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Abbreviation Table
a-Si

Amorphous Silicon

BAPV

Building Applied Photovoltaics
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Building Integrated Photovoltaics
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Cadmium Telluride
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Cogeneration of Heat and Power

CIGS

Copper Indium Gallium Selenide

CO2

Carbon Dioxide

CZTS

Copper Zinc Tin Sulfide

DSSC

Dye-Sensitized Solar Cell
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European Union

GaAs

Gallium Arsenide

GaInAs

Gallium Indium Arsenide

GaInP

Gallium Indium Phosphate

HVAC

Heating, Ventilation and Air-Conditioning

IEA

International Energy Agency

mono-Si

Monocrystalline Silicon

MSW

Municipal Solid Waste

NZEB

Nearly Zero Energy Buildings

OPV

Organic Photovoltaic Cells

PeSCs

Perovskite Solar Cells

poly-Si

Polycrystalline Silicon

PV

Photovoltaic

RES

Renewable Energy Sources

ZEB

Zero Energy Building
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1 Introduction
Climate change, greenhouse effect and pollutant concentrations in air and water, combined with the
need to meet an ever-increasing energy consumption, are some of the most important issues
environmental and energy sectors have to deal with.
The demand to meet the consumption has led to the massive use of fossil fuels (coal, oil and natural
gas), as the common sources of energy production, due to both their low costs and the existing knowhow of their exploitation. However, their uncontrollable combustion resulted in high concentrations of
harmful gases, which brought environmental damage and climate change.
Fortunately, over the last twenty years, the rapid development of technology has made possible the
mass exploitation of resources such as sun, wind and water, renewable natural resources with a limited
environmental impact. This can bring substantial solutions to the global climate and energy problems.
Energy demand, however, continued to rise and at the same time, a great concentration of the
consumption is noted in large urban areas, far from the production. This turned the interest to the
buildings sector, which is proving to be a significant consumer of electricity, but also a great potential
producer. Thus, methods are developed, to reduce the required operating energy of each building and
green ways of energy production are implemented within their regions.
Of all the renewable energy sources (RES), solar energy seems to be the most suitable and efficient one
as far as the building sector is concerned. The development of different technologies makes it even
more appealing for different applications. Apart from the common use of photovoltaic panels up on
roofs, or ground mounted nearby the main building, a great amount of unconventional ways of
integrating solar energy into these structures are developed and being developed.
Nevertheless, although quite a lot of applications have already been massly embraced, some others,
much more promising, are yet in a research level. In this report, building integrated ways of exploiting
the sun will be presented and analyzed.
Throughout this report, data for both Denmark (host country) and Greece (country of origin) will be
presented. It seems interesting to have a comparison between those two countries, as they represent a
lot of different aspects. Denmark is a country of Northern Europe, with a lot of rain, wind and low
temperatures, where people spend a long time inside their houses and buildings. On the other hand,
Greece is spotted much more South, where sun is shining most of the year and temperatures are higher,
something that leads people spend more time on the outside. Another difference is the one in the share
of renewable energy sources in the total consumption. Denmark has a big share for a long time now,
especially of wind energy, while in Greece it is only in the last few years that productions is becoming
more and more green.
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2 Current situation
The rapid development of society and economy has led to an increased demand of energy consumption.
In order this demand to be served, cheap, fast and reliable energy production was needed. These
characteristics were found in fossil fuels. Unfortunately, environmental destruction during the process
of their excavation, transportation and combustion soon appeared. Great amounts of harmful gases
have been emitted, especially during the last procedure. These gases, known as greenhouse gases, and
especially carbon dioxide (CO2), are responsible for devastating effects on both humans and the
environment and lead to climate change. [1]
The average temperature of the planet has already been increased by 0.8οC compared to 1880, while a
further increase by 1.8-5,8οC is expected by the end of the 21st century, if measures are not taken [2].
Possible consequences of this situation are elevation of the sea and extreme weather conditions, such
as more frequent and severe storms, floods and droughts, as well as changes in living beings and food
productivity.[3]
It is, thus, crucial to closely monitor the emissions, in order these to be kept at acceptable levels or even
be reduced. The European Union (EU) has required its Member States to carry out specific
measurements each year, so as to monitor the concentrations of these harmful gases and to draw up
reports analyzing the measured values. In this way, it manages to have full knowledge of the situation
and then to accordingly formulate its energy policy.
Great interest is given to CO2 measurements. Its emissions are primarily responsible for global warming
and account for about 80% of total greenhouse gases. Its quantities in the atmosphere fluctuate due to
various conditions, such as climate conditions, economic growth, population, transportation and
industrial activities.
According to an EU report [4], there was a 4.3% CO2 emissions reduction in 2019, comparing them to
2018 (Figure 1). Both Denmark (9%) and Greece (8.9%) achieved high percentages in this year, following
Estonia which presented the highest reduction of 22.1%.
EU Member States demonstrated large drops in CO2 emissions from energy use and this is mainly
attributed to the increased price of the EU emission trading system for emission allowances in 2019
compared to 2018 (>
25€/tCO2).
This increase led a lot of
countries to the use of
natural gas or renewable
sources in the energy
production and/or to the
import of the missing
electricity from abroad,
instead of using solid fossil
Figure 1: Change in CO2 emissions from energy use (2019/2018 estimated) [5]
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fuels, as they emit much more CO2 per MWh
electricity generated and they would be less cost
efficient.
In Figure 2, the reduction of all the greenhouse gas
emissions for year 2018, is depicted. Denmark has a
decrease of 30%, compared to the emissions of
1990, more than the average reduction EU as a
whole presents (21%). On the other hand, Greece’s
rate almost reaches 10%. [5]
The share of renewable energy in the energy
consumption within the EU, reaches the 19.7% in
2019, only 0.3% short of the target of 2020. As far

