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Abstract: Tensile membrane structures and photovoltaic technology have been developing completely independently one from the other until recently. After the realization 
that PV-membrane integration would benefit both of these systems, research on their common application began. Photovoltaic panels increase the energy efficiency of 
tensile membrane structures, while at the same time tensile membrane structures provide large areas for harvesting solar power. This symbiosis has been tested and proven 
both scientifically and in practice. This paper presents the state of the art of scientific research concerning tensile membrane structures fitted with photovoltaic technology. 
Based on this knowledge, possibilities and problems connected with photovoltaic technology integration in tensile membrane structures were identified. It was observed that 
they refer to three main types of properties affected by the integration, i.e.: thermal, energy, and structural properties. The main factors influencing these properties are PV-
membrane integration methods and PV-membrane geometry. Furthermore, the conducted analysis allowed for identification of insufficiently explored areas in this field and 
recommendations for further research. The aim of this paper is to help in systematizing the existing knowledge which should have a positive effect to achieving widespread 
application of photovoltaic integrated membrane structures. 
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1 INTRODUCTION 
 

Both tensile membrane structures and photovoltaic 
technology have been researched actively, but separately, 
for more than 50 years. Recent advancements in the 
photovoltaic technology made PV panels thin, lightweight 
and flexible. This allowed for their much better integration 
in buildings. However, integration of photovoltaic 
technology and tensile membrane structures particularly 
stands out. Being thin, lightweight and flexible as well, 
membranes appear to be a perfect match for the advanced 
PV panels. In addition to this, tensile membranes are well 
known for being visually very attractive. Therefore, 
integration of tensile membranes, as a structural system, 
and photovoltaic panels, as a technological system, brings 
significant benefits to both of these components. With 
energy efficiency being one of the imperatives of our time, 
PV could provide the much needed sustainability for 
enclosed membrane structures, or increase the energy 
efficiency of buildings covered with open membranes. In 
return, this integration contributes to further promotion of 
PV panels through their application on such appealing 
structures, as not only energy performance but also 
aesthetics should be taken into consideration in low-energy 
buildings. Additionally, membranes provide large areas for 
application of novel photovoltaic technology. Unlike other 
structural systems, tensile membranes make full use of the 
advanced properties of PV panels by stretching their 
possibilities to the limit, and even demanding further 
improvements. 

The potential for creating an innovative system that 
would lead to additional enhancements of tensile 
membrane structures is an incentive for new scientific 
researches. This paper presents the state of the art in the 
scientific research of photovoltaic integrated tensile 
membrane structures. Several aspects of PV-membrane 
integration have already been investigated; however, more 
scientific knowledge is necessary in order to begin with the 
widespread application of these systems. To the authors' 
knowledge there are no published papers which 
systematize the existing knowledge in this specific area. 
The aim of this paper is to provide an overview of the 

existing work and set a basis for further research. By 
detecting the aspects which are still not sufficiently 
investigated, this paper underlines the areas suitable for 
additional exploration. Such new findings would further 
encourage the application of PV technology and its 
integration with tensile membrane structures. 

The structure of this article is as follows. First, basic 
properties of tensile membrane structures are shown. Then, 
development and current achievements of photovoltaic 
technology are elaborated. In the next sections, published 
researches on integration of photovoltaic technology into 
tensile membrane structures are reviewed, summarized and 
discussed. Finally, conclusions about the potentials and 
problems of this integration are presented. 
 
2 TENSILE MEMBRANE STRUCTURES 
 

Tensile membrane structures are in use since mid-20th 
century. They radically differ from conventional structural 
systems made from concrete, steel or timber in many 
aspects. While traditional structures generally resist 
external loads through bending and compression, 
membrane structures are designed to be in constant tension. 
For this reason they are pretensioned and have double 
curved forms. Prestressing is done either mechanically or 
pneumatically. Their double curved form can be both with 
negative and positive Gaussian curvature. Negative 
Gaussian curvature is paired with mechanical prestressing, 
while positive Gaussian curvature is achieved by using air 
overpressure. Examples of these two basic types of tensile 
membrane structures are given in Fig. 1. 

Other properties of tensile membrane structures came 
as a consequence of their tensile nature. Extraordinary 
thinness of membrane materials is the most noticeable one. 
There are two basic types of membrane materials – woven 
and foil materials. Woven or textile membrane materials 
have the thickness of about 1 mm. Foil materials, with 
ETFE foil being most commonly used, are only a fraction 
of 1 mm thick. Due to this, their weight is minimal and 
usually about 1 kg/m2. This makes tensile membrane 
structures several tens or hundreds of times lighter than 
traditional structures, depending on the type of supporting 
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structure. This is not just a significant structural advantage, 
but also an economic convenience. However, this does not 
limit tensile membrane structures from spanning few tens 
of meters without internal supports. It is common for textile 
membranes to be mechanically prestressed and have 
anticlastic curvature, while foils are usually pneumatically 
prestressed and with synclastic curvature, although this is 
not a rule. 
 

 
Figure 1 Membrane structures with negative (top, photo credit: FTL Studio) and 

positive Gaussian curvature (bottom, photo credit: Quintin Lake) 
 

Despite the fact that tensile membrane structures have 
some superior structural properties, this was not the reason 
for their expansion in the last decades. The main reason of 
their popularity is their aesthetics. Double curved forms, 
which are a structural necessity for tensile membranes, are 
considered to be extremely elegant and appealing. Both 
architects and the public appreciate the offset from 
orthogonal architecture that membrane structures offer. At 
the same time, textile membranes provide for visually 
pleasant interior spaces. Being translucent, they light the 
interior space with diffuse light during daytime. If lit at 
night, they become large sculptures or light spectacles 
when viewed from the exterior. ETFE membranes are 
regarded as a lightweight substitute for heavy glass covers. 
They can be transparent and therefore also provide 
excellent internal visual environment. Further properties of 
membrane structures can be found in literature [1, 2]. 

