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ABSTRACT: The research has been focused on the possibilities that pneumatic envelope technologies could improve 

in relation with the sustainable retrofitting of existing buildings. The first part of the study has analyzed more than 

600 representative examples, where have been defined the possibilities of their use in existing buildings, according to 

the following parameters: Contextual, functional, morphological, constructive, climatic and comfort and energy-

efficiency parameters. 
This has revealed that the use of this technology in retrofitting context is still low, and only represents 10% of the total 

projects that have been studied. The improvement of transparent, high-strength and low maintenance new 

membrane/foil materials have favored an important development of the pneumatic systems, mainly related to 

inflatable roof proposals. However, most of the buildings does not take advantage of the new flexibility options and 

continues with typical geometrical designs, where rectangular cushions are the most used. Also, more of the 

proposals have been developed in countries with mild summers and cold winters; but in the last decades the use has 

been exported to other climates, with more extreme summer conditions, which implies new developments of 

sustainable adaptive strategies. 
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INTRODUCTION  

Although the definition of architectonical pneumatic 

envelopes has been developed since the beginning of the 

20th century, most of the proposals of the last decades 

have been applied to new building uses, while only 10% 

of them are used in retrofitting contexts. This trend does 

not show the possibility of lightness and climate 

adaptation that light constructions can reach. Because of 

that, the research has been focused on the possibilities 

that these technologies could improve in relation with the 

sustainable retrofitting of existing buildings. 

 

 The study has analyzed 644 representative examples, 

from which 64 were focused on retrofitting strategies. 

With the help of an interactive open database, they have 

been catalogued and compared according to the 

following parameters: Contextual, functional, 

morphological, constructive, climatic and comfort and 

energy-efficiency parameters. In this sense, the selected 

projects can be organized in different ways, allowing 

their grouping depending on the study that will be 

conducted. Thus, they have been grouped and compared 

in relation with their geometries, sizes, design dates, type 

of substructure, function in the building, etc. Also, a 

detailed summary sheet has been developed to facilitate 

an easy reading of the different data from each project. 

 

Table 1: Main parameters of study. Source: Own elaboration. 

___________________________________________ 

Contextual        Functional         Morphological 

____ 
Chronological          Building use           Main dimensions 

Location                  Pneumatic               (1D,2D,3D) 

(city, country)          application              Form finding 

Type of project        New construction/  Form units 

(built, in progress,    retrofitting/             (geometry, number) 

non built,                  enlargement            Size (of units and 

conceptual)                                              envelope system) 

Author (designer,                                    Types of morpho- 

promoter and                                           logical modification 

constructor)                 

_________________________________________ 

Constructive         Climatic               Comfort and 

                                                           energy efficiency  

_________________________________________ 
Substructure              Latitude                 Thermal control 

Type of anchoring     Altitude                 Ventilation  

Auxiliary                   Climatic zone         Natural lighting 

reinforcements          (main parameters:  and shadowing 

Type of membrane,   temperature,           Acoustic 

(material, number      humidity,                conditioning 

of layers,                   rainfall, snow,         Solar energy 

maintenance,             solar radiance)       harvesting 

fire resistance,                                           Maintenance 

recycling) 

Supporting gases 
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 Although the built projects represent the most of the 

studied, there have been also analyzed conceptual systems, 

patents, unbolt projects and buildings in progress (Fig. 1), 

because of the importance that ideal proposals have in 

pneumatic envelopes, when low technical material 

properties avoided their development in the seventies and 

eighties. 

 

 

 

Figure 1: Type of studied projects. 

 

 

PNEUMATIC ENVELOPES 

The stabilization by pressure differences, exerted by 

gases or fluids, is one of the most common natural 

processes. They can be found in all scales, from the most 

basic cells structures to the most complex atmospheric 

phenomena [1]. However, their use in relation with 

architectural purposes is still low in comparison with 

other systems, like the glass techniques. 

 

 The pneumatic envelope systems are tensile 

structures, based on the use of membrane skins, which 

are tensed by the differential pressure between their inner 

and outer sides; in order to acquire enough stiffness to 

maintain an equilibrium position, which assures it to be 

able to support external loads. 

 

 According to the most common classifications, there 

have been defined the following typologies in relation 

with their type of pressure and their morphological 

properties. While the positive pressure (air-supported and 

inflated) are the most developed, negative pressure 

systems (vacuumatics) are still in emerging researching 

period and their use has been focused mainly on the 

isolation techniques with the help of the thin Vacuum 

Isolation Panels (VIP). However, the research has only 

analyzed systems with structural function, so the VIP 

system has been discarded. The retrofitting analysis has 

been focused on those projects with positive pressure. 