Figure 2: Greenhouse gas emissions 2018, base year 1990
[5]

Picture removed due to copyright issues. Click here to see it
in its original location.

Figure 3: Share of energy from renewable sources in EU, 2019 [5]

as Denmark is concerned, the country
has reached its 2020 target (30%)
years ago. In 2019, its total share is
37.2%, leading the way to much
higher rates. Greece has also
achieved its target (18%) and in 2019
the energy consumption from
renewable sources concluded in
19.7% of the total consumption.
(Figure 3) [5]
Nonetheless, further actions have to
be made. Leaving behind the 2020 EU
targets, Member States have to keep
working hard on achieving at least
40% cuts in greenhouse gas emissions
(from 1990 levels), at least 32% share
for renewable energy and at least
32.5% improvement in energy
efficiency, by the end of 2030. [6]
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3 Βuildings sector
3.1 CO2 emissions and energy consumption
Buildings sector seems to be a great energy-related CO2 emissions producer, contributing to the increase
of air pollutants (almost 20% of total CO2 emissions in EU in 2018 [7]) and to climate change. Increase in
direct emissions from electricity and mainly in indirect emissions from electrical heating and cooling has
led to 10GtCO2 emissions for
EU in 2019, the largest until
today (Figure 3). [8]
Buildings are apparently
responsible for a great
amount
of
energy
consumption, too. In EU, in
2018,
just
households
themselves consumed almost
the one third (27%) of the
Figure 4: Buildings sector energy-related CO2 emissions in the Sustainable
Development
Scenario, 2000-2030 [IEA (2020), Tracking Buildings 2020, IEA, Paris
whole energy consumption
https://www.iea.org/reports/tracking-buildings-2020] [8]
(Figure 5). For Denmark, the
share of households in energy use, reaches the 32.5% and for Greece is 25.8%. It should be also noted
that one fourth (25%) of the above-mentioned energy is pure electricity (Figure 6). [5]
It is, then, obvious that by using architectural techniques for reducing the energy need, efficient
technologies for reducing the energy consumption and integrated technologies for producing green
energy, a significant improvement in the quantity and quality of the energy needed in this sector will
occur, leading to environmental and social benefits.

