from 
overheating during the 
summer day (top left), 
while minimal concentra-
tion of particles during the 
winter day allow for high 
internal heat gains (bottom 
left). Heat surplus can be 
transferred to the ambient 
during the night time (top 
right). Medium concentra-
tion of particles in fluid 
allow for optimal conditions 
during the seasons in 
between (bottom right).
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Winter day Spring and autumn

Summer night
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for the heating and cooling demand, is at best indirectly considered. This 

is taken into account in the third strategy (CS3). The fourth control strat-

egy (CS4) aims for high level of thermal comfort. The fives control strategy 

(CS5) is basically the same as the control strategy CS4, beside this control 

aims of medium level of thermal control. More details about this assess-

ment is published in a paper “Control Strategies of an Adaptive Glazing” 

(Ritter et. al 2014)

Already simply strategies that only consider the solar irradiation based on 

normative standards (CS1) allow for a high reduction of the cooling de-

mand, which is beneficial in Dubai and partly in Madrid, but cause the 

heating demand to rise at locations like Munich. Controlling the colour 

concentration based on the illumination is a more successful strategy at 

locations with dominating heating demand. Most promising are control 

strategies that also consider the interior air temperature (CS3, CS4, CS5). 

They allow in Munich for a reduction of about 20 – 30 % and a reduction of 

the electricity demand for lighting of about 20 %. The same type of con-

trol strategies reduce the energy demand for heating and cooling in Ma-

drid drastically of about 50 – 70 %, but cause the electricity demand for 

lighting to rise by 10 – 20 %. Even more unbalanced is the energy reduc-

tion with this type of control in Dubai with an energy reduction of about 

50 – 60 % for cooling, but a drastic quadruplicating of the electricity de-

mand for lighting. In summary, energy reduction in cooling and heating 

demand need to be balanced with potentially rising electricity demand for 

electrical lighting. Changing the solar transmittance of the glazing will af-

fect visual transmittance. In further improvements of the control strategy, 

an optimization towards high comfort and an overall low energy demand 

(including electricity demand for lighting) needs to be developed. Ideally, 

an improved control of this adjustable façade system allows for an opti-

mal operation to the current needs. 
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Abstract
Numerous demonstration studies have identified a large 

potential for adaptive facades to improve the energy per-

formance and indoor environmental quality of buildings. 

However, to enable widespread application of these con-

cepts, there is a need for more research and development, 

leading to innovative materials and components, and bet-

ter scalable solutions. One of the barriers that hinders in-

novation and adoption of new technologies for improved 

energy efficiency in buildings is known as the Valley of 

Death – the metaphor which describes the lack of re-

sources and expertise that impedes new ideas in their tran-

sition from lab to market. In this paper, the use of building 

performance simulation is put forward as a useful tool  

in the product development process of innovative adapta-

ble building envelope components. By discussing the back-

ground principles and details of two application examples, 

we show how building performance simulation can be-

come a useful tool to help close the gap between building 

material innovation and successful building application.

Introduction
A need for innovations in building envelope materials and 

components is at the heart of many technology roadmaps 

for sustainable buildings and cities, such as those recently 

issued by the International Energy Agency (IEA, 2013) 

and the European Commission (EC, 2013). It is expected 

that breakthrough developments in new facade construc-

tions can make substantial contributions in the transition 

towards costeffective nearly-zero energy buildings (NZEB) 

with high indoor environmental quality (IEQ). In particular, 

the potential of buildings with adaptable facades is identi-

fied as promising (Loonen, Trčka, Cóstola, & Hensen, 2013). 

Adaptable facades can adjust their properties over time, in 

response to variable weather conditions and comfort pref-

erences. This gives buildings the special ability to improve 

building performance, by taking advantage of the dy-

namic conditions it is exposed to. 

Roel Loonen
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The idea for developing dynamic, rather than static facades, is not new 

(Davies, 1981). Bio-inspired seasonal adaptation as a facade design stra-

tegy has a longstanding tradition in vernacular architecture (Zhai & Previ-

tali, 2010), and gained renewed interest as a solution for meeting the chal-

lenges of modern-day building design (Kasinalis, Loonen, Cóstola, & 

Hensen, 2014). Adaptation on shorter time-scales (e.g. hourly) is also ac-

tively being pursued, with currently more than 350 buildings in operation 

(Loonen, 2014). Adaptive facades can nevertheless not be considered as 

standard practice. Many examples are one-off solutions, and there is still 

ample scope for improvements and new technologies to enable more 

widespread application. 

Advances in material sciences are currently opening up a growing range 

of opportunities for new building envelope technologies. Examples include 

dynamic thermal insulation, phase change materials, complex fenestra-

tion systems and responsive facade coatings with advanced properties 

(Loonen et al., 2013). Most of these concepts start off as small projects in 

research laboratories. Typically, academic research groups can develop 

such concepts from discovery up to a point with a low technology readi-

ness level (TRL) (figure 1).
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The subsequent phases of technology transfer and commercialization into 

marketable products and services, however, tend not to be straightforward 

(Shove, 1999). Several reasons can be identified for this challenging situa-

tion: 

– Basic research is mainly done with public funding, whereas pri-

vate investors are mostly interested in working towards com-

mercial viability. This leaves a void in the middle.

– The investment required in this area is generally high, but the 

certainty of success relatively low. Only few technology concepts 

will eventually develop into successful commercial facade  

products.

– There is a lack of tools that can provide insights into building 

integration issues in an early R & D phase (TRL 1 – 5). This results 

in a mismatch between information need and availability and 

complicates decision-making.

