
 

Climate adaptive building shells : state-of-the-art and future
challenges
Citation for published version (APA):
Loonen, R. C. G. M., Trcka, M., Costola, D., & Hensen, J. L. M. (2013). Climate adaptive building shells : state-
of-the-art and future challenges. Renewable and Sustainable Energy Reviews, 25, 483-493.
https://doi.org/10.1016/j.rser.2013.04.016

DOI:
10.1016/j.rser.2013.04.016

Document status and date:
Published: 01/01/2013

Document Version:
Accepted manuscript including changes made at the peer-review stage

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1016/j.rser.2013.04.016
https://doi.org/10.1016/j.rser.2013.04.016
https://research.tue.nl/en/publications/d21db213-56a7-4b36-8b2e-7c58ee93aad8


* Corresponding author: R.C.G.M. Loonen 

Building Physics and Services, Eindhoven University of Technology, P.O. box 513, 5600 MB Eindhoven, the 

Netherlands.  

Tel.: +31 (0)40 247 2571, Fax +31 (0)40 243 8595, E-mail: r.c.g.m.loonen@tue.nl 

Climate adaptive building shells: state-of-the-art and 
future challenges 

 
 

R.C.G.M. Loonen*, M. Trčka, D. Cóstola, J.L.M. Hensen 
 

Building Physics and Services, Eindhoven University of Technology, the Netherlands 

 
 

Abstract 

Successful building design is becoming an increasingly complex task, due to a growing demand to 

satisfy more ambitious environmental, societal and economical performance requirements. The 

application of climate adaptive building shells (CABS) has recently been put forward as a promising 

alternative within this strive for higher levels of sustainability in the built environment. Compared to 

conventional façades, CABS offer potential opportunities for energy savings as well improvement of 

indoor environmental quality. By combining the complementary beneficial aspects of both active and 

passive building technologies into the building envelope, CABS can draw upon the concepts of 

adaptability, multi-ability and evolvability. The aim of this paper is to present a comprehensive review of 

research, design and development efforts in the field of CABS. Based on a structured literature review, a 

classification of 44 CABS is made to place the variety of concepts in context with each other, and 

concurrent developments. In doing so, the overall motivations, enabling technologies, and characteristic 

features that have contributed to the development of CABS are highlighted. Despite the positive 

perspectives, it was found that the concept of CABS cannot yet be considered mature. Future research 

needs and further challenges to be resolved are therefore identified as well. 
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1 Introduction 

Last decades, the design of low-energy buildings has diverged into two alternative directions: active 

technologies and passive design strategies [1-3]. The first approach aims at enhancing the level of 

sustainability in the built environment via the introduction of innovative technical devices. Such devices 

are used for decentralized generation and supply of energy from renewables, or for conversion of 

resources at higher overall efficiencies [4]. The term passive on the other hand refers to buildings where 

the design of construction and shape of the building itself, as opposed to its servicing, play major roles in 

capturing, storing and distributing wind and solar energy, normally with the aim of displacing fossil fuels 

for space conditioning and lighting [5-7].  

Apart from the energy conservation agenda [8], the building sector simultaneously gets confronted 

with an increasing need to develop spaces that are as healthy, productive and pleasant as possible, and all 

that in a cost-effective way. Seen in the light of these ongoing developments, it is debatable whether 

either the active, or the passive track independently can fulfill these integrated goals. 

In the challenge of harmonizing energy performance within the wider scope of overall building 

performance, it may be worthwhile to reconsider the role of the building’s enclosure. Most of the 

conventional building shells are designed with a central focus on providing shelter and protection. This is 

often accomplished by making the indoor environment to a large extent insensitive to its surroundings. 

The inconvenient consequence is that considerable mechanical and electrical systems are to be installed 

for providing heating, ventilation, air-conditioning (HVAC) and artificial lighting, in order to satisfy 

comfort requirements at the expense of energy consumption and the use of other natural resources. 

Building shells are located at the boundary between inside and outside, and are therefore subject to a 

range of variable conditions. Meteorological conditions change throughout the day and the year, and this 

also applies to occupancy and comfort wishes. Conventional building shells, typically have static 

properties, and no ability to behave in response to these changes. Making the shift to climate adaptive 

building shells (CABS) offers opportunities to take advantage of the variability that is available, and 

therefore would allow for a transformation from ‘manufactured’ to ‘mediated’ indoor climates [9]. By 

embodying the paradox of combining the complementary aspects of passive design with active 

technology, CABS offer a high potential to reduce the energy demand for lighting and space conditioning. 



At the same time, also positive contributions to indoor air quality and thermal and visual comfort levels 

can be expected. 

Architecture has not always considered the ambient environment an adversarial constraint in the 

design process. Many cases of bioclimatic and ancient vernacular architecture show good examples of 

how building design can deliberately take advantage of available conditions in the exterior environment 

[10]. Also the prospect for adaptive rather than static façades is already being pursued for some time. 

Back in 1981, Mike Davies speculated on the potential of CABS with his visionary concept of a 

‘polyvalent wall’ [11]. For many years however, technological restrictions have prevented CABS from 

being considered a viable alternative [12], [13]. By taking advantage of rapid advances in material 

sciences, contemporary professionals now have plenty of options available for making façades adaptive 

[14-20]. A parallel trend of dropping prices for hardware, sensors and actuators make that CABS now 

also become more attractive from an economical point of view [21], [22]. The “development, application 

and implementation of responsive building elements” is a necessary step towards further energy 

efficiency improvements in the built environment, according to a recently completed project of the 

International Energy Agency - Energy Conservation in Buildings and Community Systems Programme 

(IEA-ECBCS) [23].  

Discourse on the topic of CABS is thus far mainly centered around iconic examples, including the 

diaphragm shutters of Jean Nouvel’s Arab World Institute in Paris (Figure 1), and Rolf Disch’s rotating 

Heliotrop in Freiburg (Figure 2). Often, these buildings are quoted as impetus for renewed interest in 

CABS. A comprehensive overview that summarizes research, design and development efforts is not yet 

available in literature. 

The aim of this paper is to provide a review and analysis of CABS that goes beyond the classic 

examples, by exploring the current state of the field in terms of (i) built examples, (ii) subsystems and 

components, (iii) full-scale prototypes and (iv) reduced-scale prototypes. Section 2 starts with 

establishing a proper definition of CABS to set the boundaries of the present work. By borrowing 

terminology from the field of flexible systems engineering, the need for more adaptability in the built 

environment is then advocated in Section 3. This is followed by providing an overview of the state-of-the-

art in the field to point out some particularities of individual examples, but mainly to extract the overall 

trends and observations of CABS in general. Section 4 discusses the main findings of the literature review 



along five themes: (i) sources of inspiration, (ii) relevant physics, (iii) time-scales, (iv) scales of 

adaptation and (v) control types. The results are then synthesized in the form of a table. Section 5 

concludes the article with setting a research agenda, by indicating some of the barriers and impediments 

that need to be overcome before the concept of CABS can become a success on a larger scale. 

Although there is a need for analysis of typical CABS projects, it is not within the scope of this paper 

to present case study descriptions and technical details of specific projects. Such detailed analyses would 

require data that is not commonly available, in particular, construction details and information about 

CABS’ monitored operational performance and post occupancy evaluations are lacking in literature. For 

an overview of typical projects, the reader is referred to the database in reference [24], which has been 

continuously updated and covers at the moment more than a hundred examples of buildings with CABS. 

 

2 Defining CABS 

CABS is only one designation for a concept that has been described by a multitude of different terms. 

In this context, both practitioners and researchers favour the use of several variations on the term 

‘adaptive’, including: active [25], advanced [26], dynamic [27], intelligent [13], [28], [29], interactive 

[21], kinetic [30], responsive [31], smart [32], switchable [33], etc. Although all these expressions have a 

somewhat different meaning, they are often used interchangeably and in an ad hoc manner. In order to 

avoid ambiguity, we adopt the term CABS, and define it as follows: 

A climate adaptive building shell has the ability to repeatedly and reversibly change some of its 

functions, features or behavior over time in response to changing performance requirements and variable 

boundary conditions, and does this with the aim of improving overall building performance.  

The building shell is interpreted here as those construction elements that form the division between 

inside and outside air. This includes both the opaque and transparent wall elements as well as the roof. 