Figure 5: Final energy consumption by sector in European
Union, 2018 [5]

Figure 6: Final energy consumption in households by type of
fuel in European Union, 2018 [5]

However, it seems that the sector is not proceeding in to all the appropriate changes. On the contrary,
final energy demand in buildings in 2018 increased 1% from 2017, and 7% from 2010. It was also found

9

that in 2018 the rate of improvement in energy intensity had slowed to 1.2% – less than half the average
rate since 2010. These numbers are quite alarming, as, according to the 2019 Emissions Gap Report,
there should be a cut of almost 8% of emissions each year from 2020. This could be possible only if
policy makers and investors take action. A 3% rate per year in enhancing energy efficiency and
decarbonization in buildings are needed, in order to meet the United Nations Sustainable Developments
Goals and the International Energy Agency (IEA) Sustainable Development Scenario. [9]

3.2 ZEB, NZEB, micro-grids
Although the term of Zero Energy Building (ZEB) has been invented few decades ago, the last few years
is more used than ever. A ZEB is either an autonomous building, operating off-grid by generating locally
all the energy it requires, or a grid-connected building that achieves an overall zero energy demand. The
second terminology is an addition to the former one, due to expectations for a building to be connected
to the grid, in order to avoid expensive thermal and electrical storage systems and oversized energy
generation systems that can cover peak times and periods of low availability of renewable resources.
The utilization is based on the on-site optimization of a renewable energy generation system and the
energy exchanges between this and the grid, resulting in a balanced energy supply and demand on
longer periods. Nearly Zero Energy Buildings (NZEB) are defined in a similar way. There is just not the
demand of a zero energy exchange with the grid, but only of a small share. However, because of local
site conditions, adaptations of ZEB and NZEB definitions are necessary among countries. [10]
No matter the definitions, both concepts have been used in governmental legislative restrictions with
the purposes of reducing buildings’ energy demand and increasing the integration of renewable energy
sources in the production. Building new or renovating buildings under these restrictions, is expected to
minimize the impact on the grid caused by the mismatch between energy production and demand. This
can be done through the maximization of the local renewable energy utilization and load management,
by using smart controls for optimizing the building energy system that ZEB needs locally. [10]
In the same idea of autonomous electrification, the limits of a single building can be expanded. Microgrids consist of a group of building-consumers and/or building-producers, renewable energy production
systems and potentially some electrical and/or thermal storage systems. Practically, it is an active
distribution system, as the energy exchanges are made on low voltage. Micro-grids are usually
connected to the main grid and treated as single units, but they can also be found off-grid, mainly in
remote island applications [11]. Their main purposes are to achieve a reliable and efficient supply of
electricity, to strengthen local autonomy and to improve the operation and stability of the main grid,
while at the same time they take part in a greener and more sustainable way of energy production. [12]
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Figure 7: Depiction of a typical micro-grid [13]

3.3 Kinds of usable renewable energy sources in buildings sector
For a building to be considered as ZEB or NZEB, there should be on-site integration of renewable energy
production systems (building-integrated photovoltaics (BIPV), solar thermal systems and micro-wind
projects in the planning and designing of buildings and micro-grids), in combination with on-site
elimination of fossil fuel combustion systems (transition to biomass systems). Furthermore, it would be
ideal if buildings are connected to low-emissions district energy systems and/or purchase only green
power from the grid. [14]
The renewable energy sources that can be integrated into the buildings are listed bellow.

Solar power
The exploitation of solar power for electricity production is mostly done through the use of photovoltaic
systems. A lot of different technologies have been developed, making their installations easy in almost
every possible situation. Photovoltaic systems can be found in their regular form (photovoltaic panels),
as structural elements that cover external surfaces (e.g. ceilings, facades, awnings), or in more
unexpectable applications. They can be installed both directly in building constructions and in the wider
residential environment such as outdoor parking, shelters, etc. The benefits of their large-scale
application in buildings are multiple. [14]

Geothermal power
The applications of geothermal power in buildings vary, depending on the temperature of the available
fluid in the region. For temperatures higher than 90οC, the fluids are used for electricity generation,
cooling and air-conditioning using suction heat pumps, space heating, hot water production and
seawater desalination for use in hotels etc. For lower temperatures, there are applications for space
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heating, using indoor water heaters or floor water heater systems, for hot water production or
preheating of water with heat exchangers and for hot baths. [14]

Wind power
The utilization of the wind potential in the buildings sector happens by using low power wind turbines.
These are not suitable for all applications, as they are subject to urban and environmental constraints.
They are usually found in remote homes, schools, companies, stations and in rural and industrial areas.
They are also used in combination with other RES, creating autonomous systems. [15]