– The process requires an interdisciplinary approach. The right 

combination of skills and expertise (materials development  

and building application) may not always be available.

The Valley of Death is sometimes used as an analogy to describe this dis-

continuity in innovation processes (figure 2). Developing methods and 

tools that can bridge this valley is identified as an urgent stepping stone, 

and is therefore high on the agenda of policy programmes, such as Hori-

zon 2020, the EU Framework Programme for Research and Innovation (EC, 

2013).

Building performance simulation
Over the last few decades, building performance simulation (BPS) has 

evolved to become a well-established design support tool in the construc-

tion and HVAC design industry. BPS takes into account the dynamic inter-

actions between a building’s shape and construction, systems, user behav-

ior and climatic conditions, and is therefore regarded as a valuable re-

source in many building design processes (Hensen & Lamberts, 2011). 

Because of these attributes, BPS can also be used as a tool for supporting 

informed decision-making in the R & D phase of innovative building enve-

lope components, but such possibilities have only been explored to a lim-

ited extent (Loonen, Hoes, & Hensen, 2014; Loonen, Singaravel, Trčka, Cós-

tola, & Hensen, 2014).

F.02 
Availability of resources for 
new product development 
at various TRLs. The gap in 
the middle is sometimes 
referred to as “The Valley of 
Death”
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Through iterative evaluation of multiple product variants, the integration 

of simulation allows for strategic decisions that acknowledge high-poten-

tial directions in the development process. What-if-analyses can be per-

formed to evaluate the robustness of a new technology in many different 

usage scenarios and operating conditions. Moreover, BPS can act as a vir-

tual testbed to assess the potential of materials with not-yet-existing 

properties. All these analyses can be done on the basis of relevant perfor-

mance indicators, and as such, the method may help creating competitive 

advantage by improving product performance or time-to-market in a cost-

effective way. This article discusses various applications of the use of BPS 

in two product innovation processes, and shows how it may stimulate fu-

ture product development.

Smart energy glass
Smart glazing systems, such as electrochromic or thermochromic windows, 

are identified as high-potential facade elements (Baetens, Jelle, & Gus-

tavsen, 2010). By regulating the amount of daylight and solar gains they 

transmit, absorb and reflect, these windows offer options for improving 

energy performance and comfort conditions. A relatively high investment 

cost, but also technological issues, such as the non-neutral colors, slow 

switching speeds and need for electricity supply, however, cause a rela-

tively slow uptake in the market. To overcome these barriers, new switcha-

ble window systems, based on alternative physical principles are currently 

being developed (Debije, 2010; Khandelwal, Loonen, Hensen, Schenning, 

& Debije, 2014). One of the emerging concepts is Smart Energy Glass 

(SEG) (www.peerplus.nl). SEG combines liquid crystalline materials to-

gether with window-integrated PV cells to create fast-switching, self-suffi-

cient switchable glass (figure 3). 

Building simulations are embedded in ongoing efforts of scaling the tech-

nology from proof-of-principle to commercial building product, and focus 

on the whole-building integration issues of this high-tech product.

The use of simulations started in a very early phase (TRL 2 – 3). At the 

time when the technology was only available in the form of small-scale 

samples, we used simulations to predict whole-building performance in 

terms of comfort and energy saving potential under a range of operating 

conditions and building use scenarios (figure 4). Based on this information, 

benchmarks were set and specific material-level development targets 
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Performance of early-gene-
ration Smart Energy Glass 
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reference case (A). The 
different situations (B – F) 
show various types of 
control strategies.

ENERGY COMFORT
Lighting Overheating

O
V

ER
H

EA
TI

N
G

 (H
O

U
RS

 P
ER

 Y
EA

R)
, G

LA
RE

 (T
IM

ES
 P

ER
 Y

EA
R)

EN
ER

G
Y 

D
EM

A
N

D
 (k

W
h)

GlareCooling
Heating

1500 500

320

364

249
246

609 513

250 246

400 420

245

557 595 562 566 566

151

765

408

104 101 182 102 102 153

20

99 99

20
58

1200 400

900 300

600 200

300 100

0
A B C D E F

0

F.03

F.04



90 FAÇADE2014 FAÇADE2014 91

were outlined. In addition, it served as justification for the decision to al-

locate more resources to the project. 

In a later phase, we combined BPS together with sensitivity analyses 

and parametric studies. These structured design space explorations helped 

gaining information about the performance of a large number of possible 

product variants, without the need for having many prototypes. We identi-

fied, for example, that visual performance and glare discomfort are very 

important performance aspects. Development of switchable window coat-

ings should take this requirement into account. In addition, the simula-

tions showed that it is worthwhile to invest resources in the development 

of windows with properties that can be customized to the needs of specific 

cases. Sometimes it is needed to have high transparency in the bright 

state, whereas in other situations low light transmittance in the dark state 

is more important. Being able to adapt properties in response to case-spe-

cific requirements is key to developing a successful product. 

Finally, a dedicated software tool was developed, based on an extensive 

database of BPS outcomes (figure 5). This web-based tool is used for com-

munication with external stakeholders and potential clients. It stimulates 

discussion and facilitates decision-making, because the expected window 

performance can be visualized in a fast and easy way.

Building-integrated concentrating photovoltaic solar shading 
What if we could harness the power of the solar energy that hits facades 

and roofs by converting it into electricity, and at the same time provide a 

shading solution that automatically blocks unwanted direct radiation, yet 

leaves occupants with a view to outside? This alluring combination of 

functionalities is exactly the proposition of SolarSwing® Energy.