In the preceding part of this paper, only advantages of 
tensile membrane structures have been mentioned. 
However, they also have a few important disadvantages. 
Despite the fact that they are in use for more than half a 
century, tensile membranes are still not properly codified 
in Europe, even though some guidance exists [3, 4]. The 
regulation in the form of Eurocode for design of tensile 
membrane structures is expected to be completed in the 
years to come. In the USA however, an appropriate 
standard already exists [5]. Structural analysis of tensile 

membranes is complex and requires specialized software 
[6]. Next, due to their thinness, membranes are very 
flexible, thus allowing for large deflections under external 
loading. They are unusually susceptible to point load 
actions [7-9]. This makes them unsuitable for creating 
multi-storey buildings. In addition to this, their thermal 
properties make them unfit for use in residential buildings. 
Thin membrane material is unable to provide any 
significant heat transfer resistance. Therefore, energy 
efficiency of membrane structures is low [10, 11]. This has 
resulted in tensile membranes being frequently used to 
cover, and not to enclose a space [12, 13]. They are most 
commonly applied to cover sports stadia, parking lots, 
pedestrian walkways, public spaces and open theatres.  

Several methods have been developed with the aim to 
increase the energy efficiency of tensile membrane 
structures. The most straightforward one is the addition of 
thermal insulation on the inner side of the membrane. This 
method can significantly improve the thermal resistance, 
but impairs other qualities of membranes, such as internal 
aesthetics, visual comfort and thinness. Another method is 
forming multi-layer membranes [14]. The air between the 
membranes can be enclosed or heated in order to improve 
the thermal properties of the building [15]. However, this 
also reduces the amount of light in the interior, makes the 
structure more expensive and consumes more energy and 
material. Recently, with the development of solar power 
technology, an idea appeared to produce energy right at the 
membrane. This paper explores the state of the art of the 
idea of integrating tensile membrane structures and 
photovoltaic panels. 
 
3 PHOTOVOLTAIC TECHNOLOGY 
 

The history of photovoltaic (PV) technology starts 
with the year 1839 when Antoine Becquerel discovered the 
photovoltaic effect. For many years the interest in this 
technology had been relatively low until the 1950s when 
the cosmic era started. A decade later, the PV technology 
met with a widespread interest in non-cosmic applications 
but it took another 20 years for it to emerge in the building 
sector [16]. 

The PV technology is based on solar (PV) cells that 
use photovoltaic effect allowing for solar energy 
transformation into electric power. Currently three 
generations of PV cells are distinguished in the 
systematization of the technological evolution of PV 
(section 3.1). Together with the technological progress, it 
is possible to identify architectural evolution of PV cells 
application, which can be summarized in the authors' 
systematization (section 3.2). 
 
3.1 Technological Generations of Solar (PV) Cells 
 

The first generation solar (PV) cells are represented by 
silicon crystalline (c-Si) technology. One can distinguish: 
- monocrystalline silicon (m-Si) cells: they are produced 
from silicon crystals with an ordered internal structure. 
They can be recognized by their appearance: the links are 
in the shape of a square whose corners are cut off. This 
shape affects the distribution of cells in the module. 
Monocrystalline cells are currently the most expensive 
cells on the market, but their high price is compensated by 
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the highest efficiency and the longest life among all current 
cell production technologies. They can be also 
distinguished by colour, since as a rule they are black. 
- polycrystalline silicon cells (p-Si): they are made of 
silicon wafers arranged irregularly in relation to their 
crystal structure. The cost of producing this type of cell is 
lower than that of m-Si cells. However, they are 
characterized by lower efficiency. They can also be 
recognized by colour because the polycrystalline plates are 
blue. Low price affects their popularity on the market. 

The first generation solar cells, although considered to 
be obsolete, is still the most popular photovoltaic 
technology, comprising ~90% of the global production. 
This is due to the following facts regarding the silicon: 
- global availability and non-toxicity,  
- high efficiency reaching 25% (c-Si cells) [17]. 

The main disadvantages are economical 
ineffectiveness and, because of relatively big thickness, 
low application adaptability.  

The second generation solar cells are represented by 
the thin-film cell technology. They are being manufactured 
as: 
- amorphous silicon (a-Si) cells, 
- cadmium telluride (CdTe) cells, 
- CIS (CuInSe2) cells. 

The main advantage of the thin-film cell technology is 
a serious reduction of manufacturing costs. This is the 
result of the lower material demand and simplified 
structure. Because of the lower thickness, the second 
generation of solar cells provides more extensive scope of 
application resulting from their higher physical 
adaptability. 

Thin cells technology features lower efficiency, 
reaching usually a dozen per cent [18, 19], however, a huge 
development is reported lately (some technologies can 
exceed 20%) [20]. Another disadvantage related to a-Si 
solar cells is Staebler-Wronski effect resulting in efficiency 
degradation. It occurs within a couple of days after 
production and can amount to 20% [21]. Performance 
comparison of several first and second generation cells has 
been conducted [22]. 