Biomass
Biomass is any material produced by living organisms (livestock waste, agricultural residues and waste,
logging and wood processing industry, food and slaughterhouse waste, municipal waste, energy crops)
and can be used as fuel for energy production. The use of biomass, whether combustible or converted
into gases, liquids or solid fuels through thermochemical or industrial processes, can produce significant
amounts of energy and meet heating, cooling and electricity needs. Within a building, it can be used in
specially made individual or central systems. [16]

Municipal solid waste
Municipal solid waste (MSW) is a form of biomass found in the urban sector. Their exploitation, with the
ultimate goal of energy production, cannot be done at the level of a household, but it is possible in
larger residential complexes. This is done through the combustion of its organic part and depicts one of
the most important ways of managing the MSW in a sustainable society. Material or energy recovery
methods can be recycling, combustion, composting, anaerobic digestion, landfilling and cracking and
many of them are used in combination. [14]

Cogeneration of heat and power
Cogeneration of heat and power (CHP) is the sequential production of two forms of energy, electrical
and thermal, by a combined system that uses the same fuel. Thus, the efficiency of the CHP plants
increases significantly. Although, it is not necessarily classified as a renewable energy source, since a
conventional fuel can also be selected, cogeneration can provide a more effective use of the fuel and a
corresponding reduction of emitted pollutants. [14]

3.4 The advantages of solar energy in buildings sector
In chapter 3.3, the most regular kinds of renewable energy sources that can be exploited in the buildings
sector, are presented. However, solar energy is usually the one chosen in most cases.
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Like any other renewable energy source, solar energy is clean, mild and inexhaustible. It is a domestic
energy resource, providing independence, predictability and security in the energy supply. Its use in
photovoltaic systems brings a lot of benefits to consumers, energy markets and sustainable
development.
Its main advantage is zero pollution during the energy production procedure. No fuel is used and no
chemical reaction takes place. Therefore, there is no release of harmful gases or other residues, which
would have serious effects on human health and the environment. The pollution caused during the
manufacture of photovoltaic cells is also low. There is no release of toxic gases, while their energy
quenching time is 2-5 years, compared to their 20 years of lifetime [17]. At the same time, the use of
photovoltaics, instead of conventional fuels, in the energy production, leads to the avoidance of
releasing into the atmosphere, about one kilogram of CO2 per kilowatt hour, while each kilowatt
produced by photovoltaics prevents the release of 1.5 tons of CO2 each year, the absorption of which
requires 2.2 acres of forest or about 110 trees. [18]
Another important advantage, due to their modular construction, is their ability to adapt to all size
requirements and power demands. They are also easily scalable, depending on the needs of the load,
without the requirement of special installation. They can operate both in parallel with other production
systems, offering a greater reliability to the system, and autonomously for the electrification of remote
areas. The presence of an operator is not necessary, while the monitoring and maintenance
requirements are few, reducing their overall cost. [17]
Although there is a drop in their performance depending on the situation, they operate smoothly in a
wide range of temperatures and under all weather conditions. The solar cell is not altered during its
operation and has a long lifetime. These contribute to a reliable, continuous and economical energy
production.
In addition, most kinds of photovoltaic systems do not have moving parts, while those that follow the
sun, perform small movements over a long period of time, resulting in a general quiet operation [19].
This makes them ideal for energy production in the urban environment, as they do not cause additional
inconvenience to residents.
Their implementation close to the consumption leads to yet another advantage, the reduction of the
total required power. Energy and economic savings are achieved, as significant losses in electricity
transmission and distribution are avoided. At the same time, the closer the production comes to the
consumption, the less investment in building new and maintaining old transmission lines is required,
leading again to economic savings. [17]
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4 Building integrated photovoltaics & other solar
applications
4.1 Definition, importance and potential capacity area
Building integrated photovoltaics (BIPV) are defined as the photovoltaic modules that are integrated
into the building’s envelope, producing on-site electricity and providing multiple functions (weather
protection, thermal insulation, noise protection, daylight illumination, safety) that serve as integral parts
of building structures, by replacing traditional construction materials. The implementation of
photovoltaic modules into the buildings sector, is usually made during the design stage of new buildings,
but it can also be done during retrofits of old buildings. Another similar term is Building applied
photovoltaics (BAPV) and includes the addition of photovoltaic modules on exterior envelopes of
existing buildings. In this case, the modules can be detached without causing any constructional
problems. [20]
The importance of implementing BIPVs in building constructions can be found in multiple aspects. These
can be an increase in the share of renewable energy production and a decrease in fossil fuel
consumption and greenhouse gas emissions. They can also bring production close to consumption,
which results in reduction of transmitting and distributing costs. Furthermore, the match between peak
sun hours and peak demand hours can help in releasing the pressure of the utility grid, providing a more
reliable system. BIPVs can also play an important role in thermal insulation, lighting and heating,
ventilation and air-conditioning (HVAC) needs, when are properly designed. Finally, apart from the
practical benefits, their usage as construction materials can lead to an aesthetically beautiful
appearance of the building. The types of PV cells that can be integrated into buildings vary (options in
flexibility, color, transparency), providing numerous opportunities for innovative architectural designs.
[21]
Fortunately, there is a great potential area
for BIPV applications, not only because
buildings sector is getting bigger and bigger
but also due to the ability of both horizontal
and vertical surface exploitation. In the
“Technical potential for photovoltaics on
buildings in the EU-27” report [22], following
the calculation scheme depicted in Figure 7,
P.R. Defaix, W.G.J.H.M. van Sark, E. Worrell
and E. de Visser tried to calculate the total
potential energy production from BIPV
systems in different countries of EU. The
total suitable roof and façade surface for the