Adaptive behavior in internal partitions, floors and foundation is not taken into account.  

CABS differentiate from the prevailing trend in façade design that is being characterized by the term 

‘innovation by addition’ [34]. In common practice, the design challenge is decomposed in a series of 

subproblems related to appearance, structural support and transfer of heat, light, sound, fresh air and 

moisture [35]. Typically, this sequential approach also tends to result in a subdivision of only partial 

solutions that often takes the form of a sequence of functional layers. The recent interest in application of 



double skin façades [36]  may be seen as the sophisticated exponent of this established practice. The 

concept of CABS however intends to go a step further, by reconciling the multiple competitive 

performance aspects in a more holistic way. The presented definition of CABS therefore puts special 

emphasis on the performative aspects of the building shell for support of indoor environmental quality. 

By embracing this definition, a number of building shell technologies that do qualify as e.g., active, 

advanced or interactive fall outside the scope of the present work. A typical example is formed by the 

group of media façades [37], [38]. These façades do introduce dynamic aspects to the building, but do not 

have the means to effectively influence perceived indoor climate. Also building integrated photovoltaics 

(BIPV), and complex, but static daylighting systems [39],[40], are not included in this review, as this 

technology is not capable of actively responding to variable conditions.  

  

3 The need for CABS 

The practical application of buildings with CABS has thus far remained limited, despite of rising 

appreciation for the conceptual qualities. Those examples that have been built are mainly restricted to 

either small-scale experimental projects or the high-profile, high-budget projects. The added value of 

adaptive rather than static system designs is however widely valued in many other engineering 

disciplines. Such developments came together with a rich body of terminology for describing the various 

aspects of changeability. In this section, these constructs are transferred to the domain of buildings and 

architecture, for (i) illustration of potential application areas of CABS, and (ii) justification of further 

research efforts. 

3.1 Reconciling robustness and flexibility 

The terms robustness and flexibility both refer to an ability for handling change. The way a system 

responds to changing conditions marks an important distinction between the two. In interpreting 

flexibility in relation to CABS, we follow the work by Saleh et al. [41] that robustness and flexibility are 

relative concepts. Any attempt to describe flexibility should therefore also clarify the relationship with 

robustness and the system’s fixed counterpart [41] [42]. 

A fixed, static, or nonflexible system has no inbuilt capability to respond to changing conditions. Such 

a system may therefore not offer satisfactory performance if the operating environment or system 



requirements change over time. In fixed systems, performance degradation of this type can be overcome 

by introducing robustness, through e.g., oversizing, partitioning, redundancy and scalability [43]. 

Robustness as a system property aims at reducing the negative consequences due to external changes, but 

does not intend to eliminate the causes of it. In accommodating fixed systems to perform well under a 

wider range of conditions, robustness is usually achieved at the cost of a decrease in performance under 

nominal conditions. In addition, robust static designs typically have difficulties to cope with unexpected 

conditions.  

Flexible systems on the other hand can be defined as systems designed to maintain a high level of 

performance through real-time changes in configuration when operating conditions or functional 

requirements change in a predictable or unpredictable way [44]. More intuitively: flexible systems make 

transitions over time [45], to meet new circumstances and cope with uncertainty, and thus imply an ease 

of modification and absence of irreversible or rigid components [46]. Whereas robust designs try to 

neutralize the impacts of external perturbations, flexible designs do the opposite by intentionally 

exploiting the changes in their environment. Through anticipation and reaction in the face of change, 

flexible systems are more likely to maintain performance robustness than a robust static system design.  

In the end, this notion has been the underlying motive in the search for means of making the built 

environment more responsive and dynamic, thus flexible [28]. In relation to the building shell, the ways 

of flexibility to support performance during a building’s lifecycle can be illustrated by using three 

different properties: adaptability, multi-ability and evolvability. Subsections 3.2, 3.3 and 3.4 deal with 

these properties in more detail.  

3.2 Adaptability 

Ferguson et al. [47] define adaptability as the ability of a system to deliver intended functionality 

considering multiple criteria under variable conditions through the design variables changing their 

physical values over time. Building shells having this attribute can seize the opportunity to deliberately 

act in response to changes in ambient conditions. Doing this offers a potential for energy savings 

compared to conventional buildings because the valuable energy resources in our environment can be 

actively exploited, but only at times when these effects are deemed favourable. CABS can thus act as 

climate mediator [9], negotiating between comfort needs and what is available in the ambient 

environment. With CABS, façades no longer have to be a compromise solution for the whole year. 



Moreover, it gives opportunities to adjust to the individual user, rather than a best average for all, as 

usually recommended in standards. In addition to the immediate effect, CABS’ adaptability also helps in 

achieving gains through smart utilization of building constructions’ thermal storage capacity. The dual 

effects of shifting peak demands can help in mitigating comfort problems, and also limit redundancy in 

installed heating and cooling capacity [48].  

3.3 Multi-ability 

The concept of multi-ability originates from the existence of non-simultaneous performance 

requirements, or the need to fulfil new roles over time. The ‘balcony that can be folded’ [49] is an 

illustrative example of a CABS that features multi-ability: depending on ambient conditions and users’ 

preference, it changes function from window to a balcony-on-demand [50].  Multi-ability differs from 

adaptability in the sense that multiple objectives can be fulfilled consecutively, not concurrently [47]. 

Unlike conventional systems, designed to satisfy a single set of conditions, it allows for addressing 

change via a plurality of optimized states. By doing this, multi-ability promotes more efficient use of 

resources, which adds to the list of benefits already mentioned in the previous paragraph. A second 

application of multi-ability is the potential for spatial versatility. At the same moment in time, the 

properties of the building envelope can be different for various positions of the building shell. In this way, 

different faces of the building shell can independently react to the ambient conditions or to distinct 

comfort preferences requested by individual users in separate zones.  

3.4 Evolvability 

Where adaptability and multi-ability mainly deal with short-term variations, evolvability is a property 

of flexibility that handles changes over a longer time-horizon [51]. Even more than uncertainty in 

everyday operation, future building requirements and boundary conditions are highly unpredictable, or 

cannot even be known in the design stage [52]. Building shells that can evolve over time are a means of 

extracting value from the uncertainty of these unforeseen events. Evolvability is considered more a 

positive side-effect, rather than primary design objective; the ability to keep options open preserves 

opportunities to react to changes in future. Concerning the built environment, evolvability, or sometimes 

called survivability [53], can be employed to deal with changing conditions coming from the outside (e.g. 

climate change, changing urban environment, wearing of the façade) or from the inside (e.g. 

organizational function changes of the building, new space layout). In all these cases, application of 



CABS increases the chances that the building can continue operation as intended, without suffering from 

the potential negative impacts of unforeseen future conditions [54]. 

 

4 CABS state-of-the-art and beyond 

Progress in the field of CABS is dispersed and characterized by fragmented developments based on 

advances in material sciences and the imaginative capacity in design teams. In order to explore CABS in 

its full diversity, a structured literature survey has been conducted. For this purpose, numerous pairs of 

search terms were used. The first keyword was selected from the variations on the term adaptive as 

mentioned in Section 2, while the second keyword was always picked from one of the following words: 

architecture, building, cladding, enclosure, envelope, exterior, façade, glazing, roof, shell, skin, wall or 

window. The number of existing products, built examples, design proposals and research prototypes that 

appeared in books, patent applications, and journal- and conference papers is relatively limited. 

Moreover, extensive review papers have not yet been published. Given that progress in CABS frequently 

arises on a casual basis as outcome of creative processes, the results are often proprietary and far from 

always published in scholarly literature. The scope of this review was therefore not limited to scientific 

articles only, but also included e.g., architecture and design magazines, weblogs, video portals and 

websites of commercial organizations. Eventually, over one hundred CABS concepts were found [24], 

and classified according to their characteristic properties [55]. The overview and classification presented 

in this paper only includes the concepts that are supported with information on their working principles 

and are citable.  The classification aims to place the variety of CABS in context with each other and 

thereby reveals general trends and patterns, and discovers factors that have been critical to the early 

applications of CABS. The outcomes further also identify possible barriers and directions for future 

research, to be discussed in Section 5. This section reports on the main outcomes of the literature review 

along five themes: (i) sources of inspiration, (ii) relevant physics, (iii) time-scales, (iv) scale of adaptation 

and (v) control types, and is then followed by a comprehensive summary. 