 
 

 

 

 

 

Table 2: Positive pressure pneumatic systems  in architecture 

(pressure values in normal conditions) [2] 

___________________________________________ 

Air supported               200-300 Pa            29% 

Inflated (low positive)        200-300 Pa            64% 

Inflated (high positive)       Until 100.000 Pa     7% 

_________________________________________ 

 

 

According to their formal configuration,  it is important 

to distinguish between those systems that are based on 

the use of single membranes that surrounds the living 

space (air-supported), and those which are based on the 

use of closed structures made with different number of 

layers and whose interior is pressurized and not 

accessible (inflated). 

 

 

Pneumatic Envelopes Used In Retrofitting Projects 

From the total amount of 644 that have been analyzed in 

the main study, only a 10% of them have been used in 

relation with retrofitting strategies. There has been also 

included a new category, where enlargement projects 

have been included, although it only represents a 2% of 

the total. Patents have been included on the no defined 

category, because they could be used independently on 

each of the others. 

 

 However, significant retrofitting projects have been 

developed in the last two decades, taking advantage to 

the potential of pneumatic constructions and their 

possibilities in existing buildings retrofitting. 

 

 
Table 3: Positive pressure pneumatic systems in architecture 

(pressure values in normal conditions) [2] 

___________________________________________ 

New construction             86% 

Retrofitting                      10% 

Enlargement                      2% 

No defined                        2% 

_________________________________________ 

 

 

 In relation with enlargement strategies, during the 

sixties and seventies, it was usually the design of 

pneumatic projects to connect different buildings, mainly 

related to temporary Exhibitions, like the project 

developed for Studio d´Architettura e Industrial Design, 

in 1967 for the connection of two buildings in the XIV 

Triennale in Milano. 

 

 While first enlargement projects was mainly 

developed with air supported systems, the new materials 

with better resistance against external agents has favored 

the used of inflatable projects related to larger durability. 

 Some interesting examples are the 
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Weltwirtschaftsgipfel in Munich, designed by 

Lippsmeier & Partner in 1992; or the Marylebon Cricket 

Club Shops enlargement in London, designed by David 

Morley architects in 1995. 

 

  The first documented project related to the 

retrofitting covering of a large room in the existing 

Europa´s building in London, was developed in 1938 [2]. 

This was projected as an air-supported element, although 

it was not ever built. The use of these systems in the next 

decades will be focused on new constructions, and it will 

not be until the sixties, when in the I International 

Colloquium on Pneumatic Structures it will be returned 

the interest on the inflated applications in relation with 

the covering of existing buildings. Heinz Isler presented 

then in Stuttgart (Fig. 3), the benefits that would have the 

substitution of heavier materials, like glass. 
 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 Proposed pneumatic cushion roof for interior court of 

castle. Source: Heinz Isler. [3] 
 

 

 Parallel to these proposals, others with utopian 

character had greater dissemination. In 1968, the impact 

of the Instant City project, developed by Archigram was 

high. Their support on new technologies was the basis to 

propose new relations between people and the existing 

cities, and the pneumatic envelopes were an optimal 

research line to improve these new social relations. The 

use of new temporary and flexible architectures would 

help to reactivate the conventional urbanism properties. 

 

 However, the first representative proposals should 

waited until the decade of the eighties, when the 

development of new materials and the improvement of 

the industrial processes allowed the construction of more 

resistant and permanent envelopes. The covering of the 

Nimes Amphitheater was solved by a large inflated 

cushion of 88 m in the main axis and 57 m in the other, 

which was designed by Schlaich, Bergermann und 

Partner in association with Werner Sobek, in 1989. In 

this decade, it was developed the use of pneumatic 

systems for covering large rooms, mainly in stadiums in 

USA and Japan, in order to give comfort to this space in 

adverse weather conditions. One of the most important 

projects of this type is the Tokyo big egg dome, designed 

by Nikken Sekkei and the Takenaka Corporation, which 

was build in 1989. 

 

 
Fig.4,5 Covered court of the Dresden Altschloss (Germany); 

Rhein Halle of Köln, Germany. 