SolarSwing® Energy is an innovative building envelope component that 

combines concentrating photovoltaic (CPV) technology with a dynamic ar-

ray of advanced optical elements (figure 6). The facade concept works 

with innovative lenses that internally trap and redirect sunlight. This opti-

cal system treats the diffuse and direct parts of solar irradiation in a differ-

ent way. The diffuse part freely passes the modules and reaches the room 

as soft daylight. The direct part, on the other hand, is concentrated onto a 

tiny solar cell. Because the high-intensity radiation is focused on a small 

surface, it is a cunning idea to use costly but ultra-high-efficiency PV cells. 

F.05 
Graphical user interface of 
the web-based tool

F.06 
SolarSwing Energy ® in the 
roof of a glazed sunspace
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Doing this gives a boost to overall electrical efficiency at lower cost than 

conventional crystalline PV surfaces. A dual-axis solar tracking algorithm is 

used to ensure that the CPV modules are always aligned perpendicular to 

the sun. Only in this way, the energy production of the fenestration system 

can be maximized. 

SolarSwing® Energy is an iconic example of a climate adaptive building 

shell. Actuation of the kinetic CPV modules prevents direct solar radiation 

from entering the room, providing glare protection where and when 

needed. A view to outside, and enhanced access to the many health and 

well-being benefits of daylight (Aries, Veitch, & Newsham, 2010) is guar-

anteed at all times. On cloudy days, the bulk of all available light gets 

transmitted to inside. On sunny days, the diffuse light will still enter, but 

the more powerful and unwanted direct radiation is effectively blocked 

and transformed into something useful: electricity.

The multi-functional fenestration concept is designed in modular com-

ponents to form a prefab design element for double skin facades or glazed 

roofs. It is an all-in-one solution – no further building envelope compo-

nents are needed.

The development of SolarSwing® Energy is currently in the prototype 

phase. More work is needed to bring the concept to the next stage, where 

it can compete with alternative solutions that are out on the market. Due 

to the complex nature of the concept and its many physical interactions, it 

is not straightforward to understand the influence of product design 

changes on whole-building energy performance and occupant perception. 

Building performance simulations form an integral part of the product de-

velopment process to provide feedback on this type of questions. After 

modification of the ESP-r building simulation software, to accommodate 

for the specific features of SolarSwing® Energy, computational modeling 

and simulation studies are used to support the innovation process from 

the viewpoint of energy performance and building physics. Among other 

things, we quantify the performance potential, identify most sensitive sys-

tem parameters, and on the basis of this, give recommendations for fur-

ther development of the product design. In our ongoing research, we try 

to find answers to the following type of questions:

–  What is the energy saving potential of SolarSwing® Energy in 

terms of heating, cooling and lighting?

–  Which comfort aspects are most important? 

– What is the positive contribution to indoor  

environmental quality?

–  How much electricity can be generated, and what is the best 

configuration of CPV modules to achieve this?

–  What is the performance of SolarSwing® Energy in different cli-

mate regions? Which location is most promising for the first 

market introduction?

–  Is the technology more promising in residential or in commer-

cial projects?

–  Are the benefits of the product sensitive to the different facade/

roof orientations?

– How should the design of the system be improved to optimize 

the overall value of the facade system?

–  Should SolarSwing® focus their efforts on developing one single 

product, or should they direct their attention to multiple product 

variants that match better with the needs of different situa-

tions?

–  Is it possible to harvest the thermal energy that is released from 

absorption in the CPV modules in a useful way? Can the energy 

be used for space heating? What about thermal energy storage 

and system integration?

Initial results of our research show promising results, highlighting that So-

larSwing® Energy can lead to zero-energy building operation in many situ-

ations. All this information can be used to help formulate the business 

case for SolarSwing® Energy. Different stakeholders can make quantita-

tive analyses of the various costs and benefits and assess the overall value 

of the facade system in an objective way. The use of simulation brings 

some unique elements that cannot be obtained by traditional analysis 

methods such as mock-ups, experiments or simple calculations.

Conclusions and Outlook
Through a number of use cases, we have demonstrated how the applica-

tion of building performance simulation (BPS) can support product devel-

opment of new building envelope components. BPS adds many favorable 

opportunities to the innovation process, because it: 
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– can be used to inform decision-making from early R & D phases 

all the way through to marketing and sales support; 

– is able to uncover the relationships between relevant whole-

building performance indicators, that go beyond component-

level metrics such as U-value or g-value; 

– generates useful inputs for many types of subsequent analyses, 

such as life cycle assessment and financial business models;

– allows for testing multiple what-if scenarios in a virtual, and thus 

relatively inexpensive, way.

This focus on whole-building performance adds an extra dimension to the 

R & D process. BPS can be a useful resource for managing risk and uncer-

tainty in product development, and thus increases chances that promising 

concepts successfully make the transition from lab to the market. We 

therefore argue that BPS should get a more prominent role in future R & D 

processes to pave the way for the next-generation adaptable facade sys-

tems. 
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Adaptive transparent building envelope technologies
The building envelope and, specifically the transparent 

part, can play a significant role in reducing buildings en-

ergy consumption and achieving higher level of indoor en-

vironmental quality. Its impact is quantified by Jin et al. 1, 

who performed a sensitivity analysis on building perfor-

mance in terms of energy consumption, indoor environ-

mental quality and whole life cost of early-stage design 

parameters, including façade, architectural and building 

services design parameters. This is summarised, as far as 

the influence of façade design parameters on the total en-

ergy consumption is concerned, in figure 1. The figure 

shows the ranked influence on the total energy consump-

tion (heating, cooling and lighting) of a cellular office 

building located in Helsinki, London and Rome, of: a) the 

Window-to-Wall-Ratio (WWR); b) the U-value (Ug), g-value 

and visible transmission tvis of the transparent façade; c) 

the U-value of the opaque façade (Up); d) the Infiltration 

Rate (IR). The ranking is based on the absolute value of 

the Standardized Regression Coefficients (SRC) of the 

global sensitivity analysis. The façade parameters perti-

nent to glazed facades, i.e. the U-value of the glazing (Ug), 

g-value and visible transmission tvis, together with the 

WWR, are the ones with the largest influence on the total 

ideal energy consumption and the indoor environmental 

comfort, as well as the total life cycle costs (productivity of 

the occupant included), this can be noticed as far as the 

energy consumption is concerned in figure 1.