Picture removed due to copyright issues. Click here to
see it in its original location.

Figure 8: Calculation scheme of the technical potential of BIPV in
EU [22]

Figure 9: Global BIPV market share, by end-use, 2019 [24]Figure
10: Calculation scheme of the technical potential of BIPV in EU
[22]
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EU-27 is estimated at 3678 km2 for residential and 1301 km2 for non-residential buildings. The total
installed capacity of BIPV panels is estimated at 951 GWp and this leads to a 840 TWh potential
electricity production from BIPV for the EU-27 in 2030, satisfying more than 22% of the predicted
European electricity demand in the same year. Regarding Denmark and Greece, the maximum potential
electricity production in 2030 is expected to be around 12 TWh for the former and 22 TWh for the latter,
serving the 6% and 11% of the expected electricity demand, respectively.
In the “Handbook of Energy Efficiency in Buildings” [21], a great amount of information about potential
BIPV areas, potential electricity generation capacity of BIPVs and successful examples of BIPV
applications around the world, is also presented.
Lastly, 94 representative BIPV installations realized in Europe from 1982 to 2021, are analyzed in
“Building Integrated Photovoltaics: A practical handbook for solar buildings' stakeholders” [23],
presenting the great development of this field.
The buildings to which BIPV technology has been
integrated, are used for every different reason.
Industrial buildings covered the biggest share in the
BIPV market (over 40%) in 2019, followed by
residential and commercial buildings (around 30%
each) (Figure 9). This share seems that has formed
this way because industrial big consumers are
encouraged by governments to follow greener
energy consumption procedures. However, both
residential and commercial sector are estimated to
witness significant growth in the following years. [24]

4.2 BIPV market in Europe

Figure 11: Global BIPV market share, by end-use, 2019
[24]

Figure 12: Three generations of solar PV cells
[21]Figure 13: Global BIPV market share, by end-use,
2019 [24]

BIPV market, although being slowly emerging for the past decades, now is on its rise. New regulations
on energy performance in buildings, derived from the Energy Performance of Buildings Directive
2010/31/EU [25] and the Energy Efficiency Directive 2012/27/EU [26], have been translated into
national regulations/laws in most European Member States. Regarding these, all new (and freshly
refurbished) buildings in the EU, should be NZEB by 2020.
By the time these regulations become mandatory, there will be a massive use of BIPV technology, both
because of the lack of space (high-rise buildings or blocks of residential units do not have enough roof
area to meet a zero balance between energy consumption and production by only using conventional
PV modules, naturally leading to the use of the BIPVs into facades) and because of the change in the
market’s value. [27]
Up to now, BIPVs were a way of communicating an image of sustainability and innovation. Their higher
investment cost led in their visible integration in buildings, achieving great aesthetics and the spread of
messages for sustainability, responsibility and even idealism. Payback time or “return on investment”