(Source: Own image) 

 

 

 

Recently, the development of new transparent materials, 

self cleaned and with high durability, has favored the use 

of inflatable systems in permanent projects. Between the 

most important built examples in the last decades, there 

are the new courtyard covering for the Altschloss in 

Dresden (Fig. 4), designed by the architect Peter Kulka 

and the engineering office Form-TL, in 2008; and the old 

Rhein Halle of Köln, designed in 2008 by HPP with 26 

m length cushions (Fig. 5). 
 

 

Low Pressure Systems. Air-Supported 

Air supported constructions are used mainly in relation 

with new buildings. However, because of their lightness 

and flexibility they have been used in sport arenas and 

other similar large covered rooms, in order to provide 

better comfort conditions, mainly in winter. 

 
Table 4: Type of air supported proposals which have been 

studied. Own elaboration 

___________________________________________ 

New construction                                            93,65 % 

Retrofitting                                                        5,82 % 

Enlargement                                                      0,53 % 

_________________________________________ 

 

 

Although they represent a low percentage in relation with 

the total amount, some interesting retrofitting uses have 

great potential, like the temporary covering for large 

building periods, establishing an optimal work conditions 

and protecting the building site from the low 

temperatures, rain, snow and hail. An interesting 

example of permanent application is the Temporary 

covering for the Mies House in the Kunstmuseum of 

Krefeld (Fig. 6,7) by the artists group Haus-Rücker-Co, 

from the 28
th

 February to the 18
th

 April of 1971. The air 

supported construction created a new atmosphere, 

making a new ecosystem between the house and the 

outdoor. 
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Fig.6,7: Temporary exhibition in Krefeld, Germany. (Source: 

Haus-Rucker-Co). 

 
 

Low Pressure Systems. Inflated 

Although inflated low pressure systems are used mainly 

in new buildings, their adaptive properties have a great 

potential in relation with the retrofitting of existing 

buildings. The improvement of new materials which 

better resistance against physical, chemical and 

biological attacks, like ETFE or different membrane 

coatings, has favored the development of this technology, 

mainly in covering courtyards of historical buildings. 

  

 
Table 5: Type of low pressure inflated systems which have been 

studied. Own elaboration 

___________________________________________ 

New construction                                            84,41 % 

Retrofitting                                                      13,30 % 

Enlargement                                                      2,28 % 

_________________________________________ 

 

 

Two main strategies are used in retrofitting proposals: 

On the one hand, the use of large unitary cushion which 

covers the whole room (Fig. 8); and on the other, the 

combination of multiple cushions supported with the help 

of metallic substructure, in steel or aluminum (Fig. 9). 

The cushions with larger dimensions need the help of 

auxiliary reinforcements, as steel cables which allows the 

loads transmission. 

 

 

Fig.8,9 Nimes Amphitheater inflated cover, France; 

Kapuzinerkaree cover in Aachen , Germany. (Source: 

Bergermann [4]; own image). 

 

High Pressure Systems. Inflated 

The high pressure inflated systems are focused on 

structural proposals, mainly related with new buildings. 

However, there have been cataloged some interesting 

proposals related with auxiliary uses which have a great 

potential in the retrofitting projects. They take advantage 

of the flexibility and lightness of the new structure, in 

order to create large covered spaces where the retrofitted 

building is protected during the work. 

 

 
Table 6: Type of air supported proposals which have been 

studied. Own elaboration 

___________________________________________ 

New construction                                            97,67 % 

Retrofitting                                                        2,33 % 

_________________________________________ 

 

The patent of Franco Giachi, developed in 1991, is a 

good example of the possibilities that high pressure 

inflated systems can reach in relation with the covering 

of large rooms. 

Recently research has been developed by the Airlight 

Ltd., who is developing the Tensairity® systems. These 

structures can cover large dimensions with the 

optimization of compression and tension efforts in the 

inflated beams, helped by auxiliary elements. The Cutty 

Sark project in London is a good example of what this 

new technology can reach. It was designed by Grimshaw 

in 2004, in order to build a temporary envelope that 

protects the ship during the restoration processes. Also, 

the easy assembly and removal, have great potential use 

in future projects. 

 

 

 

Fig.10,11 Temporary exhibition in Krefeld (Germany). Source: 

Giachi, F. [5]; Airlight Ldt. 
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MAIN PARAMETERS OF STUDY 

 

Contextual Parameters 

The study shows that pneumatic envelope systems have 

experienced an important development in the last decade. 