Indeed, of the various energy efficient technologies con-

sidered by IEA – ECBCS Annex 44 activity 2, adaptive tech-

nologies embedded in the building envelope, and particu-

larly transparent ones, are considered to have the largest 

potential to minimize the energy consumption of build-

ings, such as Double Skin Facades or Advanced Integrated 

Façades 3, smart glazing 4and movable solar shading 5, is 

considered crucial in order to achieve the Zero Energy 

Building (ZEB) target.
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In particular smart glazing technologies are able to change dynamically 

their thermo-optical properties according to changing boundary condi-

tions, i.e. external climate and internal loads (due to occupancy, lighting 

and equipment). The change in thermo-optical properties is either a self-

triggered adaptive mechanisms (passive or smart) or it is triggered by an 

external stimulus (intelligent or active), and the change can happen in a 

time scale of minutes or seconds. The first group consists of technologies 

such as thermo-chromic, thermo-tropic or photo-chromic glazing belong, 

these are able to change their g-value (amount of total solar radiation 

transmitted through the glazing) and visible transmission tvis (amount of 

visible radiation transmitted through the glazing) according to a change 

in temperature or amount of incident radiation, respectively. While the 

second group comprises of technologies such as electro-chromic, gasoch-

romic, light particle devices and photo-volta-chromic glazing, which are 

able to change g-value and tvis due to an imposed current. Although dura-

bility issues still need to be completely addressed, these kinds of technolo-

gies can compete in a future with other solar modulating technologies like 

internal and external shading devices, due to lower level of maintenance 

needed, absence of moving parts, higher level of automation and integra-

tion achievable. In figure 2 the ability to modulate the g-value and tvis of 

state-of-the-art smart glazing is compared with the static thermo-optical 

property of state-of-the-art double glazing units: in particular smart glaz-

ing technologies (coloured lines) are able to vary their thermo-optical 

properties along the lines in the graph, while each grey dot represents the 

performance of a single double glazing unit (data of DGUs are taken from 

Window database 6). Moreover more recent and “smarter” glazing tech-

nologies are being developed (dashed coloured lines in figure 2): some 

with the main feature of being able to modulate only the infra-red part of 

the solar spectrum (near infrared thermo-chromics 7 and electro-chro-

mics 8); thermo-chromics changing transparency at lower temperatures 9; 

electro-chromics that are able to modulate independently the visible and 

infrared portion of the solar spectrum 10.

F.02 
Tvis and g-value of smart 
glazing technologies 
compared to standard 
double glazing units. The 
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based on partial optical 
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coefficient (DA). 

F.02



100 FAÇADE2014 FAÇADE2014 101

There have been different research efforts to evaluate the benefits in 

terms of energy saving of adopting these latest smart glazing technolo-

gies, as well as to identify the ideal time dependent thermo-optical proper-

ties of smart glazing in general and to evaluate their impact on buildings 

energy consumption. But these studies are either not supported by simula-

tion 11,  12, or based on modelling approximations  13, 14, 15. The aim of the 

present work is to present not only a method and a tool to devise the ideal/

optimal range of adaptive thermo-optical properties of an adaptive glaz-

ing, but also to explicitly define the ideal thermo-optical properties that 

an ideal adaptive glazed façade must achieve, as well as its impact on the 

total building energy consumption.

Simulation and optimisation of adaptive building envelope technolo-

gies

Different approaches have been used in order to define ideal/optimal 

time dependent building envelope properties for a certain scenario. These 

can be distinguished in direct and inverse methods. In the direct approach 

the performance of a new system/technology is characterized first; a 

model (or comparative experiment) is developed and the performance of 

such a system applied to specific cases is evaluated; finally properties of 

the system/technology or its control strategy are optimized to improve its 

performance. The direct approach appears to be ill-suited to this particular 

research problem, because it evaluates a specific case of adaptive mecha-

nisms (in terms of time scale of adaptive mechanisms and adaptive fa-

çade properties) and technologies. The shortcomings of this approach are 

highlighted by Zeng et al. 16 who, in contrast, presents the potential of an 

inverse approach: the ideal value of one of the thermo-optical properties 

of the building envelope can be evaluated by minimizing or maximizing a 

cost function, which accounts for is differences such as passive (no HVAC) 

or conditioned buildings, and consists of either indoor environmental com-

fort or energy consumption, or both. The main limitation of the approach 

of Zeng et al. 16 is that it cannot be used when multiple ideal adaptive 

properties need to be identified and it is difficult to scale up. 