4.1 Sources of inspiration 

Apart from mere curiosity, a welter of sources served as input in the search for adaptive instead of 

static building shells. Nature is commended as one of the most prominent inspiration sources for CABS. 



Adaptability is pervasive in nature, and efforts in biomimicry to convey nature’s time-tested ideas to the 

context of buildings are rewarding [56], [57]. The way people sweat, shiver and adjust clothes has been 

used by many as a metaphor to conceive the building skin as a living membrane [28], [58]. Likewise, 

several CABS concepts imitate tropism: plants’ directional growth or rotation in the direction of certain 

environmental triggers. Both phototropism (i.e. changing in response to light) and heliotropism (i.e. 

changing in response to the sun) have been transformed effectively into CABS concepts, enabling timely 

collection and rejection of solar energy [59], [60].  

Examples of CABS mainly originate in settings were creativity is extra valued, and the emphasis on 

practical aspects and costs is relaxed. More than in our actual building stock, traces of CABS are found as 

output of academic endeavors [61], in cultural exhibitions [62], and as recurring elements in design 

competitions like the Solar Decathlon [63], [64].   

One of the other commonalities of CABS is a predilection for innovative materials, sometimes 

inspired by other disciplines like display technology [65] and the printing industry [66]. Following the 

fundamental research community, nanotechnology is now also receiving more and more attention among 

building designers. At present, most products on the market come as coatings that make surfaces e.g., 

anti-bacterial, anti-graffiti, fire-proof, scratch-proof, self-cleaning or abrasion-resistant [17]. In the long 

run, nanotechnology holds the premise to build materials bottom-up [67], and in doing so provides the 

opportunity to create materials with the desired adaptive properties.   

4.2 Relevant physics 

Building shells form the division between the ambient environment and indoor zones of a building, 

and therefore function as the interface where several physical interactions take place. Every CABS 

influences this multi-physical behavior in its own characteristic way, by for example blocking, filtering, 

converting, collecting, storing or passing through the various energy fields. In order to characterize the 

differences and similarities in CABS, four domains are distinguished, as defined in Table 1. In fact, most 

CABS influence performance in more than one domain. The interdependencies are visualized via the 

four-ellipse Venn diagram in Figure 3. The four domains, and all possible multi-physical overlaps 

together, result in a number of fifteen different possible combinations to represent the relevant physical 

interactions of a CABS concept. Some other possible domains, such as moisture and sound, were not 

included because no example was found in literature.  



4.3 Time-scales 

As discussed before, buildings are subject to various environmental impacts. All these influences 

typically occur at a characteristic temporal resolution, ranging from the order of sub-seconds to impacts 

that are only perceptible during the building’s whole lifetime. The following list provides an overview of 

the most dominant time-scales in relation to CABS.  

Seconds These short-term fluctuations typically are stochastic in nature. The swift variations in wind 

speed and direction for example, enable movement in wind pressure based façade systems [68], [69]. 

CABS with sensors that behave in response to people’s direct vicinity are also capable of changing their 

configuration on this short time-horizon. 

Minutes Cloud cover and daylight availability have a characteristic time constant in the order of 

minutes. That is the reason why all CABS that aim to optimize daylight utilization and solar shading for 

reducing energy demand and increasing visual comfort are required to alter their degree of transparency at 

a rate of change in the order of minutes. As the bulk of CABS concepts is designed to adapt in response to 

availability of solar radiation, they consequently fit into this category. 

Hours Angular movement of the sun through the sky is a continuous process. However, CABS that 

track the path of the sun typically adjust in the order of hours [64]. Fluctuations in air temperature, both 

internal and external, can appropriately be discretized in hourly values as well. CABS that directly adapt 

in response to temperature stimuli [70] are consequently also classified in this category. 

Diurnal Presence of occupants in buildings normally follows diurnal patterns. In addition, these day-

night cycles are also noticeable in meteorological boundary conditions like ambient air temperature and 

availability of solar radiation. Some CABS are specifically designed to take advantage of this fixed 24 

hour pattern. Examples are the adaptable thermal storage in solar barrel wall [71], and the nocturnal 

release of thermal energy via roof ponds with moveable insulation [72]. 

Seasons Adapting to variability in conditions across the seasons is arguably the most elegant 

application area of CABS. Winter, spring, summer and autumn all impose widely different boundary 

conditions, particularly in medium and high latitudes. Buildings that can adapt to these changes are 

expected to provide substantial performance benefits. An illustrative example of seasonal CABS are bi-

directional thermal diodes [73]. These wall constructions can either promote or suppress heat transfer 

across its boundary, depending on thermal load of the zone and temperature difference with outside.  



4.4 Scales of adaptation 

The mechanisms that foster adaptation in CABS can be distinguished in two classes. The adaptive 

behaviour is either based on a change in properties or behaviour at the macro scale, or at the micro scale; 

although combinations are also possible. The distinction between both mechanisms is raised by the spatial 

resolution at which adaptive actions take place, as described below in more detail. 

Macro scale 

The first type of adaptability in building shells is often also referred to as ‘kinetic envelopes’, which 

implies that a certain kind of observable motion is present. Adaptation on the macro scale usually results 

in changes in the building shell’s configuration via moving parts. This can be through (i) supplemented 

components, external to the building shell (e.g. Burke Brise Soleil, Milwaukee art museum [74]), (ii) 

subsystems of the building shell itself (e.g. Eco-spirit [75]), (iii) movement of the entire façade (e.g. 

Museum of Paper Art [76]), as well as (iv) the building as a whole (e.g. Dubai Rotating Tower [77]). The 

types of motion that can be observed vary widely, and are typically described by one of the following 

gerunds: folding, sliding, expanding, creasing, hinging, rolling, inflating, fanning, rotating, curling, etc. 

Apart from CABS with dynamic mechanical components, there has also been interest in façade systems 

where movement is attained by transportation of fluids. Different types of flowing media in façade 

elements have been explored, including flow of air [78], foam bubbles [79], polystyrene beads [80], phase 

change materials [81], and water in transparent [82][83], as well as opaque constructions [84][85]. 

Micro scale 

In the other type of CABS, changes directly affect the internal structure of a material. Here, 

adaptability is either manifested via changes in thermophysical [86][87] or opaque optical properties [88], 

[89], or through the exchange of energy from one form to another [25], [90]. The majority of micro scale 

CABS however, is concerned with the light transmitting properties of materials. These smart windows 

have the ability to modulate levels of incoming daylight and solar energy by adjusting their optical 

properties. After more than three decades of work on switchable glazing, numerous working mechanisms 

have been licensed, and are at present being sold as commercial products [91]. Switchable windows are 

traditionally subdivided into three groups according to type of activation mechanism, i.e., responding to 

surface temperature [92], incident radiation [93], or external control signals [33]. By taking advantage of 

continual developments, a next generation climate adaptive windows is now about to enter the field, 



having e.g., light redirecting properties [94], enhanced spectral selectivity [95], [96], better opportunities 

for mass production [97], or the ability to produce electricity for its own operation [65], [98]. 

4.5 Control types 

Effective control is a key element for successful operation of CABS. Two different control types are 

distinguished in the analysis: extrinsic and intrinsic control. Specific advantages and disadvantages of 

both types are discussed below. 

Extrinsic control 

The distinguishing quality of CABS with extrinsic control is the ability to take advantage of feedback. 

Feedback implies that the effects of the current configuration (action) can be compared to the desired 

state (set-point), and if necessary the behavior of the building shell can be adjusted actively. The structure 

of extrinsic controlled CABS consists of three basic elements: sensors, processors and actuators [99]. The 

combination of these three, together with control logic to close the loop, make that adaptive behavior is 

able to change intent into action at two different levels: 

1. Distributed, via embedded computation in local processors, or 

2. Centralized, driven by a supervisory control unit to achieve global target values. 

Intrinsic control 

 CABS with intrinsic control are characterized by the fact that the adaptive capacity is an inherent 

feature of the subsystems comprising the building shell. CABS of this type are self-adjusting since the 

adaptive behavior is automatically triggered by environmental stimuli like: temperature, relative 

humidity, precipitation, wind speed and direction, solar radiation, cloud cover or CO2-level. This type of 

autonomous control is sometimes also called ‘direct control’ [30] because environmental impacts are 

directly transformed into actions without external decision making component. One could also state that 

the elements in intrinsic CABS concepts are at the same time both sensor and actuator. In practical 

applications, this type of activation is often attained by using a special class of materials with advanced 

functionality, also termed smart materials [14], [15], [19].  