The third generation solar cells are less commercially 
advanced 'emerging' technologies. The most promising and 
relatively advanced technologies include: 
- organic photovoltaics (OPV): uses organic semi-
conductive materials (e.g. polymers). OPV's great strength 
lies in the diversity of organic materials to be used. In 
contrast to the non-organic technologies, OPV cells may be 
regarded as a truly environmentally friendly solution, 
especially promising in the context of utilization problems. 
Another advantage is connected with the so called ultrathin 
OPV and its low weight as well as good mechanical 
properties (flexibility) [23]. OPV's drawbacks are high risk 
of damage at high temperatures, instability of parameters 
in the perspective of long time use, relatively low 
efficiency (up to ~10%) [24], 
- perovskite solar cells (PSC): include a perovskite 
structured compound, most commonly a hybrid organic-
inorganic lead or tin halide-based material, as the light-
harvesting active layer. Perovskite materials, such as 
methylammonium lead halides and all-inorganic cesium 
lead halide, are cheap to produce and simple to 
manufacture. Their expected substantial advantage is high 

efficiency comparative to first generation PV cells. At 
present, the most challenging issue in perovskite solar cells 
is long-term stability (humidity is demonstrated to be one 
of the possible causes for the degradation of perovskites) 
[25, 26]. Another urgent issue is standardizing the aging 
and efficiency measurements of PSC modules by 
establishing a reliable and transferable methodology that 
can correctly reflect the device's true performance [27]. 
- dye-sensitized solar cells (DSSCs): are de facto 
photochemic cells using normal processes that occur in 
every plant. Their action is based on the photosynthesis 
scheme. DSSC convert solar energy into electricity using 
synthetic dyes to replace chlorophyll in plants. DSSC 
materials such as titanium oxide (TiO2) are inexpensive, 
abundant and innocuous to the environment. They are also 
less prone to contamination and are processable at ambient 
temperature [28]. 
 

 
Figure 2 Examples of three technological PV cells generations: p-Si cells (top, 
Shell PV, photo – authors archive); semi-transparent a-Si cell (middle, ONYX, 

photo – authors archive), OPV cells (bottom, Infinity PV, photo credit: Infinity PV) 
 

Compared to conventional silicon solar cells, the 
DSSC technology provides lower power conversion 
efficiency but also reduced material and manufacturing 
costs. The common advantageous features of all the above 
third generation technologies is their flexibility and 
physical adaptability. The technology allows for obtaining 
variable physical features like shapes, colours and 
transparency. The other, currently less popular third-
generation solar cells are copper zinc tin sulphide (CZTS) 
and quantum dot solar cells [29]. 
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Further, tandem technologies are included in the group 
representing third generation solar cells. Their 
distinguishing feature is the structure. The tandem solar 
cells consist of two or more materials having different 
energy characteristics. Each material absorbs the part of 
solar energy which it can most effectively convert to 
electricity. This allows for extraordinarily high efficiencies 
(30%), although it negatively influences production costs. 
Three-component thin-film modules are used based on 
amorphous silicon with hydrogen and germanium alloys. 
In space technology, ternary cells using gallium arsenide 
(GaAs) and its alloys are used. The examples of the three 
technological PV cells generations are given in Fig. 2. 
 
3.2 Architectural Generations of Solar (PV) Cells 

Application 
 

The first architectural generation of PV cells 
application relates to Building Added Photovoltaics 
(BAPV) idea. PV cells made of crystalline silicon, to be 
manufactured as framed photovoltaic modules, were 
applied in a building as a separate technological 
"appliance". This attitude, although present up to now, was 
characteristic for the first application of PV technology in 
architecture and dates back to early 1980s. Few 
possibilities were left for the aesthetic integration of this 
element with the architecture of the object. Architectural 
and aesthetic aspects played a minor role. Emphasis was 
placed on engineering considerations, and attention 
focused on improving PV modules as components 
generating electricity. PV modules were usually placed on 
the steel support structure on flat roofs. In the case of 
pitched roofs, they could be installed without using a 
spatial frame. Their formal and aesthetic features meant, 
however, that the distinctness of the PV modules in relation 
to the rest of the roofing was also strongly visible. This was 
due to limited colour (black or navy blue) and shapes 
palette (rectangular flat panels) available. For this reason it 
has become common to hide a set of these elements from 
the viewer of the building from the ground position. 

The second architectural generation of PV cells 
application can be defined as Building Integrated 
Photovoltaics idea (BIPV) based on the first and second 
technological generation PV cells. First BIPV applications 
took place in the late 1980s. The idea relies on replacing a 
traditional constructional material with a PV module. This, 
as a rule, is believed to produce a more positive 
architectural effect, aesthetically integrating PV element 
with a building structure [30, 31], as well as to bring 
functional benefits [32]. One can distinguish three basic 
types of the framed or non-framed PV modules application 
as BIPV [33]: 
- PV modules as façade/roof cladding materials: 
modules are adapted for fixing on facades and the roof of 
the building replacing traditional cladding elements (e.g. 
stone slabs, facade panels, tiles, shingle). 
- PV modules as glazed façade/roof element: they are 
sandwich type glazing with a layer of photovoltaic cells 
placed between two panes. They are non or semi 
transparent elements. The semitransparency effect is 
achieved by creating gaps between opaque PV cells that 
allow light to pass through. The module's permeability is 

usually between 10 - 30%, creating a kind of solar control 
printed glazing. 
 

 
Figure 3 Examples of three architectural generations of PV cells application–

starting from the oldest: roof–BAPV (top, photo–authors archive), BIPV–spatial 
shading and glazed façade elements with p-Si PV modules (middle, photo–

authors archive), membrane integrated PV cells (bottom, photo credit: ©Taiyo 
Europe, photographer Michael Fischbacher) 

 
- PV modules as spatial shading elements: they are used 
as solar protection individual elements (blinds, shelves, 
brise-soleil etc.) or systems ("shadowvoltaic" systems). 
They can be fixed or movable. 