15

were not the main driving forces for their applications. But this is now changing. Invisibility takes over.
Designers are now trying to bring conventional-looking buildings, as performance regulations become
the main purpose for the integration. ZEB and NZEB should now be the new conventional buildings and
they do not necessarily need all the fancy designs. [27]
Fortunately, there is already a great range of BIPV products in the market. It seems that the roof market
is currently wider than the facade market [23], as the existing well-practiced technology can be applied
easier on roofs. However, there are a lot more other unconventional applications that they may be even
much more promising. Some of them are on the market, with, sadly, a low efficiency, but a developing
potential, and others are yet on a research level. Some stakeholders are also asking for more
customization possibilities, which could hinder standardization.
Nevertheless, the majority of European BIPV manufacturers follow a comparable trend to the rest of the
PV market, as most have adopted monocrystalline silicon and a conventional way of producing the cells.
They are usually small and medium enterprises, with activity on their home countries, as well as on
neighboring countries, but most of them expect double-digits growth rates and a worldwide spread on
the following years.
Although the extra cost of BIPV application cannot be denied, it is limited and affordable. A lot of
attractive products are available, reliable and offered at a competitive price. More and more
aesthetically pleasing and affordable BIPV buildings are getting built, as well as normative approaches
for product qualification are improving. The time for the demand side to catch up has come, allowing
manufacturers to expand their market and realize economies of scale. [23], [27]

4.3 Classification by material
The existing photovoltaic technologies can be generally classified into three generations, according to
their technical attributes. The first generation includes solar cells that are made of silicon wafers. Silicon
is the most common semiconductor material used in the construction of BIPVs. A lot of research has
been made around this element and great efficiencies have been achieved. In this generation, silicon
can be either monocrystalline (mono-Si), or polycrystalline (poly-Si). The former is usually black or gray
in color and has higher efficiencies and higher prices, due to its challenging manufacturing procedure,
while the latter has an easier manufacturing process, which has as results lower cost, but also lower
efficiencies. Polycrystalline cells are usually multicolored with shining blue tones. Regarding their
efficiencies, for monocrystalline cells, it ranges between 16% and 24% and for polycrystalline cells
between 14% and 18%, percentages that grow quite quickly. However, it has been found that the
theoretical maximum efficiency of a single-junction silicon cell is only 33% (Shockley and Quissier limit),
and having in mind that a 28% efficiency has already been achieved, it is obvious that there is only a
little room for improvement, when this technology is concerned. [28]
This limitation led to the development of the second generation solar cells. These use the minimum
material needed for their production and a different production procedure, so they are also known as
thin film solar cells. The minimization of materials results in lower costs, but also in lower efficiencies.
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The materials that are mainly used in this generation are amorphous silicon (a-Si), copper indium gallium
selenide (CIGS), and cadmium telluride (CdTe). Amorphous silicon cells’ efficiency varies from 4% to
10%, significantly lower than first generation’s rates. CIGS and CdTe thin film cells are more stable and
effective and also less expensive to produce. The first one can be from 9.4% to 13.8% efficient, while
CdTe can score the highest rates of this generation, 11%-18.7%. The color of non-silicon-based thin-film
cells is often dark gray to black and a small flexibility in their structure can be achieved. Although thin
film cells are more preferable than the first generation’s ones, because of their costs and efficiencies,
factors like rare, expensive and high toxic materials and the requirement of new facilities for their mass
production, led to the improvement of the third generation of solar cells. [28]
In the last generation there is a different approach. The cells do not rely on a p-n junction design;
however, they keep using the thin film technology. Their main goal is to achieve higher efficiencies and
lower costs, by using a variety of new materials, including solar inks, nanotubes, organic dyes, and
conductive plastics. These technologies are yet on an early stage, researched and developed in
laboratories, universities and companies, so most of them are still not available on the market. [21]

Figure 14: Three generations of solar PV cells [21]
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4.4 Current applications
Although solar cells from all three generations are made to operate outdoors, so theoretically they could
be part of a building’s envelope, BIPV cells should also satisfy essential requirements regarding
mechanical stability, fire resistance, sound insulation, thermal insulation, etc. Furthermore,
characteristics like flexibility, transparency and appearance, play an important role in how and where
they can be integrated.