An advantage of intrinsic CABS compared to CABS with extrinsic control is that these types of 

systems can immediately change their configuration without expending any fuel or electricity to facilitate 

the state transition. In addition, the subtlety of the technology is a main asset: the number of components 

is limited since no hardware for control units, processors or wires are necessary.  The adaptive features in 



intrinsic CABS are typically designed by tuning material properties or other system variables to a certain 

range of expected conditions. As soon as real-occurring disturbances deviate from design conditions, the 

intended performance is no longer guaranteed. A main drawback of CABS with intrinsic control therefore 

is the fact that the systems can only adapt in response to those variations that were expected in the design 

stage. The impossibility for manual intervention, and integration in centralized high level control systems 

are regarded as additional disadvantages. 

4.6 CABS overview 

The present state-of-the-art overview features a large diversity in concepts and also shows a growing 

interest in climate adaptive architecture. Table 2 provides a comprehensive overview of the findings by 

summarizing the characteristic features of 44 CABS concepts. The table subdivides CABS in four groups 

of eleven concepts. The first group consists of buildings that are actually being occupied, or will be in the 

near future. The group ‘subsystems and components’ contains CABS that have been used in real 

buildings, but can be applied universally rather than being attributed to one particular building. Groups 

three and four consist of CABS concepts that did not yet find their way to the market, but exist in the 

form of prototypes. Two types were distinguished here, where (i) the working mechanism is being 

demonstrated on the full-scale, or (ii) the prototype is being tested in a reduced-scale proof-of-concept 

phase. For each CABS concept the table further contains three characteristics: relevant physics (Section 

4.2), scale of adaptation (Section 4.4) and control type (Section 4.5).  

From Table 2, we can observe that the relevant physical domains from Figure 3 are relatively 

dispersed over the presented examples. The thermal domain is relevant in all CABS examples. This is a 

direct consequence of the fact that the building’s thermal environment is constantly changing. Optical 

effects play a role in 35 instances. These are all cases where controlled daylighting is part of the climate 

adaptive strategy. Airflow needs to be considered in eight of the CABS in the overview. And finally, the 

electrical domain, mainly in the form of photovoltaics, is encountered in nine of the 44 adaptive building 

shells. 

Both control type and scale of adaptation do show a strong tendency towards one of the two possible 

alternatives. Table 3 provides further insights in the respective distributions. We can observe that the 

majority of cases is of the extrinsic control type with adaptation on the macro scale. In practical settings, 

this prevailing trend is manifested via sensor networks that drive servomotors, pumps or fans as actuator. 



This way of adaptive behavior is chosen in all eleven occupied buildings with CABS, and is therefore 

considered as the most conservative solution. The future of CABS, now still existing in the form of 

prototypes, however signals the emerging trend towards market introduction of other, more innovative 

adaptive mechanisms.  

 

5 Concluding remarks 

This paper brings together the present state of research, design and development in the area of CABS 

from various scientific disciplines and design practices. A definition for CABS was established, and after 

that the interest and further efforts were justified from a flexible systems engineering perspective. The 

projects under review in this paper suggest that widespread application of CABS holds the promise of 

becoming a profound contributor to satisfy our increasingly stricter energy performance targets, without 

being constrained by the need for concessions in terms of comfort. At the same time, our findings also 

identify valuable directions for future building projects and developments in CABS research. The 

relatively limited number of documented cases reveals that at this point CABS cannot be considered a 

mature concept. In particular, information about CABS’ monitored operational performance and post 

occupancy evaluations is lacking in literature. This final section of the paper therefore identifies some of 

the most important barriers, and proposes valuable directions for future research that can help to unlock 

CABS’ latent potential. We conclude the paper with a view on the future perspectives of CABS. 

5.1 Design and decision support 

CABS projects often involve innovative technologies, resulting in challenging projects with relatively 

high risks. Project developers tend to take conservative attitudes to adopt this type of new technology 

because the risks are associated with chances for disproportionate payback times due to higher 

investment, maintenance and/or failure costs. Taking a risk however also offers opportunities, but such 

high ambition levels need to be supported by well-informed design decisions. To allow CABS to move 

away from an abstract concept to become a feasible design alternative demands for tools that are capable 

of genuinely predicting operational performance in the building design stage [108]. In turn, this increases 

transparency about how performance benefits during operation might outweigh fist cost arguments, and 

helps to overcome the cautious attitude introduced by the ‘anchoring’ bias towards prescriptive and 



standard design solutions [109]. A complicating factor herein is that performance benefits of CABS are 

both cumulative and delayed.  Because performance of CABS is very case specific and also depending on 

context, capturing it in universal rules or rating schemes is impracticable.  In contrast, building 

performance simulation [110] is regarded a promising tool, although more developments are needed to 

fully meet the requirements. Both flexibility of features to model adaptive behavior, and integration of 

impacts from the various physical domains are open to further development [111]. In parallel, it would be 

interesting to investigate opportunities to enrich capabilities of building performance simulation tools, by 

taking benefit from recent progress in those design methods, especially developed to aid in the design of 

adaptive systems [51], [112], [113]. 

5.2 Operational issues 

Making the transformation from static to adaptive buildings is not only more demanding for the 

design process, it also adds an extra layer of complexity to the building’s operation phase. Moloney [114] 

argues that application of CABS asks for the design of a process rather than an artefact. This is because 

the mere addition of adaptive features to the building envelope does not directly guarantee successful 

operation. The adaptive behavior of CABS simultaneously has to satisfy multiple, interdependent 

performance requirements, which are often competitive, and sometimes even conflicting in nature. 

Concerted activities are thus needed: the various subsystems in the façade have to cooperate, together and 

with other building services, to resolve conflicts, handle trade-offs, and preferably even work in 

symbiosis. The following trade-off options are representative for the many dimensions in control of 

CABS: daylight vs. glare, views vs. privacy, fresh air vs. draught risk, solar shading vs. artificial lighting, 

passive solar gains vs. potential overheating. Operation is further complicated under the influence of 

time-dependent effects. When dynamics play a role, delaying a decision might be better than an instant 

action, and also temporarily allowing a slight penalty in performance may be surpassed by benefits on the 

long run. 

It can be concluded that operating CABS is not straightforward, leading to the assumption that 

traditional rule based control strategies will likely be inappropriate. There is a need for advanced 

supervisory control strategies that are able to evaluate several competitive alternatives to make well-

informed decisions. Promising developments in this regard are formed by optimal control [115], [116] 

and model based predictive control strategies supplied with weather forecasts [117], [118].   



5.3 Human aspects 

At least as relevant as the energy saving argument of CABS is the potential for enhancing comfort 

conditions. Although the importance of considering human factors in design and operation of active 

building technologies is now widely recognized [119], there is still a lack of knowledge in this 

interdisciplinary research area [120]. Consensus has been reached that automated systems should provide 

conditions that satisfy the average person, while at the same time keeping options open to meet personal 

preferences [121]. To exploit human intelligence in control of CABS, occupants should be given some 

opportunity for adjustment or manual override [122]. The inability to overrule the system’s decisions is 

the most frequently encountered complaint with intelligent building envelopes [123]. Stevens [124] even 

reports some cases of sabotage, where the occupants willfully tried to beat the behavior of active façades. 

A good way to avoid counterproductive operation is by paying special attention to usability of user 

interfaces and integration of feedback mechanisms in the control loop [125].  

One of the open research questions associated with CABS and human factors pertains to the transient 

effects of ‘switching’. Although the exact relationships are not yet quantified, it is believed that there 

exists a negative correlation between switching frequency and users’ acceptation [126]. A possible 

solution is to constrain the rate of change to a certain maximum, notwithstanding the fact that in some 

cases instantaneous action is absolutely necessary. 