The third architectural generation may be described as 
a continuation of the previous one with the use of more 
sophisticated technological measures of the thin-film 
technology and what is characteristic third-generation solar 
cells. This results in BIPV unprecedented applications 
[34]. The discussed architectural PV cells generation can 
be defined in terms of the following representative 
solutions: 
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- solar windows technology (homogenous semi-
transparent and almost entirely transparent PV glazing), 
- PV cells as a component of switchable glazing 
technologies [35] 
- multi-coloured and flexible easy to bend PV modules, 
- PV cells as a component of modern constructional 
materials. 

The last group of solutions comprises PV integrated 
membrane structures. The examples of the three 
architectural generations of PV cells application are given 
in Fig. 3. 
 
4 PV INTEGRATED TENSILE MEMBRANE STRUCTURES–

REVIEW 
 

This section reviews the most important published 
papers regarding the topic of integration of photovoltaics 
into tensile membrane structures. Two of the important 
works, the doctoral thesis "Membrane integrated flexible 
photovoltaics: Integrating organic and thin-film 
photovoltaics modules into ETFE and PTFE/glass 
membrane structures", defended in 2013 by Ibrahim Ali 
Hend, supervised by Alessandra Zanelli and doctoral thesis 
"Photovoltaic Flexibles: Integrating organic solar cells 
onto ETFE membrane", defended in 2015 by Fan Zhengyu, 
supervised by Alessandra Zanelli are not publicly 
available. Zanelli with colleagues published two articles in 
2011 and 2012 about the preliminary activities and the 
development of prototypes during the research aimed at 
fabrication of "smart, organic, flexible and translucent 
photovoltaic cell" [36, 37]. Significant published 
researches available to authors of this paper are grouped 
according to their topics in the following subsections. 
 
4.1 Performance and Behaviour 
4.1.1 Simulations 
 

Ibrahim with co-authors published several articles 
concerning different aspects of performance and behaviour 
of integrated PV-membrane structures. One of the papers 
from 2013 presents a research about the structural 
behaviour of such systems [38]. The structural behaviour 
is tested on numerical models of the membrane. A 
technique for attaching flexible PV to PTFE/glass fabric is 
presented. This is important for accurate modelling of the 
structure. Mechanical properties of the membrane and the 
attaching system are assumed. Four hypar models with 
different heights, given in Fig. 4, are tested concerning 
three issues: how does the integration of PV affect the 
form-finding process, how does the curvature of the 
membrane impact the system, and how does the structure 
behave under loads. For the form-finding, it is concluded 
that the element sizes closer to the size of the attaching 
system are preferred. Secondly, element sizes are changed 
during form-finding, therefore few attempts should be 
made to get the correct sizes of attaching system elements 
after form-finding is conducted. It was observed that 
tensile stresses under load get lower as the curvature of the 
model increases, as shown in Fig. 4. However, the relative 
increase of stresses from the attaching system is larger for 
larger curvatures. Authors propose two solutions for 
reducing the stress increase induced by attaching system. 
The first one is the change of the shape of the edges of the 

attaching system, and the second is reducing the stiffness 
of one of the layers of the fixing system. More 
investigation of this issue is definitely needed to give final 
answers to the questions raised in this paper. 
 

 
Figure 4 Four investigated hypar models (top), impact of PV integration on warp 

stresses under wind load (bottom) (authors, based on [38]) 
 

The next paper by Ibrahim et al., published in 2016, 
presents an integrative Grasshopper model used to help in 
deciding how to best integrate PV cells with the membrane 
structure [39]. At first, the authors define the challenges of 
integrating PV onto membranes and list five of them: 
estimating the yield of PV, membrane stresses and 
deflections impact on arrangement of PV cells, optimum 
orientation of PV cells, possible shading of PV cells, and 
lifetime and stability of PV cells on the membrane. In order 
to respond to some of these challenges, a parametric model 
is created in Grasshopper. On the model, three checks are 
performed in order to find the area of the membrane 
suitable for application of PV cells. In the first step the 
software finds all areas of the model with deflections from 
prestress, snow and wind load which are smaller than the 
maximum allowable deflection within the same PV 
module. In the second step the software filters all areas that 
have the appropriate orientation considering the daily and 
yearly movement of the sun. This is done for specified 
locations of the membrane. Finally, in the third step 
shadowing is checked. As a final result the areas of the 
membrane that pass all three tests are given and the 
percentage from the total membrane area suitable for PV 
cells integration on the membrane is calculated. 

The numerical simulations were conducted with 
TRNSYS on a number of different buildings and different 
electrochromic shading systems employing additional 
numerical tools like GenOpt for Optimization of the 
switching algorithm. 
 
4.1.2 Testing of PV Modules for Integration 
 

Another research by Ibrahim et al. published in 2017 
was aimed at testing the performance of curved OPV 
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modules [40]. These modules have the best efficiency 
when oriented directly towards the sun; however, double 
curved form of the membrane structures makes it necessary 
for the integrated modules to be also curved. This 
motivated the experiment conducted with different 
curvatures of the supports. The experiment setup is 
presented in Fig. 5. Six curvatures were used: 0, 3, 5, 7, 8 
and 9%. As expected, the flat modules had the highest 
output of 9.2 W and it decreased to 8.6 for the most curved 

module. The paper gives I - V output for all tested 
curvatures. The authors conclude that tested OPV modules 
show good performance even at curved surfaces. Further 
research should be aimed at experimenting on double 
curved surfaces and taking into account the daily and 
yearly movement of the sun in order to compare the 
performance of membrane-integrated modules to those 
applied to flat surfaces. 