The improvement of new materials with higher resistance 

and durability, like ETFE or coated fabrics [6], allows 

the use of membranes in large quantity of buildings. 

 

Also, most of the studied retrofitting projects have 

been made in Europe Central or United Kingdom, where 

these systems have been more accurately researched and 

manufactured. However, in the last decade the use of this 

technology has been developed in other zones with more 

extreme summers, like south Europe. 
 

Functional Parameters 

Most of the building uses where the pneumatic system 

has been designed are still focused on exhibition or 

cultural programs. But in the last decade, the range of 

uses has been extended to permanent typologies, like 

covering of courtyards in educative buildings or offices. 

Also, the use in building sites as protection envelopes is 

important in extreme climate areas. The lightness of 

inflated systems, compared with glass, and the 

improvement of the membrane resistance materials have 

favored the international promotion of this technology. 

 

In other way, the specific functions of pneumatic 

systems depend on their typology. While air supported 

systems have a main double function structural and skin; 

the low pressure inflatable systems are more related with 

envelope properties. Also, the high pressure inflated 

systems are focused mainly on structural proposals. In 

relation with the improvement of inside comfort 

conditions, the most common strategies are the protection 

from raining, snow, wind and solar radiation. But also, 

new strategies of solar energy integration have been 

developed in the last decade, although it only represents 

less than 1% of the total proposals of the study. 

 

In relation with retrofitting strategies; only 10 % of the 

studied proposals have been developed in the frame of 

existing buildings; while most of them are still focused 

on new constructions (86%). Although the low pressure 

inflatable systems offers an interesting potential of 

development, and in the last decade they have been used 

in substitution of glass technologies. 

 
 

Morphological Parameters 

According to the surface of pneumatic skin used in each 

building, it has been found proposals in almost all size 

ranges. There have been defined two main types of 

covering: the use of unique units that covers the whole 

surface by itself and the combination of multiple units 

with substructure systems, frequently beams and 

formworks. While the first types take advantage of the 

maximal properties of the membrane, the required 

envelope thickness is higher than in the substructure 

systems. In case of air supported areas, the form finding 

depends usually on the membrane properties, although in 

inflated systems the geometry is designed according to 

esthetical or functional objectives. 

 

In relation with inflatable systems, the most common 

geometries have been studied. The cushion typology 

represents 70% of the total, where rectangular frame 

shapes represent the most common cushion geometries 

(54%), which support the fact that many designs use this 

technology as glass replacement, but continuing its 

construction patterns without taking advantage of 

maximal properties of flexible membranes. 

 

Constructive Parameters 

According to the studied proposals, most of them are 

built with metallic substructures, mainly steel. Concrete 

substructures are mainly used in rings of large inflatable 

units or in air-supported anchoring, where the load 

transmission is too high. 

 

Respect to the used materials, since the birth of ETFE 

foil [7] it has been used in the most of the studied 

proposals (84, 75 %), mainly in the last decade. The self-

cleaning, durability and high light transmission have 

favored the use in many permanent envelopes, breaking 

the traditional relation between pneumatic systems and 

temporally buildings. Other membranes, like PES or 

fiberglass coated with PVC, are also used in large surface 

envelopes, where higher membrane resistance is needed. 

 

Climatic Parameters 

The most of the proposals studied are located between 

51º-60º North latitudes (47 %), followed by 41º-50º 

North latitudes. In a more accurate analysis, the most 

projects are built in the Cf zone (84,39%), according to 

the Köppen-Geiger climatic classification [8]. 

 

The warm temperature climate and high humid 

conditions, favor the use of transparent inflatable 

envelopes, taking advantage of solar radiation gains in 

winter. Also, the mild summers, without high 

temperature, allows that with natural ventilation systems 

or very low cooling loads, it is possible to achieve good 

internal parameters of comfort. However, this technology 

is increasing in other climates with more extreme summer 

conditions; like some Mediterranean cities. 

 

The main climatic parameters which affect the 

behavior of pneumatic systems are the following: 

Maximal and minimal temperatures, relative humidity, 

rainfalls, wind and solar radiation. According to these 
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parameters, the main problems are related to the 

discontinuities and thermal bridges between membrane 

and structure, mainly in the inflated systems where 

superficial condensations can appear. This pathology can 

diminish the membrane durability and the water presence 

can increase the mold growth and the metallic elements 

corrosion. 