5.4 Future perspectives 

The enabling technologies for CABS concepts form an integral part of important technology 

roadmaps such as the Building Envelope and Window Research and Development Program from the 

United States Department of Energy [127] and IEA’s Energy Technology Perspectives [128]. Findings 

from the present paper show that the field of CABS is indeed growing.  In order to make effective 

contributions, it is essential that the emerging techniques can be deployed on a wide scale with 

competitive cost-benefit ratios. The majority of occupied buildings with CABS, however, were developed 

as bespoke solutions for individual projects. Although such concepts are important as a precedent for 

further developments, their actual contributions to a more sustainable built environment are limited. To 

realize the cumulative effects of deploying CABS on a regular basis, large-scale production of adaptable 

materials and components will be needed in the near future. This will require continued cross-disciplinary 



product development efforts to bring more concepts to the market. Considering the promising number of 

prototype-phase technologies in Table 2, we foresee a growth in this direction. 

Among the unpublished built examples with CABS [24], there seems to be a tendency for façades 

with dynamic exterior shading systems, sometimes enhanced with insulating properties. As these CABS 

concepts tend to be applied not only in high-profile, high-budget projects, it presents as a cost-effective 

solution that can bring distinct aesthetic quality to the building [20][114]. Such multi-functional shading 

systems fit in well with current construction practices, and are therefore attractive for facilitating a 

smooth transition towards widespread application of more advanced CABS concepts. 

Considering the physical domains as defined in Table 1, there is a strong coupling between the 

thermal and optical domains. With daily and monthly fluctuating components, solar radiation is an 

environmental factor with high variability and direct consequences for thermal and visual comfort. 

Successful CABS should have the ability to act in response to fluctuations in solar radiation to ensure 

outside views while preventing glare discomfort and maintaining energy efficient building operation. In 

this respect, CABS with extrinsic control are most effective because they allow for advanced automated 

operation strategies and personal control. Although it would be relevant to assess the potential of long-

term (e.g. seasonal) CABS in more detail, we expect short-term adaptive actions to be a more rewarding 

future direction. One of the promising technology options that fulfills these requirements are switchable 

windows. A further advantage of switchable glazing is that the technology is suitable for retrofit projects, 

where not only the relative impact, but also the potential number of projects is high. These beliefs are 

reflected in recent market forecast and analysis reports which predict a rapid growth of the market for 

switchable window technologies [129-131].  

 

Acknowledgements 

Part of this research was funded by Agentschap-NL EOS-LT project: FACET (www.eosfacet.nl). This 

support is gratefully acknowledged. 

 

 



References 

  

[1] S. Guy and G. Farmer, “Reinterpreting sustainable architecture: the place of 

technology,” Journal of Architectural Education, vol. 53, no. 3, pp. 140-148, 

2001. 

[2] D. Chwieduk, “Towards sustainable-energy buildings,” Applied Energy, vol. 76, 

no. 1-3, pp. 211-217, Nov. 2003. 

[3] S. Roaf, D. Chrichton, and F. Nicol, Adapting Buildings and Cities for Climate 

Change - A 21st century survival guide. Oxford: Elsevier, 2009. 

[4] E. Fabrizio, V. Corrado, and M. Filippi, “A model to design and optimize multi-

energy systems in buildings at the design concept stage,” Renewable Energy, vol. 

35, no. 3, pp. 644-655, Mar. 2010. 

[5] C. Porteous and K. MacGregor, Solar architecture in cool climates. London, UK: 

Earthscan, 2005. 

[6] S.B. Sadineni, S. Madala, and R.F. Boehm, “Passive building energy savings: A 

review of building envelope components,” Renewable and Sustainable Energy 

Reviews, vol. 15, no. 8, pp. 3617-3631, Oct. 2011. 

[7] R. Pacheco, J. Ordóñez and G. Martínez, "Energy efficient design of building: A 

review," Renewable and Sustainable Energy Reviews, vol. 16, no. 6 pp. 3559-

3537, Aug. 2012. 

[8] EU, “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, vol. 53, 2010. 

[9] M. Addington, “Contingent Behaviours,” Architectural Design, vol. 79, no. 3, pp. 

12-17, May. 2009. 

[10] Z. Zhai and J.M. Previtali, “Ancient vernacular architecture: characteristics 

categorization and energy performance evaluation,” Energy and Buildings, vol. 

42, no. 3, pp. 357-365, Mar. 2010. 



[11] M. Davies, “A wall for all seasons,” RIBA Journal, vol. 88, no. 2, pp. 55-57, 

1981. 

[12] M. Sala, “The intelligent envelope: the current state of the art,” Renewable 

energy, vol. 5, no. 5-8, pp. 1039–1046, 1994. 

[13] M. Stacey, “Adaptive Architecture Introduction,” in Proceedings of Adaptive 

Architecture 2011, 2011, no. March. 

[14] D.M. Addington and D.L. Schodek, Smart materials and new technologies: for 

the architecture and design professions. Oxford: Architectural Press, 2005, p. 

241. 

[15] A. Ritter, Smart materials in architecture, interior architecture and design. Basel: 

Birkhäuser, 2007. 

[16] B. Brownell, Transmaterial 3: A Catalog of Materials That Redefine Our 

Physical Environment. New York: Princeton Architectural Press, 2010. 

[17] S. Leydecker, M. Kölbel, and S. Peters, Nano materials in architecture, interior 

architecture, and design. Basel: Birkhäuser, 2008. 

[18] U. Knaack, T. Klein, and M. Bilow, Imagine 01 - Façades. Rotterdam: 010 

Publishers, 2008. 

[19] T. Klooster, N. Boeing, S. Davis, and A. Seeger, Smart surfaces: and their 

application in architecture and design. Basel: Birkhäuser, 2009. 

[20] Z. Drozdowski, "The Adaptive Building Initiative: The Functional Aesthetic of 

Adaptivity," Architectural Design, vol. 81, no. 6, pp. 118-123. 2011 

[21] M. Fox and M. Kemp, Interactive architecture. New York: Princeton 

Architectural Press, 2009. 

[22] M. Schumacher, O. Schaeffer, and M. Vogt, Move: Architecture in Motion - 

Dynamic Components and Elements. Basel: Birkhäuser, 2010. 

[23] P. Heiselberg, Ed., IEA ECBCS Annex 44 Integrating Environmentally 

Responsive Elements in Buildings - Expert Guide Part 1: Responsive Building 

Concepts. 2009. 



[24] R.C.G.M. Loonen, "Pinterest - Climate Adaptive Building Shells," On line at: 

http://pinterest.com/CABSoverview/, 2013  

[25] X. Xu and S. van Dessel, “Evaluation of an Active Building Envelope window-

system,” Building and Environment, vol. 43, no. 11, pp. 1785-1791, Nov. 2008. 

[26] S. Selkowitz and O. Aschehoug, “Advanced Interactive Facades-Critical 

Elements for Future Green Buildings?,” in Proceedings of GreenBuild, the 

annual USGBC International Conference and Expo, 2003, no. November, pp. 1-

12. 

[27] R. Lollini, L. Danza, and I. Meroni, “Energy efficiency of a dynamic glazing 

system,” Solar Energy, vol. 84, no. 4, pp. 526-537, Apr. 2010. 

[28] M. Wigginton and J. Harris, Intelligent Skins. Oxford: Butterworth-Heinemann, 

2002. 

[29] C.E. Ochoa and I.G. Capeluto, “Advice tool for early design stages of intelligent 

facades based on energy and visual comfort approach,” Energy and Buildings, 

vol. 41, no. 5, pp. 480-488, May. 2009. 

[30] M.A. Fox and B.P. Yeh, “Intelligent kinetic systems in architecture,” in 

Proceedings of Managing Interactions in Smart Environments (MANSE), 1999. 

[31] P.H. Kirkegaard and I. Worre Foged, “Development and Evaluation of a 

Responsive Building Envelope,” in Proceedings of Adaptive Architecture 2011, 

2011, no. March. 

[32] C.G. Granqvist et al., “Recent advances in electrochromics for smart windows 

applications,” Solar Energy, vol. 63, no. 4, pp. 199-216, Oct. 1998. 

[33] EU-SWIFT, Architectural and Technical Guidelines - Handbook for the Use of 

Switchable Facades Technology. 2003. 

[34] J. Lichtenberg, Slimbouwen. Boxtel: Æneas, 2005. 