 

 
Figure 5 Test stand for measuring performance of curved OPV modules (authors, based on [40]) 

 

 
Figure 6 Three strategies for membrane integrated flexible solar cells: Mechanical integration (left), Lamination (middle), Direct printing (right) (authors, based on [41]) 

 
In 2016, Fan with colleagues has conducted 

experiments on mechanical robustness of OPV cells in 
order to assess the possibility of their use on membrane 
foils [41]. Authors systematize possible integration of PV 
cells on architectural cushions into three types: mechanical 
integration, lamination, and direct printing, shown in Fig. 
6. They also emphasize that the direct printing method is 
the most promising for wide-spread application, although 
this technique was still not sufficiently perfected. In their 
research, the authors test a commercially available OPV, 
expose it to uniaxial tensile loading and measure the 
conductivity and the efficiency of the cell. The aim was to 
check how strain affects the properties of the cell, as 
membrane structures are subject to large strains. The 
resulting stress-strain curve is given. Conducted tests 
showed the rupture sequence of the cell's layers. However, 
it has been noticed that the electrodes are damaged at low 
strains. The cell has 80% efficiency at the strain of 1.8%. 
Based on the experiment results, the authors also conclude 
that the transparent electrode used in the cell is not 
mechanically robust upon large strain, unlike the metal 
electrode used in the same cell. This paper provides a 
methodology for testing future material advances in the 
field of PV integrated membrane structures. 

Mechanical experiments on organic PV cells have also 
been conducted for BIPV applications which means 
potential use within membranes. The goal was to determine 
how light and how flexible OPV can be depending on the 
substrate material. OPV samples have been tested in 
laboratory conditions. Organic PV cells on plastic foils 
with a total thickness of 0.2 mm were reported to operate 
normally when bent to a curvature of 5 mm radius. It was 
also demonstrated that, out of the other PV cell's 

technologies, ultrathin OPV is characterized by the most 
advantageous power-to-weight ratio [27]. 
 
4.1.3 Experimental Testing of PV-Membranes 
 

Fan and his team published another research in 2015 
concerning the performance of OPV [42]. Unlike the 
previous one, this research involves OPV printed on ETFE 
membrane which is compared to the usual OPV printed on 
PET, not used as an architectural membrane due to its 
mechanical properties. Six different specimen types were 
tested, three with ETFE substrate and three with PET 
substrate. All ETFE specimens have an additional PMMA 
layer. First, results for conductance under strain of Ag layer 
on ETFE and PET were compared. Conductance of both 
specimens decreases rapidly for strains up to 50%, 
however ETFE specimen shows better conductance and 
also much larger strain at rupture. PEDOT/Ag layers tested 
next show a very similar behaviour on both substrates. 
When comparing Ag and PEDOT/Ag layers on PET, the 
latter shows better conductance and lower strain at rupture. 
When the same layers are tested on ETFE substrate, 
PEDOT/Ag layer only shows better conductance up to the 
strain on 25%. In the next part of the research, the 
specimens were observed under 10x microscope. Both 
specimens before and after stretching were studied. 
Specimens with ETFE show network pattern of small 
cracks, thus enabling these specimens' lower sensitivity to 
strains compared to the ones with PET. The results of this 
research are promising as they show better performance of 
specimens on ETFE substrate, which is already being used 
in tensile membrane structures, compared to the OPV 
printed on PET substrate. The results of the previous two 
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researches are systematized in another paper from 2018 
[43]. 

In 2016, Scotta with colleagues published a research 
about structural and electrical performances of membranes 
with embedded PV cells under uniaxial and biaxial stresses 
[44]. Unlike the previous research, the PES/PVC 
membrane was used, with superimposed amorphous 
silicon PV cell and a transparent ETFE foil as an external 
protection. Four different types of specimens were used, 
two PV integrated membranes and two membranes without 
PV which are used for comparison. One of each was used 
for uniaxial, and the other for biaxial testing. Standard tests 
had to be modified due to the large size of specimens 
dictated by the size of PV module. Ten tensile tests were 
conducted while the PV cells were lit with halogen lamps 
and the electricity power production was measured. 
Resulting stress-strain curves are given and warp elastic 
modulus is calculated. Specimens with integrated PV have 
a larger elastic modulus due to their composite structure. 
More importantly, the production of electricity is stable 
under both uniaxial and biaxial tests up to the stress of 
about 20 N/mm. The authors conclude that these results 
speak in favour of real-life application of such PV 
integrated membranes. However, it is pointed out that 
further tests concerning fatigue effects on mechanical and 
electrical behaviour of analysed integrated system need to 
be conducted. 

Hu with colleagues examined a two-layer ETFE 
cushion with integrated amorphous silicon PV panel on the 
top layer in 2017 [45]. Temperature distribution on the top 
layer was monitored by using infrared thermography. 
Temperatures in different points on the PV cells and ETFE 
were measured. It was found that temperature was affected 
by solar irradiance, incident angle and surface curvature. 
Average temperatures of the PV and the membrane 
differed by 16.5 °C, PV having larger temperatures. A 
theoretical thermal model was also developed in the study. 
The thermal model has a correlation coefficient of 0.95 and 
a maximum temperature difference of 3.3 K compared to 
the experimental measurements, thus proving it can predict 
temperatures well. Heat transfer coefficients were 
calculated for PV and ETFE foil and were found to be less 
than the usual value for single layer ETFE. 

The same experimental model was also used in another 
study from 2016 [46] to validate numerical modelling of 
the photothermal performance of the structure. The thermal 
model of the structure was developed based on the energy 
balance equation, which was selected as the most 
appropriate since it includes all factors that affect the PV. 
Summer sunny and summer cloudy weather conditions 
were analysed. Temperature of the PV is primarily affected 
by the solar irradiance, and to a lesser degree by the 
installation angle and the ambient temperature. The 
proposed numerical model shows good agreement with the 
measured data, as the maximal temperature difference of 
the a-Si PV under sunny conditions is 3.3 °C, and under 
cloudy conditions is 3.9 °C. 