An evolution of the inverse approach is presented by Loonen et al. 17. The 

authors attempt to identify the ideal properties of an opaque façade and 

the optimal window-to-wall ratio WWR, by means of multi-objective opti-

misation. In this case the time horizon of the optimisation is set according 

to the time scale of the adaptive mechanisms, or reaction time of the fa-

çade. The optimisations are performed on a monthly basis, so that the fa-

çade is assumed to have a monthly adaptiveness, and the yearly energy 

consumption is taken as the some of the monthly energy consumption 

with different façade properties. The same approach is extended/adapted 

by: Favoino 18 to optimize long-term adaptive glazing properties; Goia 19 to 

optimize the WWR of a building on an hourly basis and; Martinez 15 to op-

timize several façade properties on an hourly basis. In all these studies the 

adaptive façade behaviour is approximated as the sum of the perfor-

mance of different static façades, one for each month, day or hour. This 

method can define multiple ideal properties although solutions for small 

time horizons (i.e. day or hour) are not reliable, unless the results of the 

previous optimisations are set as the initial conditions of the optimisation 

on the following time horizon. This last problem can be referred to as ther-

mal history management (THM) 20. In a more recent work Loonen et al. 21 

overcome the thermal history management problem by using the building 

energy simulation software ESPr, which explicitly updates the states (tem-

peratures) at the beginning of each optimisation. Moreover the time scale 

of the adaptive mechanisms that can be optimised is reduced to an hour, 

due to the ESPr capabilities of simulating dynamic thermal properties, and 

receding horizon control RHC (or model predictive control MPC) is used in 

order to ensure that the optimal time series of adaptive properties mini-

mizes the energy consumption of the building. 

In the present work the approach and the framework set by Loonen et 

al. 21 is extended to the building energy simulation software EnergyPlus, 

by using the capability of its Energy Management System subroutine to 

simulate adaptive building envelope properties. Moreover the THM and 

the RHC are introduced, in order to identify the time series of adaptive 

properties that minimize/maximize a cost function. To achieve this Ener-

gyPlus is integrated into a unique tool together with a coordination layer, 

MATLAB, used for the thermal history management and to control the 

time horizon of the optimisation, and an optimisation layer, GenOpt, used 

to optimise the time series of the façade adaptive properties. Within this 

tool different level of adaptiveness can be simulated/optimised, in terms 

of thermo-optical properties and time scale of the adaptive mechanisms. 

Moreover optimal control (model predictive control) of an active building 

envelope system can be simulated, i.e. for an electro-chromic glazing or for 

a double skin facade. figure 3 sums up all the different properties of the 
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building envelope that can be simulated as being adaptive. Moreover dif-

ferent and multiple cost-function can be evaluated: total primary energy 

consumption, on-site net primary energy consumption (balance between 

energy consumption on production on site), thermal comfort, IAQ, visual 

comfort and overall indoor environmental quality. 

Method 
As discussed above defining the ideal properties of an adaptive glazing (in 

terms of range and speed of adaptiveness) and evaluating its energy sav-

ing potential is useful to give directions and allocate resources for future 

adaptive product development. The aim of the present work is to deploy 

the inverse methodology presented above, by means of the EnergyPlus-

based tool developed, in order to identify the set of thermo-optical proper-

ties of an ideal glazed façade and evaluate its energy saving potential in 

different climates and with different time scale of adaptiveness. Moreover 

this is not limited to optical properties (i.e. g-value and tvis) but extends 

the concept of smart glazing to variations of the U-value of the glazing. 

The tool and approach is trialled by simulations of a cellular office build-

ing located in Helsinki, London and Rome. A reference office room is con-

sidered with 40 % WWR in the four cardinal orientations, although only 

the results for the south orientations will be presented here. The total pri-

mary energy (heating, cooling and lighting primary energy) is used as a 

cost function. The performance and properties of a reference static façade 

R are compared with a yearly optimised one Y, a monthly adaptive M, 

daily adaptive D. For brevity, the hourly adaptive results presented here 

are limited to London South oriented and represent 4 days in the hottest 

period of the year rather than for the whole of the year. The ideal adaptive 

properties of the adaptive glazed façade are the U-value, g-value and visi-

ble transmission tvis. The ranges of variation of each single property are 

[min: step: max]: U-value [0.2:0.05:5.14 W/m2K], g-value [0.01:0.02:0.84], 

tvis [0.01:0.02:0.98]). The limits of these ranges represent the perfor-

mance of state-of-the-art static glazing technologies. Therefore, the im-

plicit assumption in deploying these ranges is that an ideal adaptive sys-

tem can change its thermo-optical properties within the full physically 

feasible range confined by static state-of-the-art glazing technologies. It 

is important to note that these results represent the upper limit of the 

performance achievable by means of adaptive glazed façade and a projec-

tion of the performance achievable by means of an ideal daily adaptive 

glazing façade. The term ideal, in fact, stands for an ideal range of variabil-

ity, whose limits were derived theoretically, so that although physically 

achievable the appropriate glazing products have yet to be developed.

 

Results and discussion
The results of the optimisations undertaken on the reference office build-

ing are presented in two ways: the first one shows the energy saving po-

tential of an increasingly responsive façade, while the second shows the 

range and variability in the adaptive properties required to achieve the 

largest possible energy saving. The first results, summarized in figure 4a, 
show the differences between the three climates for the South orientation, 

in particular, the total specific primary energy consumption for the cellular 

office room with the reference façade (R, that complies with national 

standards), the "static" optimized solutions (Y) and adaptive design with 
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different adaptive time scale, i.e. monthly (M) and daily (D). The percent-

ages indicate the potential energy saving with respect to the R solution. 

Figure 4b shows a 3D space of coordinates U-value, g-value and tvis, the 

optimal state of the façade and the projections on the Cartesian planes 

(U-value-g-value, U-value-tvis, and g-value-tvis). The ideal state of the 

adaptive façade and in particular the thermo-optical properties are repre-

sented for the solutions R (large black dot and grey projections), Y (large 

green dot and large light- projections), M (large white-filled dots and large 

white-filled projections) and D (small green dots and small light-coloured 

projections). Figure 4b is limited to the results of Rome, though they are 

representative of others climate and orientations in terms of shape of the 

domain of solutions. Results for all the façade types, orientations and loca-

tions are available, but have been omitted for clarity / brevity. 