[35] H. Rivard, “Functional analysis of the preliminary building envelope design 

process,” Building and Environment, vol. 30, no. 3, pp. 391-401, Jul. 1995. 



[36] M.A. Shameri, M.A. Alghoul, K. Sopian, M.F.M. Zain, and O. Elayeb, 

“Perspectives of double skin façade systems in buildings and energy saving,” 

Renewable and Sustainable Energy Reviews, vol. 15, no. 3, pp. 1468-1475, Apr. 

2011. 

[37] P. Dalsgaard and K. Halskov, “Designing urban media façades: cases and 

challenges,” in Proceedings of the 28th international conference on Human 

factors in computing systems, 2010, pp. 2277–2286. 

[38] H. Haeusler, Media facades: history, technology, content. Ludwigsburg: 

Avedition, 2009. 

[39] M. Kischkoweit-Lopin, “An overview of daylighting systems,” Solar Energy, vol. 

32, no. 2, pp. 77-82, Jul. 2002. 

[40] M.S. Alrubaih, M.F.M. Zain, M.A. Alghoui, N.L.N. Ibrahim, M.A. Shameri, O. 

Elayeb, "Research and development on aspects of daylighting fundamentals," 

Renewable and Sustainable Energy Reviews, vol. 21, pp. 494-505, May. 2013. 

[41] J.H. Saleh, D.E. Hastings, and D.J. Newman, “Flexibility in system design and 

implications for aerospace systems.,” Acta astronautica, vol. 53, no. 12, pp. 927-

44, Dec. 2003. 

[42] E.T. Ryan, D.R. Jacques, and J.M. Colombi, " An ontological framework for 

clarifying flexibility-related terminology via literature survey," Systems 

Engineering, vol. 16, no. 1, pp. 99-110, 2013. 

[43] E. Fricke and A.P. Schulz, “Design for changeability (DfC): Principles to enable 

changes in systems throughout their entire lifecycle,” Systems Engineering, vol. 8, 

no. 4, pp. 342-359, 2005. 

[44] A. Olewnik, T. Brauen, S. Ferguson, and K. Lewis, “A Framework for Flexible 

Systems and Its Implementation in Multiattribute Decision Making,” Journal of 

Mechanical Design, vol. 126, no. 3, p. 412, 2004. 

[45] A.M. Ross, D.H. Rhodes, and D.E. Hastings, “Defining Changeability : 

Reconciling Flexibility , Adaptability , Scalability , Modifiability , and 



Robustness for Maintaining System Lifecycle Value,” Systems Engineering, vol. 

11, no. 3, pp. 246-262, 2008. 

[46] J. Saleh, G. Mark, and N. Jordan, “Flexibility: a multi-disciplinary literature 

review and a research agenda for designing flexible engineering systems,” 

Journal of Engineering Design, vol. 20, no. 3, pp. 307-323, Jun. 2009. 

[47] S. Ferguson, A. Siddiqi, K. Lewis, and O. De Weck, “Flexible and reconfigurable 

systems: Nomenclature and review,” in Proceedigs of ASME 2007 - International 

Design Engineering Technical Conferences & Computers and Information in 

Engineering Conference, 2007. 

[48] P. Hoes, M. Trcka, J.L.M. Hensen, and B. Hoekstra Bonnema, “Investigating the 

potential of a novel low-energy house concept with hybrid adaptable thermal 

storage,” Energy Conversion and Management, vol. 52, no. 6, pp. 2442-2447, 

Feb. 2011. 

[49] M. Hofman and B. Dujardin, “European Patent EP1644591: Balcony that can be 

folded,” 2008. 

[50] J. Weaver, K.L. Wood, and D. Jensen, “Transformation Facilitators: A 

Quantitative Analysis of Reconfigurable Products and Their Characteristics,” in 

Proceedigs of ASME 2008 - International Design Engineering Technical 

Conferences & Computers and Information in Engineering Conference, 2008. 

[51] M.R. Silver and O.L. De Weck, “Time-Expanded Decision Networks : A 

Framework for Designing Evolvable Complex Systems,” Systems Engineering, 

vol. 10, no. 2, pp. 167-186, 2007. 

[52] M. Holmes and J. Hacker, “Climate change, thermal comfort and energy: 

Meeting the design challenges of the 21st century,” Energy and Buildings, vol. 

39, no. 7, pp. 802-814, Jul. 2007. 

[53] A. Siddiqi and O.L. De Weck, “Modeling Methods and Conceptual Design 

Principles for Reconfigurable Systems,” Journal of Mechanical Design, vol. 130, 

no. 10, p. 101102, 2008. 



[54] W. Fawcett, M. Hughes, H. Krieg, S. Albrecht, and A. Vennström, "Flexible 

strategies for long-term sustainability under uncertainty," Building Research & 

Information, vol. 40, no. 5, pp. 545-557, 2012. 

 [55] R.C.G.M. Loonen, “Overview of 100 climate adaptive building shells,” MSc 

thesis report. Eindhoven University of Technology, 2010. 

[56] P. Gruber, “The signs of life in architecture.,” Bioinspiration & biomimetics, vol. 

3, no. 2, p. 023001, Jul. 2008. 

[57] S. Poppinga, J. Lienhard, and T. Masselter, “Biomimetic Deployable Systems in 

Architecture,” in Proceedings of the 6th World Congress of Biomechanics (WCB 

2010), 2010, pp. 40-43. 

[58] S. Drake, The third skin: architecture, technology & environment. Sydney: 

UNSW Press, 2007, p. 189. 

[59] J. Vermillion, “Phototropic architecture: intelligent responses to sunlight stimuli,” 

MSc thesis. Ball State University, Indiana, 2002. 

[60] S. Schleicher, J. Lienhard, S. Poppinga, T. Masselter, and T. Speck, “Adaptive 

Façade Shading Systems inspired by Natural Elastic Kinematics,” in Proceedings 

of Adaptive Architecture 2011, 2011, no. March. 

[61] J. Geiger, “The Living: Surface Tensions,” Architectural Design, vol. 80, no. 3, 

pp. 60-65, 2010. 

[62] Z. Drozdowski and S. Gupta, “Adaptive Fritting as Case Exploration for 

Adaptivity in Architecture,” in Proceedings of the 29th Annual Conference of the 

Association for Computer Aided Design in Architecture (ACADIA), 2009, pp. 

105-109. 

[63] D. Gračanin et al., “Mobile Interfaces for Better Living: Supporting Awareness 

in a Smart Home Environment,” in Proceedings of HCI International 2011, 2011. 

[64] J. Adell and I. Garrido, “The Solar B&W House, an alternative sustainable 

building for the future cities,” in Proceedings of City Futures  ’09 - An 

international conference on globalism and urban change, 2009. 



[65] M.G. Debije, “Solar Energy Collectors with Tunable Transmission,” Advanced 

Functional Materials, vol. 20, no. 9, pp. 1498-1502, Apr. 2010. 

[66] R. Kronenburg, “Fabric Architecture and Flexible Design,” Architectural Design, 

vol. 76, no. 6, pp. 74-79, Nov. 2006. 

[67] D. Rebolj, M. Fischer, D. Endy, T. Moore, and A. Šorgo, “Can we grow 

buildings? Concepts and requirements for automated nano- to meter-scale 

building,” Advanced Engineering Informatics, vol. 25, no. 2, pp. 390-398, Apr. 

2011. 

[68] M. Imbabi, “Modular breathing panels for energy efficient, healthy building 

construction,” Renewable Energy, vol. 31, no. 5, pp. 729-738, Apr. 2006. 

[69] S. Lee, S. Kato, T. Takahashi, H. Chang, and S. Murakami, “Field Test on 

Natural Ventilation Performance of Swinging Windows in a Building,” in 

Proceedings of the Meeting of the Society of Heating, Air-Conditioning and 

Sanitary Engineering, 2000. 

[70] C. Leung and S. Gage, “Dynamic building envelopes,” Middle East Art Design 

and Architecture Magazine, vol. 3, no. 3, pp. 76-80, 2008. 

[71] J. Balcomb, J. Hedtsrom, and R. McFarland, “Passive solar heating of buildings,” 

in Proceedings of the International Solar Energy Conference on the Performance 

of Solar Heating and Cooling Systems, 1978, pp. 39-57. 