In another research published in 2018, Hu with his 
team simultaneously investigated electrical, thermal and 
mechanical properties of OPV-ETFE foils [47]. Two types 
of specimens were tested, one with single and the other 
with double OPV cells integrated within two ETFE foils. 
Results on both types showed that voltage is independent 

of the stress and temperature. During the straining of 
specimens the stresses and temperature increase. Material 
properties of double OPV specimens are greater than of the 
single OPV, especially for the voltage where the values are 
more than three times larger. It is also concluded that the 
yield point has a significant effect on the temperature-stress 
correlation. 
 
4.2 PV Integrated in a Three Layer ETFE Structure 
 

Researchers Hu and Chen with colleagues have a 
series of papers on the application of PV on ETFE inflated 
structure. The analysed model is presented in Fig. 7. In the 
first paper from 2013 they propose a novel three-layer 
ETFE cushion with two amorphous silicon PV panels 
installed on the middle layer [48]. In such way the PV cells 
are horizontally positioned and protected from dirt, wind 
and rain. The research presented in this paper investigated 
electricity characteristics, temperatures of air and layers, 
the air pressure and solar irradiance during a cold winter 
and hot summer day. It is concluded that the electricity 
produced by PV panels was more than enough to supply 
the system for controlling the pressure, necessary for the 
stability of the cushion. Furthermore, PV panels increase 
the temperature of the inner air significantly, thus creating 
potential to reduce the energy consumption for heating in 
winter. In the next paper from 2014, the same physical 
model is studied under sunny and sunny to cloudy summer 
weather in one-day and three-day tests [49]. The results 
confirmed the conclusions from the previous paper. On 
average, the air inside the cushion is 18.1°C warmer than 
the outside air. The system's electricity feasibility has been 
verified. 

The two following papers from 2015 present 
researches about thermal performances of the same 
physical model [50, 51]. In addition, a numerical model 
was created and tested. Resulting temperature distribution 
and velocity distribution inside the cushion are given. The 
results show that obtained heat transfer coefficients are 
better than those of ETFE cushions without integrated PV 
cells. A thermal model for the PV integrated ETFE system 
was proposed in the following paper published in 2015 
[52]. The data measured on summer sunny, summer 
cloudy, winter sunny and winter cloudy days were used as 
input for the proposed thermal model and the results were 
compared to those obtained on a physical model. The 
comparison validated the proposed model in the aspect of 
temperature characteristics and temperature value. 

A new study in 2016 examined the overall system 
efficiency of the model [53]. Four sunny and mostly sunny 
days were used for analysis. Efficiency is greater during 
summer than during winter and also greater during sunny 
than mostly sunny days. Nominal system efficiency is 
6.95% including photovoltaic electricity and thermal 
energy. Considering that only 27% of the area is covered 
with PV panels, virtual system efficiency is calculated to 
be 25.5%. It is also noted that the temperature of the middle 
ETFE layer is considerably higher than of the other two, 
which are structural. This justifies the proposed 
methodology of positioning the PV cells on the middle 
layer, since increased temperature reduces the mechanical 
properties of ETFE. To explore this effect, another study 
was conducted and presented in 2016 [54]. It was found by 
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testing that increase of temperature of ETFE results in 
decrease of its elastic modulus and yield stress, while 
elongation strain increased. A simulation of design 
conditions and a parameter study with varying pressure and 
pre-stress were performed. Maximum structural behaviour 
was found to be within the yield region and results recorded 
on top layer were more significant than those on the bottom 
layer. 
 

 
Figure 7 Schematic diagram (bottom) and cross-sectional view (top) of the 

experimental mock-up (authors, based on [52]) 
 

Yin with colleagues conducted research in 2020 on a 
mathematical model of the PV integrated three layer ETFE 
structure [55]. They analysed the temperature distribution, 
surface stresses and displacements of ETFE layers, and 
streamline and fluid characteristics of internal airflow. The 
temperature of the surfaces is primarily influenced by solar 
radiation and heat transfer from the PV. Bottom layer is 
cooler due to shading from the upper layers and due to the 
a-Si PV installed on the middle layer. The PV panels 
induce an average temperature difference of 15 °C on the 
same layer. Air temperature is high and above 70 °C, 
especially in the area around the PV panels. This reduces 
the efficiency of the PV, but creates an opportunity for heat 
collection. Water pipes placed below the PV could reduce 
the inside temperature and thus increase the PV efficiency, 
while at the same time providing hot water and not shading 
the PV. Maximum stresses of the upper and lower layer 
occur at the middle of the longer cushion edge. Due to 
effects of different temperatures to the ETFE, the factor of 
safety is calculated. In the worst case, the factor of safety 
is close to 2 and displacements are 22.5 mm, which are 
sufficient for a safe and stable cushion roof. It is concluded 
that thermal, structural and fluid behaviours are dependent 
one on another. 

In 2017, Abdolzadeh with colleagues used a previous 
experiment to validate a new numerical model of the three 
layer ETFE cushion with integrated a-Si PV on the middle 
layer [56]. They monitored thermal and electrical 
performances of the structure under sunny weather 
conditions. Two different options were analysed, the 
cushion with steady state mass flow and the cushion with 
the air pressure regulator system. The authors point out that 

in this study, for the first time ever, the cushion air pressure 
regulator system is used in modelling of such structures. 
Comparison of results of measurement and numerical 
analysis proved reasonable accuracy of the proposed 
numerical model. The steady mass flow case has higher 
efficiency and higher average output power; however, it 
consumes most of the power. 
 