 

Also, in climates with high temperatures and buildings 

without good ventilation and conditioning systems, are 

frequent the problems of greenhouse effect, mainly in 

skins with transparent membranes without shading 

strategies. Related to rain and snowfall, the main 

problems are associated to the evacuation strategies, the 

water leakage of the envelope, and the low acoustic 

isolation of membranes in rainfall situations. 

 
 

Comfort and Energy Efficiency Parameters 

The main sustainable trends related to comfort and 

energy efficiency parameters are the following: Thermal 

control, natural lighting and shading, ventilation and 

solar energy management. 

 

Respect to the use of inflatable active systems for 

thermal control, many strategies where proposed in the 

seventies, although low of them where built as prototypes 

and monitored. Currently, the thermal control strategies 

are focused on the use of new gases in inflated systems 

(Nitrogen) and the combination with other materials 

(aerogel), which can improve the isolation properties. 

 

In addition to isolation, the control of natural lighting 

and solar radiation has been the most improved strategy 

in the last decades. New materials like ETFE [7], 

provided high light and UV transmission levels and self 

cleaning properties, which favor the reduction of electric 

energy demand. But the most important developments 

have been reached at the shading strategies and the 

control of solar gains in the building. These strategies can 

be organized in two main groups: Passive and active. The 

first are based in the use of printed patterns over the 

transparent membrane, either with superficial patterns or 

with the combination of large opaque and transparent 

surfaces, defined with the help of sunlight masks. In other 

way, active systems are based on positive and negative 

patterns over different layers, whose separation varies in 

function of the inner pressure levels and the radiation 

values that are necessary on each moment. 

 

In relation with ventilation strategies, the studied 

proposals maintain constructive schemes of glass roofs or 

facades, using windows or movable cushions, in order to 

favored natural ventilation strategies. These designs, 

which use membrane systems as it they were rigid 

materials, show that it is still necessary the improvement 

of new integration strategies according to the flexibility 

properties of inflatable cushions. Also, the use of heat 

recoveries on the mechanical ventilation installations 

could reduce the heating loads in winter conditions. 

 

Respect to solar energy strategies, the improvement of 

thin-film photovoltaic technologies (TFPV) has opened 

an important research line. Also, thermal energy 

integration is already more developed with solar inflate 

concentrators, although they are used in large scales. 
 

 

CONCLUSION 

The paper summarizes the most relevant trends, 

according to the study of a large quantity of international 

proposals, mainly in the last decade, which have been 

analyzed through a broad range of qualitative parameters. 

In the last decade, pneumatic proposals in relation with 

retrofitting projects has increased considerably, mainly 

related to roof covering and less to façade systems. The 

improvement of membrane materials and the influence of 

some media-mass projects have also helped to this 

development. The higher durability helps with the 

application on permanent buildings and the integration in 

retrofitting processes takes also advantage of the 

lightness and easy maintenance requirements. Because of 

that, energetic retrofitting represents one of the most 

interesting areas of improvement. 

 

New photovoltaic applications have been developed in 

the last years, although their integration should be more 

researched. On the other way, solar inflate concentrators 

are more improved, but the adaptation to smaller scales is 

yet unusual.  

 

The use of kinetic or adaptive inflatable systems, 

which are low developed, can help to optimize the 

membrane flexibility and morphological properties. It is 

possible to adapt the envelopes to different climatic 

situations, but more accurate research should be made in 

order to improve their efficiency. The design of most 

buildings conserves substructure patterns typical of 

scaled glass constructions. In this sense, new 

morphological strategies can be improved, in order to 

take advantage of structural membrane behavior and to 

diminish the envelopes weight. 

 

Also, the improvement of adaptive climatic strategies 

should be made in countries with extreme conditions and 

hot summer. The possibility of lighting and solar control 

radiation, allows the use of these technology in different 

climatic zones, taking advantage from the conditions of 

each region. Also, the design of natural ventilation 

systems, integrated in the membrane morphology will 

help to improve the efficiency of the envelope. 
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In this sense, this work has laid the groundwork to a 

new research line which is being currently developed, in 

order to study the benefits that adaptive inflatable 

systems can take in building retrofitting, in the context of 

the Cs climates with cold winters but very hot and dry 

summers. Different systems are being applied to a 

prevalent building typology of this region: the courtyard 

envelope. The studies are focused on daylighting and 

solar radiation control, natural ventilation integration and 

the impact on the life-cycle analysis and the energy 

savings on the buildings of these climate areas. 
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