R and Y façades represent state-of-the-art “static” optimised solutions. 

The difference between the two indicates that the reference façade is a 

sub-optimal solution for the specific building design and climate. Thus Y 

façade is a fairer reference case against which the performance of an 

adaptive façade should be evaluated, as it provides the highest energy 

saving achievable with current static glazing technology. It is noticeable 

that the energy saving potential of adopting an adaptive façade substan-

tially increases with the increased speed of the adaptive mechanisms. 

Moreover the more temperate the climate the higher the achievable en-

ergy saving in both relative and absolute terms, this is due to the fact the 

highest benefit in having such an adaptive façade is the reduction of un-

wanted solar heat gain thereby leading to reduced cooling loads and the 

energy consumption for cooling purposes, which is reduced from 80 to 

nearly 100  % (moving from Rome to Helsinki). This is extremely important 

when considering a climate change scenario in which both average tem-

peratures and temperature extremes are increasing, thus there will be in-

creasing cooling loads. Nevertheless, the benefits of adaptive facades can 

still be significant in colder climates such as Helsinki. The ideal states of 

Rome daily adaptive façade (figure 4b) for the South orientation, show 

that: a) it is important to select the correct constraints of the transparent 

façade variables, as most of the results group close to the boundaries of 

the variable domains; b) the most frequent solutions for the daily adaptive 

façade for a certain month coincide with the respective monthly adaptive 

solution; c) there is a consistent grouping of solutions along certain values 

or axis, meaning that adaptive technologies could switch between discrete 

values with little loss of energy saving potential; d) the solutions on the 
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tvis/g-value plane reveal that there is a grouping with a high frequency 

close to highly spectrally selective technologies (tvis/g-value higher than 

2), but the spread of solutions extends over the entire domain, indicating 

the need for a technology that is able to modulate the transmittance inde-

pendently across the visible and infrared part of the solar spectrum (simi-

larly to the technology presented in 10), but with a wider range of variation.

The results concerning the hourly adaptive façade are shown in figure 5 for 

4 summer days (between 19th and 22nd of July) for the South oriented ref-

erence office located in London. The climatic condition of those four days 

are shown in the top graph, the response of the hourly ideal adaptive fa-

çade is shown in the centre, while heating, cooling and lighting loads are 

shown in the bottom graph. From these it is evident that the level of adap-

tation of the ideal façade is able to eliminate the lighting loads during the 

day when natural light is available, simultaneously minimizing heating 

loads, which is only present for few hours in the early morning, and the 

cooling loads which occur in late afternoon. The tool has successfully iden-

tified a solution which reduces the total energy demand by 50 % for those 

4 days with respect to the reference façade. This represents a 14 % im-

provement over the daily adaptive façade solution, but the solution can be 

improved further. In fact, due to the high level of adaptiveness (U-value, 

g-value and tvis each hour) some conflicting behaviour between the vari-

ability of the three thermo-optical properties can be spotted across similar 

climatic boundary conditions. In particular during daytime on the 20th and 

22nd of July the U-value seems to have an opposite response to what is 

expected by looking at the energy consumption and at the response of the 

g-value and tvis. In fact the g-value and tvis of the adaptive glazing in-

creases while the U-value decreases just before or simultaneously with the 

presence of cooling loads.

Conclusions and future work
Adaptive building façades and particularly adaptive glazing are consid-

ered a significant step towards the improvement of the energy efficiency 

of buildings in order to achieve the ZEB objective. This study presented a 

tool and a method to identify the performance and the impact of an ideal 

adaptive glazed façade by means of an inverse approach, which makes 

use of optimization of the building total energy demand. It accounts for 

different time-scales of the adaptive mechanism, multiple adaptive prop-

erties and implements physical thermo-optical constraints for the glazing 

performance. 

It is shown that adaptive glazing can play a significant role at reducing 

building energy consumption in different climates. In general the highest 

decrease in energy consumption is achieved in the cooling primary energy 

demand of the building for all the orientations and climates. These results 

present a method to define the ideal set of dynamic properties and a tool 

that can be used to evaluate the impact of future adaptive glazed façade 

systems, to optimise the design of existing and new adaptive technologies, 

and ultimately to define optimal control strategies in the operation of 

these technologies.

Future work will focus on improving the solutions for hourly adaptive fa-

çades, extending the evaluation to the comfort domain and reducing com-

putational time.
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Abstract
ThinkingSkins describes the exploration of adaptive build-

ing envelopes on the basis of negotiated information. This 

includes the conceptual analysis of current technical devel-

opments towards a total construction system. The starting 

point of this research is the complex requirements of a fa-

çade. Strategies of parametric designing are applied to 

the negotiation process of responsive reactions. The goal 

of “ThinkingSkins” is to improve the performance of build-

ing envelopes by continuous, intelligent adaptations in ac-

cordance with their requirements.

Context
Because of climate change and depleting resources, and 

the constantly increasing expectations of comfort and 

convenience in our built environment, architects and engi-

neers are facing new and complex challenges. At the same 

time, new digital tools and strategies are becoming avail-

able for the design and fabrication process, as for example 

for operating buildings. Key to the success of future build-

ing constructions will be an efficient use of the available 

tools.