4.3 Adaptable Structural Shapes 
 

Lienhart with colleagues presented their work on the 
Softhouse project in 2013 [57]. With regard to the topic of 
this paper, Softhouse project is interesting as it has a façade 
composed of tensile membrane strips equipped with PV 
cells. In addition, this building also has a roof covered with 
glass fiber reinforced plastic boards also equipped with PV 
cells. Innovation implemented in the project is the shape 
change of the façade and the roof performed in order to 
maximize the effectiveness of the PV cells. Since static and 
fixed PV cells do not fully utilize the energy from the Sun, 
the idea was to create an adaptive façade/roof system that 
would provide optimal orientation of the cells. The boards 
on the roof change their curvature, driven by a mechanical 
system, in order to respond to the change of the Sun angle 
during the year. At the same time, the membrane façade is 
twisted in order to answer to daily movement of the Sun. 
These two modes of shape adaptation are combined in 
order to get the most suitable orientation of the PV cells 
throughout every day of the year. The importance of this 
work, in the sense of PV-membrane integration, is in 
proposing and testing the idea of shape-changing of the 
membrane in order to fully utilize the attached PV cells. 
The applied concept of twisting membrane strips should 
serve as a starting point in further developing of this idea. 

Pronk with colleagues present in their paper from 2013 
a different approach to creating adaptable roofs [58]. Their 
idea is to start from known tensegrity structures and 
transform them into kinetic structures that would have an 
optimal shape for harvesting the solar energy. They use 
Geiger dome, which is the alteration of the Fuller dome, 
and explore its possibilities for shape-change. The 
membrane with integrated PV cells is used only as a cover 
of the dome. It is intended that the membrane slides over 
the supports as the supports move, but this concept needs 
to be improved. Two basic options for creating movement 
are: changing the length of the bars and changing the length 
of the strings. These result in either sliding or hinging 
movement of the dome. In the presented research the 
option with changing the length of the strings is further 
analysed. To create a kinetic dome by hinging, the structure 
needs to be modified to a hex-tri-hex configuration. Scaled 
physical models were created for testing. In addition, 
software was used to prepare the 1:1 model of the structure. 
The model with a span of 4 m was built and it is planned 
for a 10 m span model to be produced. The angle of the PV 
cells on this structure can be varied from 27 to 65°. In this 
way the feasibility of the starting idea was proven, although 
there are still issues concerning the weight of the structure 
and the detailing. Further tests on the energy consumption 
of the mechanical system for larger scale structures would 
have to be conducted. 
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5 DISCUSSION 
 

Thorough analysis of the presented research showed 
three main types of properties affected by the integration 
of PV into tensile membrane structures; these are thermal, 
energy, and structural properties. The main variables 
influencing these properties are the integration method and 
the geometry of the PV-membrane structures. The PV-
membrane integration method as an influence parameter is 
further divided to the type of integration technology, the 
position of PV in the foil layers, and the substrate type for 
PV. PV-membrane geometry consists of PV geometry and 
tensile membrane geometry. Tab. 1 provides an overview 
of the topics researched in the analysed papers.  

An investigation of the executed PV-membrane 
structures was not a subject of this paper; however, the 
need for detailed analysis of such structures is identified. 
Several case studies and prototypes of built PV-membrane 
structures are presented in literature [59-62]. On the basis 
of the executed structures, further research on life cycle 
assessment, maintenance and other utility problems arising 
from the integration of PV cells with membrane structures 
in real conditions is highly required. Another interesting 
and equally poorly recognized field of research is the 
influence of various PV cells technology on aesthetics of 
the membrane structures (their texture, color, artistic 
effects) and its energy consequences. The aesthetic 
potential of PV technology for BIPV applications 
including energy related aspects has been presented in 
literature, e.g. [63-65]. Finally, the cost analysis of 
application of PV-membrane structures should be further 
explored along with the review of the existing and planned 
PV-membrane structures. This issue could potentially be 
one of the key factors in either promoting or limiting the 
PV-membrane integration. 

With research summarized in Tab. 1, it is clear which 
areas have been neglected so far. The most obvious is the 
static form of the tensile membrane that has not been 
explored at all. Although a couple of researches are aimed 
at adapting the form of the structure, which would certainly 
increase the efficiency of the system, it is not elaborated 
how different static shapes of the structure affect the 
energy properties. Due to the variety of specific forms of 
tensile membrane structures, further research on this matter 
is definitely needed. As a result, this would give a set of 
guidelines on how to maximize the potential of integration 
of PV cells into tensile membrane structures. Another area 
insufficiently explored is the PV geometry, both in the 
sense of the curvature of a single cell and the area covered 
by the cells. The former should be further investigated with 
respect to its influence on the structural properties of the 

system, while the latter should be explored for influence on 
thermal properties. It is interesting to notice that there is yet 
no comparison of how different types of integration 
technology affect energy and thermal properties of the 
integrated system. 

After careful analysis of the available research it was 
concluded that even the areas already investigated 
according to Tab. 1 could still benefit from future 
researches. One of the examples is the position of PV in 
different foil structure layers. Despite being already 
researched concerning the influence on the three main 
properties of the system, possible further analysis could 
combine this parameter with the geometry of the 
membrane and investigate the comparison of results, while 
varying these parameters. The conclusions from such 
analysis would be helpful in increasing the efficiency of the 
system. 