[72] A. Spanaki, T. Tsoutsos, and D. Kolokotsa, “On the selection and design of the 

proper roof pond variant for passive cooling purposes,” Renewable and 

Sustainable Energy Reviews, vol. 15, no. 8, pp. 3523-3533, Oct. 2011. 

[73] W. Chun, S.J. Oh, H. Han, J.T. Kim, and K. Chen, “Overview of several novel 

thermodiode designs and their application in buildings,” International Journal of 

Low-Carbon Technologies, vol. 3, no. 2, pp. 83-100, Apr. 2008. 

[74] F. Schulze, Building a masterpiece: Milwaukee Art Museum. New York: Hudson 

Hills Press, 2001. 

[75] C.-A. Pan and T. Jeng, “Cellular Robotic Architecture,” International Journal of 

Architectural Computing, vol. 10, no. 3, pp. 319-340, Sept. 2012. 



[76] S. Ban, “Museum of Paper Art,” in Transparent Plastics, Basel: Birkhäuser, 

2008, pp. 104-109. 

[77] B.R. Hughes and H.N. Chaudry, “Power Generation Potential of Dynamic 

Architecture,” World Academy of Science, Engineering and Technology, vol. 73, 

2011. 

[78] E. Erell, “‘SOLVENT’: development of a reversible solar-screen glazing system,” 

Energy and Buildings, vol. 36, no. 5, pp. 467-480, May. 2004. 

[79] G. Gan, “CFD modelling of transparent bubble cavity envelopes for energy 

efficient greenhouses,” Building and Environment, vol. 44, no. 12, pp. 2486-2500, 

Dec. 2009. 

[80] U.S. Office of Technology Assessment, “Chapter XI - Technical Options,” in 

Residential Energy Conservation, 1979, p. 237. 

[81] K. Ismail, “Thermally effective windows with moving phase change material 

curtains,” Applied Thermal Engineering, vol. 21, no. 18, pp. 1909-1923, Dec. 

2001. 

[82] W. Platzer, W. Hube, W. Adelmann, M. Crisinel, and T. Vollmar, “Development 

Of A Glass Facade With Internal Fluid Flow,” in Proceedings of Glass 

processing days 2005, 2005, no. 1. 

[83] G. Quesada, D. Rousse, Y. Dutil, M. Badache, S. Hallé, " A comprehensive 

review of solar facades. Transparent and translucent solar facades," Renewable 

and Sustainable Energy Reviews, vol. 16, no. 5, pp. 2643-2651, Jun. 2012. 

[84] U. Knaack, T. Klein, M. Bilow, and T. Auer, “Case Studies - Solid concrete 

façade,” in Façades: principles of construction, Basel: Birkhäuser, 2007. 

[85]  G. Quesada, D. Rousse, Y. Dutil, M. Badache, S. Hallé, "A comprehensive 

review of solar facades. Opaque solar facades," Renewable and Sustainable 

Energy Reviews, vol. 16, no. 5, pp. 2820-2832, Jun. 2012. 

[86] R. Horn, R. Neusinger, M. Meister, J. Hetfleisch, R. Caps, and J. Fricke, 

“Switchable thermal insulation: results of computer simulations for optimization 



in buildings,” High Temperatures - High pressures, vol. 32, no. 6, pp. 669-675, 

2000. 

[87] F. Kuznik, D. David, K. Johannes and J.J. Roux, "A review on phase change 

materials integrated in building walls," Renewable and Sustainable Energy 

Reviews, vol. 15, pp. 379-391, Jan. 2011. 

[88] T. Karlessi, M. Santamouris, K. Apostolakis, A. Synnefa, and I. Livada, 

“Development and testing of thermochromic coatings for buildings and urban 

structures,” Solar Energy, vol. 83, no. 4, pp. 538-551, Apr. 2009. 

[89] Y. Ma, X. Zhang, B. Zhu, and K. Wu, “Research on reversible effects and 

mechanism between the energy-absorbing and energy-reflecting states of 

chameleon-type building coatings,” Solar Energy, vol. 72, no. 6, pp. 511-520, 

Jun. 2002. 

[90] J. Kurnitski, “Efficiency of electrically heated windows,” Energy and Buildings, 

vol. 36, no. 10, pp. 1003-1010, Oct. 2004. 

[91] R. Baetens, B.P. Jelle, and A. Gustavsen, “Properties, requirements and 

possibilities of smart windows for dynamic daylight and solar energy control in 

buildings: A state-of-the-art review,” Solar Energy Materials and Solar Cells, 

vol. 94, no. 2, pp. 87-105, Feb. 2010. 

[92] M. Saeli, C. Piccirillo, I.P. Parkin, I. Ridley, and R. Binions, “Nano-composite 

thermochromic thin films and their application in energy-efficient glazing,” Solar 

Energy Materials and Solar Cells, vol. 94, no. 2, pp. 141-151, Feb. 2010. 

[93] G. Teowee, “User controllable photochromic (UCPC) devices,” Electrochimica 

Acta, vol. 44, no. 18, pp. 3017-3026, May. 1999. 

[94] V. Viereck, J. Ackermann, Q. Li, A. Jakel, J. Schmid, and H. Hillmer, “Sun 

glasses for buildings based on micro mirror arrays: Technology, control by 

networked sensors and scaling potential,” in Proceedings of the 5th International 

Conference on Networked Sensing Systems, 2008, pp. 135-139. 

[95] E. Krietemeyer, S. Smith, and A. Dyson, “Dynamic window daylighting systems: 

electropolymeric technology for solar responsive building envelopes,” in 



Proceedings of Electroactive Polymer Actuators and Devices (EAPAD) 2011, 

2011. 

[96] N. DeForest, A. Shehabi, G. Garcia, J. Greenblatt, E. Masanet, E.S. Lee, S. 

Selkowitz, D. Millirion, "Regional performance targets for transparent near-

infrared switching electrochromic window glazings," Building and Environment, 

vol. 61, no. 3, pp. 160-168, Mar. 2013. 

[97] B. Lamontagne, P. Barrios, and C. Py, “The next generation of switchable glass: 

the Micro-Blinds,” in Proceedings of Glass Performance Days 2009, 2009. 

[98] R.C.G.M. Loonen, M. Trčka, D. Cóstola, and J.L.M. Hensen, “Performance 

simulation of climate adaptive building shells - Smart Energy Glass as a case 

study,” in Proceedings of SSB 2010: 8th international conference on system 

simulation in buildings, 2010, pp. 1-19. 

[99] P. Teuffel, “Entwerfen adaptiver Strukturen,” PhD Thesis. Universität Stuttgart, 

2004. 

[100] K. Hofmann and A. Terruli, “Media - TIC,” in Proceedings of Adaptive 

Architecture 2011, 2011, no. March. 

[101] A. de Rijke, “From Kingsdale School to Sliding House,” in Proceedings of 

Adaptive Architecture 2011, 2011, no. March. 

[102] N. Sauerborn, M. Fastabend, R. Constantin, and B. Schücker, “ThyssenKrupp 

Headquarter in Verbundbauweise,” Stahlbau, vol. 79, no. 4, pp. 306-316, Apr. 

2010. 

[103] L. Smout, “European Patent EP1340863: Slat roof,” 2003. 

[104] D. Schwarz, “United States Patent 6860079: Construction element for building 

that accumulates latent heat,” 2005. 

[105] M. Goulthorpe, M. Burry, and G. Dunlop, “Aegis Hyposurface: The Bordering of 

University and Practice,” in Proceedings of ACADIA 2001, 2001, pp. 344-349. 



[106] F. Burdajewicz, A. Korjenic, and T. Bednar, “Bewertung und Optimierung von 

dynamischen Dämmsystemen unter Berücksichtigung des Wiener Klimas,” 

Bauphysik, vol. 33, no. 1, pp. 49-58, Feb. 2011. 

[107] H. Raffle, M.W. Joachim, and J. Tichenor, “Super Cilia Skin : An Interactive 

Membrane,” in Proceedings of the Conference on Human Factors in Computing 

Systems, 2003. 

[108] P. de Wilde, “Design analysis integration: supporting the selection of energy 

saving building components,” Building and Environment, vol. 37, no. 8-9, pp. 