The façade has a major impact on the energy efficiency as 

well as the functionality and appearance of a building. The 

goal of the “ThinkingSkins” research is to increase the per-

formance of building envelopes as a whole. Its initial idea 

is to achieve this by adjusting the façade’s properties dy-

namically towards its environmental conditions and usage 

requirements in a multifunctional way. While we recognize 

a new trend in the development of adaptive components 

towards individual influences, there is still a long way to go 

for an independent, omnipotent system. What is above all 

necessary is a conceptual consideration of the technical 

possibilities and their holistic application to the building 

envelope.

Jens Böke
HOCHSCHULE OSTWESTFALEN-LIPPE, 
DETMOLD (D)

THINKINGSKINS – 
TOWARDS  
INTELLIGENT  
ACTING FAÇADES

Complexity as challenge
The façade’s main task is to separate and filter a building´s outside from 

the inside. But beyond this task, its detailed functions and requirements 

are much more versatile. It has for instance to feature the building´s inte-

rior illumination, ventilation, its perspectives to the outside, user comfort 

and structural functions. 

The “Façade function tree” is a differentiated itemization of the multiple 

façade requirements, developed by Dr.-Ing. Tillmann Klein. Within five cat-

egories it shows the complexity of all the facilities a façade must provide. 

Many of them are also in a reciprocal relationship. Thus, in addition to so-

lar radiation, daylight also has an impact on the prevailing temperatures. 

The environmental conditions are not static, they keep changing perma-

nently, from winter to summer and from day to night. This fact also ap-

plies to the nature and scope of its use requirements. 

Different façade functions influence and overlap each other. Depending 

on a project’s attributes, the relevance of individual functions varies with 
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the uses of a building, its localization and context. A holistic view of the 

building envelope throws into relief the extent of its complex require-

ments. Each of the different façade functions occur from an impact. To 

optimize the façade’s functionality, the impacts have to be measured and 

integrated into the planning process. The control of daylight radiation is 

an example. This function becomes necessary because of the impact of 

the sun, but without knowing about the sun’s properties, such as its posi-

tions or the intensity of solar radiation, it is difficult to provide a precise 

response. A link between sources of influence and appropriate functions 

seems necessary. To achieve an interconnection of information about im-

pacts and design properties is a current strategy within parametric design. 

Parametric design
Parametric designs can be understood as an interface between the physi-

cal and the virtual environment. The main aspect is an open-ended pro-

cess, establishing relationships between building components and rele-

vant influences. Within node-based programming, they can be defined as 

a framework of: input data, equation and output result:

Environmental or functional on site conditions can be measured or simu-

lated. They become integrated into the process as parameters and, by ap-

plying them as input data, the design result can be optimized towards spe-

cific requirements. These strategies have become accessible to architects 

through the introduction of easy to learn node- based programming tools, 

like Grasshopper3D, part of the Rhinoceros software family. 

Key aspects are:

1. Capturing relevant aspects as parameters

2. Negotiation of the influences within the parametric definition

3. Informing the digital model

4. Export of the optimized result

The following example shows the project “SunSys-pavilion”. It was de-

signed as a parametric definition within grasshopper3d. Parameters for 

multiple conditions and requirements were captured and analyzed: User 

information, like walking routes or times of use were captured using GPS 

and photography interval studies on site. Environmental conditions like 
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the forecasted daily sun positions were simulated within the digital model. 

The interconnection of all sets of data and their benchmarking within the 

equation led to an improved, more specific design result.

Inside the virtual environment, the parametric framework performs dy-

namic adaptions towards changing influences. This ability is only inter-

rupted by the transfer into a static, physical construction. The key advan-

tage of the digital model, to provide optimal solutions on multiple chang-

ing impacts, gets lost in the manufacturing process. It is a current strategy, 

to discover the extreme boundaries of impacts or their average values to 

ensure the operation of the construction for all anticipated conditions. 

The difference between the approximated and the optimal solution can 

be regarded as the lost potential for a constructions performance.

Physical adaption
For dynamically taking its optimal state inside the physical environment, 

the construction must be equipped with flexible building components, 

which can change according to the requirements. But next to capable 

hardware, also software is needed, for controlling specific behavior. The 

combination of both, hardware and software, is known as physical com-

puting. 

Physical computing became popular by the introduction of the Arduino 

platform, which was developed in 2005 by Massimo Banzi and David 

Cuartielles. It contains an affordable microcontroller with an accessible 

software platform, based on program language processing. The current 

standard board “Arduino UNO” was first presented in September 2010 on 

the Maker Faire in New York. For an actual application of physical comput-

ing in the construction industry, it requires more advanced technologies. 

But platforms like the Arduino are highlighting the new possibilities and 

they are key for the altercation with the theme.

Arduino was also used in the following model study, transferring the dyna-

mism and adaptability that we know from parametric designs into a phys-

ical implementation. Applied to a building envelope, such “responsive sys-

tems”, as they are called, provide rapid and direct adaptations to the con-

tinuously changing circumstances. The basic logic of a responsive system 

corresponds to the construction of a parametric design, consisting of in-

put, calculation and output of information:

LOOP {

Impact - Perception - CALCULATION - Impulse - state of the construction

(Input) (equation) (output)
}

This process can be understood as an iterative, real-time optimization. To 

discover the relationships between changing impacts and possible  

façade reactions we created physical, responsive mockups for individual 

functions.
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The example model shown in figures 3 and 4 represents the functionality 

of a dynamic sun shading system. The intensity of solar radiation is meas-

ured in intervals with a photo sensor. The Microcontroller collects the sen-

sor output and remaps it to the working range of a servo engine from zero 

to 180 degrees. The servo opens and closes the shading elements in a cor-

responding way. 