Based on the presented research it can be concluded 
that investigations of PV integration are conducted 
relatively independently on textile and foil membranes. 
With ETFE structures, there are options to integrate PV 
into top, middle or bottom layer of the cushion. In each 
case, PV will provide shading [66]. As ETFE foils are self-
cleaning and waterproof, and have excellent light 
transmittance, the top cushion layer provides a good 
protection for the PV cells. In case that the temperatures of 
the cells get too high and thus impair the ETFE structural 
properties, a middle non-structural ETFE layer can be used 
as their support, as proposed by some of the presented 
studies. It is noticed that PV integration on ETFE foil 
cushions offers more possibilities than on woven 
membranes. Integration on single layer woven membranes 
would inevitably lead to wind cooling down the cells, 
which would increase the efficiency of the cells, but could 
possibly have a negative effect on the connection between 
the membrane and the cell. In multi-layered textile 
membranes, integration on lower layers is not possible as 
the textile membranes are not transparent but rather 
translucent. However, integration of PV into textile 
membranes should in no case be neglected. Textile 
membranes constitute a large part of the built tensile 
structures, and such membranes are sometimes used as 
cladding in non-tensile structures. Currently, they also 
provide much larger spans than foil membranes. Therefore, 
it is concluded that further research needs to be aimed 
towards integration of PV into textile membranes. 

While investigating the area of PV-membrane 
integration, certain options and issues were recorded. They 
are given in Tab. 2, which summarizes the observed 
possibilities and problems of integration of PV into tensile 
membrane structures.

 
Table 1 Estimation of the influence of PV-membrane integration method and its structure geometry on PV-membrane's thermal, energy and structural properties (authors) 

 
influence on PV-membrane structure properties: 

Thermal properties energy properties Structural properties 

PV-membrane integration 
method 

type of integration technology   + 
position of PV in the foil structur layers + + + 

substrate type for PV  + + 

PV-membrane structure 
geometry 

PV geometry  +  
static membrane geometry    

kinetic membrane geometry  + + 
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Table 2 Possibilities and problems of the integration of membrane structures with PV technology (authors) 
 Possibilities Problems 

PV-membrane 
integration method 

type of integration 
technology 

mechanical, lamination and direct printing of OPV on 
ETFE foil; 

superimposing a-Si immediately after coating polyester 
with PVC and passing through rollers before 

polymerization of protective EFTE layer; 
mounting flexible PV on PTFE/glass fiber membrane 

through multi-layer attachment system 

the first two possibilities do not allow the 
deinstallation of PV; 

the third possibility is relatively complex for 
installation 

position of PV in the 
foil structure layers 

preferable intermediate layer in three layer ETFE 
cushions (improvement of thermal insulation properties). 

In other cases-external layer 

when located on structural layer, damages of 
the foil structure possible due to high 
temperatures (mechanical properties 

impaired) 

substrate type of PV 
ETFE foil as a PV substrate positively affects OPV 

efficiency, compared to PET substrate 
printing on textile membranes not 

researched 

PV-membrane 
structure geometry 

PV geometry 
flat and curved PV panels integration possible 

possibility to cover whole membrane or parts that would 
provide for best efficiency 

rupture sequence of OPV cell's layers. The 
electrodes are damaged at low strains; the 
cell has 80% efficiency at strain of 1.8%; 

slight efficiency losses in case of curved PV 
panels 

static membrane 
geometry 

single and double curvatures possible 
different curvature amounts possible 

limited mainly due to PV requirements 
concerning orientation, tilt angle and lack of 

shadowing; 
parametric design required for double 

curvature 
kinetic membrane 

geometry 
higher efficiency compared to static membranes 

energy used for changing the shape; 
more complex supporting structure 

6 CONCLUSIONS 
 

This paper presents a state of the art review on the topic 
of PV integrated membrane structures. First, properties of 
tensile membrane structures are presented. Currently, the 
greatest disadvantage of these structures are their inferior 
thermal properties, resulting in a large amount of energy 
being used for heating and cooling. It is unlikely that 
thermal resistance of these structures will be significantly 
improved, since they are indispensably made of extremely 
thin materials. One of the possible ways of increasing their 
energy efficiency is the integration of PV technology in 
tensile membranes. Technological evolution of PV 
technology and its application in buildings systematized 
according to architectural generations is given in this 
paper. Recent advantages in the PV technology made the 
integration much easier, cheaper and more appealing. PV 
cells are now thin, flexible and environmentally friendly. 
However, they too have their downsides, most notably, 
their efficiency needs to be increased. After presenting 
these two separate fields of research, available scientific 
researches concerning PV integrated tensile membrane 
structures are shown. Publications are systematized 
according to the primary investigated topic. Most 
important findings and conclusions from each research are 
selected and displayed in this paper. In the last section, 
discussion and overall analysis of the state of the art in the 
field of PV integrated tensile membrane structures are 
given. 

The earliest analysed research about a possible 
integration of PV into tensile membrane structures is less 
than a decade old. The idea about this integration being so 
novel, there are still a lot of issues to be perfected. In 
addition, both of these independent areas are still 
developing, with PV technology progressing especially 
rapidly. This makes their integration an on-going process 
that is still evolving and has yet to reach its peak. The 
number of scientific research in this area is still not 
sufficient to have enough knowledge that would enable the 
extensive practical application of this integrated 

technological/structural system. Due to this, a need for a 
review of the published literature was observed. This paper 
was created as a response to the noted problem. It aimed to 
systematize existing publications and identify the areas 
which are under-researched. It is concluded that in the last 
10 years a huge progress has been made in research about 
this topic. Available benefits of the integration of PV into 
tensile membranes will continue to drive scientific interest 
in this field. Therefore, it is expected that additional 
exploration of this topic will be conducted in the near 
future. This paper should serve as a starting point for 
researchers interested in investigating the field by helping 
them to grasp what is already done and what areas are 
suitable for new explorations. Furthermore, by 
highlighting the possibilities and problems of PV-
membrane integration, the paper should assist in selecting 
the most suitable integration system for specific projects 
and thus, in future, help in achieving widespread practical 
application of the PV-membrane structures. 
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