807-816, Sep. 2002. 

[109] L. Klotz, D. Mack, B. Klapthor, C. Tunstall, and J. Harrison, “Unintended 

anchors: Building rating systems and energy performance goals for U.S. 

buildings,” Energy Policy, vol. 38, no. 7, pp. 3557-3566, Jul. 2010. 

[110] J.L.M. Hensen and R. Lamberts, Building Performance Simulation for Design 

and Operation. London: Spon Press, 2011. 

[111] R.C.G.M. Loonen, “Climate adaptive building shells - What can we simulate?,” 

MSc Thesis. Eindhoven University of Technology, 2010. 

[112] A. Olewnik and K. Lewis, “A decision support framework for flexible system 

design,” Journal of Engineering Design, vol. 17, no. 1, pp. 75-97, Jan. 2006. 

[113] R. Khire and A. Messac, “Selection-Integrated Optimization (SIO) Methodology 

for Optimal Design of Adaptive Systems,” Journal of Mechanical Design, vol. 

130, no. 10, p. 101401, 2008. 

[114] J. Moloney, Designing Kinetics for Architectural Facades: State Change, CRC 

Press, 2012  

[115] D.S. Naidu and C. Rieger, “Advanced control strategies for heating, ventilation, 

air-conditioning, and refrigeration systems—An overview: Part I: Hard control,” 

HVAC&R Research, vol. 17, no. 1, pp. 2-21, Feb. 2011. 

[116] S.-H. Yoon, C.-S. Park, and G. Augenbroe, “On-line parameter estimation and 

optimal control strategy of a double-skin system,” Building and Environment, vol. 

46, no. 5, pp. 1141-1150, May. 2011. 



[117] A. Mahdavi, “Simulation-based control of building systems operation,” Building 

and Environment, vol. 36, no. 6, pp. 789–796, 2001. 

[118] J. Clarke et al., “Simulation-assisted control in building energy management 

systems,” Energy and buildings, vol. 34, no. 9, pp. 933–940, 2002. 

[119] R.J. Cole and Z. Brown, “Reconciling human and automated intelligence in the 

provision of occupant comfort,” Intelligent Buildings International, vol. 1, no. 1, 

pp. 39-55, Jan. 2009. 

[120] P. Hoes, J.L.M. Hensen, M.G.L.C. Loomans, B. De Vries, and D. Bourgeois, 

“User behavior in whole building simulation,” Energy and Buildings, vol. 41, no. 

3, pp. 295-302, Mar. 2009. 

[121] H. Chappells and E. Shove, “Debating the future of comfort: environmental 

sustainability, energy consumption and the indoor environment,” Building 

Research & Information, vol. 33, no. 1, pp. 32-40, Jan. 2005. 

[122] E.S. Lee, E.S. Claybaugh. and M. LaFrance, "End user impacts of automated 

electrochromic windows in a pilot retrofit application", Energy and Buildings, 

vol. 47, no. 4, pp. 267-284, April. 2012. 

[123] A. Wyckmans, “Intelligent Building Envelopes - Architectural Concept & 

Applications for Daylighting Quality,” PhD Thesis. Norwegian University of 

Science and Technology, 2005. 

[124] S. Stevens, “Intelligent Facades: Occupant Control and Satisfaction,” 

International Journal of Sustainable Energy, vol. 21, no. 2, pp. 147-160, 2001. 

[125] S. Karjalainen and V. Lappalainen, “Integrated control and user interfaces for a 

space,” Building and Environment, vol. 46, no. 4, pp. 938-944, Apr. 2011. 

[126] B. de Boer, G. Ruijg, R.C.G.M. Loonen, M. Trčka, J.L.M. Hensen, and W. 

Kornaat, “Climate adaptive building shells for the future – optimization with an 

inverse modelling approach,” in Proceedings of ECEEE Summer Study 2011, 

2011, pp. 1413-1422. 



[127] U.S. Department of Energy, "Building Envelope and Windows R&D Program 

Blog," Online at http://www.eereblogs.energy.gov/buildingenvelope/page/About-

the-Blog.aspx 2013 

[128] International Energy Agency, Energy Technology Perspectives 2012 - Pathways 

to a clean energy system, IEA 2012 

[129]  Pike Research, "Smart Glass - Electrochromic, Suspended Particle, 

Thermochromic, and Liquid Crystal Glass Technologies for Architectural and 

Transportation Applications: Global Market Analysis and Forecasts, 2012. 

[130] Lux Research, "Opening the Thermal Envelope: Emerging Innovation in 

Dynamic Windows and Advanced Insulation," 2011. 

[131] NanoMarkets, " Smart Windows Markets 2012", Report: Nano-515, 2012. 

 

 

 

  



 
Figure 1: Arab World Institute, Paris 

 
Figure 2: Heliotrop, Freiburg 

 
Figure 3: Classification of relevant physics: each CABS can be characterized by one of the fifteen areas in 

the figure. 

 



 

Table 1: Description of the physical domains. 

Thermal Adaptation causes changes in the energy balance of the building via conduction, convection, 

radiation and storage of thermal energy. 

Optical The adaptive behavior influences occupants’ visual perception via changes in the 

transparent surfaces of the building shell. 

Air-flow A flow of air across the boundary of the façade is present, and adaptive behavior is 

influenced by the direction and speed of the wind. 

Electrical Energy is converted into electricity in the perimeter zone of the building, or electricity 

consumption is an essential part of the working principle 

 

  



Table 2: Summary of state-of-the-art CABS concepts 

 Ref. Rel. physics Scale of adaptation Control type  

  Micro Macro Intrinsic Extrinsic  

Built examples        

Arab World Institute - E  X  X Jean Nouvel, Paris, France 1988 
Burke brise soleil [74] E  X  X Santiago Calatrava, Milwaukee, Wisconsin, 2001 
Dubai rotating tower [77] E  X  X David Fischer, Dubai, UAE, in progress 
EWE Arena - K  X  X ASP Architekten, Oldenburg, Germany, 2005 
Heliotrop - O  X  X Rolf Disch, Freiburg, Germany, 1993 
Media-TIC [100] E  X  X Cloud9 Architects, Barcelona, Spain, 2011 
Museum of paper art [76] H  X  X Shigeru Ban, Shizuoka, Japan, 2002 
Solar barrel wall [71] A  X  X Steve Baer, Corrales, New Mexico, 1971 
Sliding house [101] E  X  X dRMM Architects, Suffolk, UK, 2008 
ThyssenKrupp headquarters [102] E  X  X Chaix & Morel / JSWD, Essen, Germany, 2010 
Zollverein school [84] A  X  X SANAA, Essen, Germany, 2007 
        
Subsystems and components        

Allwetterdach [103] H  X  X  
Balcony that can be folded [49] H  X  X  
Beadwall [80] E  X  X  
Breathing wall [68] J X   X  
Bubble insulation [79] E  X  X  
Electrically heated glass [90] O X   X  
GLASSX®crystal  [104] E X  X   
Photochromic glazing [93] E X  X   
Roof pond [72] A  X  X  
Swindow [69] H  X X   
Thermochromic glazing [92] E X  X   
        
Full scale prototypes        

Adaptive fritting [62] E  X  X  
Aegis Hyposurface [105] A  X  X  
Bi-directional thermal diode [73] A  X  X  
Black & White house [64] O  X  X  
Deployable external insulation [70] E  X X   
Fluidized glass façade  [82] E  X  X  
Living glass [56] H  X  X  
Lumenhaus [61] E  X  X  
SmartWrap [66] O X  X   
SolVent [78] H  X  X  
Thermocollect [106] A  X  X  
        
Reduced scale prototypes        

Active building envelope (ABE) [25] O X   X  
Eco-spirit [75] O  X  X  
Electroactive polymer window [95] E X   X  
Flectofin® [60] E  X  X  
Microblind [97] E X   X  
Micromirror [94] E X   X  
PCM window [81] E  X  X  
Solar Collectors with Tunable Transmission [65] O X   X  
Super Cilia Skin [107] K  X X   
Switchable insulation [86] A X   X  
Thermochromic paint [88] A X  X   

 

  



Table 3:Distribution of control types and scales of adaptation. 

 Micro scale Macro scale 

Intrinsic type 5 3 

Extrinsic type 8 28 

 