In the simplest form, a state after the “if – then” method is queried: IF 

direct sunlight is measured on the façade, THEN the shading elements will 

close. But also far more complex correlations can be defined inside the 

program. For instance: Measure the amount of sunlight and calculate its 

average values to become more precise. Then check the refined values for 

predefined limits and adjust the shading system accordingly.

LOOP {

Impact Light - photo sensor - Microcontroller - Servo - adapted construction

}

The basic procedure may be applied to all functions that can be measured: 

Thermal insulation and cooling can be controlled by a thermal sensor, 

noise insulation can be provided following an acoustic sensor. 

Combined reactions
It is a technical, but above all a conceptual challenge to integrate different 

responsive reactions into one intelligent system. To analyze the relation-

ship between different impacts and possible reactions, the model study 

was continued by combining multiple functions. This was done by two dif-

ferent approaches: 

Approach1
In the first approach, individual function models were pre-assembled and 

brought into relation with each other. Their stand-alone functionality al-

lows the analysis of various constellations. In the following comparison, 

the shading system still reacts to the solar radians, while an additional 

system controls the air ventilation depending on a measured temperature.

LOOP {

Model 1_responsive shading:

Impact Light - photo sensor - Microcontroller - Servo - adapted construction

}

LOOP {

Model 2_responsive cooling:

Impact Temperature - temperature sensor - Microcontroller - Cooler Fan - regulated Fan speed

}

F.05 
Comparison of two function 
models, solar shading and 
air ventilation

F.05
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Aim of the study is not only to detect possible errors and overlays, but also 

to benefit from the interaction of the various components. The individual 

modules must communicate with each other to form a complete system. 

It is also conceivable that the individual components work separately by 

only one central control. 

Approach2
Secondly, an integral approach was tracked inside a joint workshop series 

with students of the RWTH Aachen. Seven student groups, each consisting 

of representatives from the fields of architecture, computer science and 

product design, developed a working functional model that had to com-

bine at least two features.

The prototype “Moss & Solar Façade Element” was considered for the 

generation of energy by photovoltaic modules and also to filter fine dust  

particles from the surrounding air. Both functions follow their own depend-

encies: the PV elements only work with incident sunlight, so they are use-

less at night or under Peruvian skies. Moss, however, requires shading 

against direct sunlight. Otherwise the plant would dry up. The system de-

tects current weather conditions and exposed the corresponding surface  

accordingly.

Another prototype called “Monitoring panel” uses a network of wireless 

sensors to measure interior conditions, such as occupancy, temperature, 

noise level and air quality. The measured information gets evaluated and 

is then provided as real time user information inside a graphic display. It 

shows not only external, climatic influences, but also functional aspects of 

interior use can be considered. In a further contemplation, the collected 

data can be linked directly to corresponding reactions of the building en-

velope.

Both of the outlined procedures seem to have their advantages and disad-

vantages. Because of the unlimited number of connectable functions in 

approach 1, high flexibility is reached here. By contrast, inside the integra-

tive approach 2, the design results might be more appropriate for their use. 

This organizational aspect of a decentralized or centralized system seems 

also relevant for the applied use in façade technology.

F.06 
The moss façade combines 
energy production and air 
filtering

F.07 
The monitor panel collects 
interior information via 
wireless sensors

F.06

F.07
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Application
The model studies help to understand dependencies and boundaries 

within the combination of multiple adaptive reactions. They must be seen 

as a first step in addressing the complex relationships between factors and 

responses. Many properties of the model study are transferable to real fa-

çade systems, however, a detailed consideration of the possible applica-

tion to an actual building envelope must follow.

ThinkingSkins
The exploration is in its early stages. In the following, expectations are 

placed towards a thinking skin.

For an intelligent reacting system, the capabilities of the hardware com-

ponents are as important as the software control. The research on Think-

ing Skins assumes that the intelligence of the system can be achieved in a 

project-based negotiation of all relevant factors and influences. Intelli-

gence also means making conscious decisions in the measurement of vari-

ous influences. A valuation catalog and a standardized method both seem 

imperative. As a strategy, the experience of parametric designing is used 

to define connections between the system components and their influ-

ences. 

Multifunctional responsive systems may be only a necessary first step of 

the development and represent a short-term adjustment. It is quite con-

ceivable that they need to be complemented by long-term adaptation 

strategies like an evolutionary selection of optimal system properties. Also 

learning ability is expected to contribute to the quality of the system.

For this, the system must be capable to evaluate its own nature and 

performance. The data from the self-evaluation can be incorporated as 

experiences in future adjustments.

It is also conceivable that the precision and the evaluation catalog of 

the thinking system is supplemented by external information. For example, 

by globally available data from the Internet that can also be included as 

factors in the calculation. So could available online weather forecasts sup-

plement the records from sensors.

The term “adaptation” implies a reactive role of the façade. Moreover, it is 

of course also possible that even the façade itself gives pulses that change 

the environment makes it usable. With the strategies mentioned here, the 

façade may also change from a reactive into an active role.

Conclusion:
We are only at the beginning of the exploration of intelligent building en-

velopes. In weighing the many technical possibilities, a conceptual consid-

eration is an urgent need. The building envelope is evolving into a complex 

system as a whole. It requires the networking of all system components, 

and in order to make the potential of these systems usable, it needs a 

structured negotiation of all its influences. Besides all the technical devel-

opments of automation and adaptions, the users should not be forgotten. 

For the purposes of human centered design, interfaces for the intervention 

of automated systems must be created. This aspect also has relevance for 

the study of ThinkingSkins. 
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