Figure 15: Available BIPV products

The available products at the moment could be
categorized as BIPV foil, tile, module, solar glazing
and building applied photovoltaic products (Figure
11) [21]. The last mentioned are not integrated
into the building’s envelope, but rightly mounted
upon it. In other words, they do not take the place
of a traditional material, so they can be detached
without the need of their replacement and the
building can still operate rightly. These are usually
conventional first or second generation’s
photovoltaic modules and therefore most times
they are not considered as a special category of
BIPVs. (Figure 13, [29])

BIPV foil products
BIPV foil products are easy to install onto a lot of different building surfaces, as they are pretty
lightweight and flexible. They are usually applied on roofs, as they do not add any significant weight on
the structure, although high temperature on non-ventilated roof solutions can be a constraining factor
[30]. Foil products are mainly made from thin film cells and come with a relatively low efficiency. This
means that large surfaces are required for sufficient energy production. [21] (Figure 12)

Picture removed due to copyright issues. Click
here to see it in its original location.

Figure 19: Example of a BIPV foil product from Alwitra GmbH &
Co. using amorphous silicon cells from Uni-Solar [30]

Picture removed due to copyright issues. Click
here
to panels
see it on
in roof
its original
location.
Figure 20:
BAPV
[29]Figure
21: Example of a
BIPV foil product from Alwitra GmbH & Co. using amorphous
silicon cells from Uni-Solar [30]

Figure 22: BAPV panels on roof [29]

Figure 23: Example of BIPV tile products from SRS
Energy (a) and Solar Century (b) [32]Figure 24:
BAPV panels on roof [29]

Figure 16: Example of BIPV tile products from SRS Energy
(a) and Solar Century (b) [32]

Figure 17: An installation of Ergosun solar roof tiles by
Crown Isle in Comox, British Columbia [31]Figure 18:
Example of BIPV tile products from SRS Energy (a) and
Solar Century (b) [32]
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BIPV tile products
Solar tiles and shingles are used instead of the conventional tiles and shingles and their installation
procedure does not differ a lot from the traditional one. They can cover the entire roof, or part of the
roof, making retrofitting easy. (Figure 15, [31])
A lot of different forms of solar roof tiles are
available on the market, both for concrete
and clay tiles. Their color varies. They usually
come in shades of black and blue for better
performance, but they can also be found in
Picture removed due to copyright issues. Click here to
terracotta, especially for use in architectural
see it in its original location.
heritage and old town areas where strong
limitations for architectural design are
present. Their flexibility also varies. Some
tiles are curved, with a smaller effective
area, but a more pleasing aesthetics, and
some others are flat, requiring the minimum
flexibility (Figure 14). The material mostly
Figure 25: An installation of Ergosun solar roof tiles by Crown Isle
in Comox, British Columbia [31]
used is silicon, in the form of
monocrystalline, polycrystalline and amorphous silicon cells, and the cells can cover the tile area either
partially, losing in module efficiency, or entirely, as the skin of the tiles. [32], [33]

BIPV module products

Figure 26: BIPV modules integrated into a roof [29]Figure 27: An
installation of Ergosun solar roof tiles by Crown Isle in Comox,
British Columbia [31]

The BIPV module products are quite
similar to the conventional PV
modules
or
BAPVs,
creating
Picture removed due to copyright issues. Click here to see it
sometimes a confusion. BIPV modules
in its original location.
are made with weather skin solutions
and can be integrated into the
building’s envelope instead of just
being applied onto it. The integration
can take place into pitched or flat
Figure 28: BIPV modules integrated into a roof [29]
roofs (Figure 16), facades, and other
envelope components. Some of the modules are premade with thermal insulation or other elements
included in the body. The most common element used in their cells is again silicon, their back sheet can
Figure 29: Construction of transparent solar modules. Single glazing (left)
be either stiff or bendable and they can come
with or without a frame. [32]
and thermal insulating glazing (right) laminated with PVB foil [33]Figure
30: BIPV modules integrated into a roof [29]
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BIPV solar glazing products
This category consists of all the transparent, semi-transparent and opaque glazed modules. The usual
construction model includes two layers of glass and solar cells in the middle. They can also provide some
thermal insulation (Figure 17). The desired transparency level is mainly achieved by the appropriate
distance between the solar cells, but is limited by the need for electricity production (normally between
3 and 50 mm) (Figure 18) [32]. When high transparency is desired, thin film transparent amorphous
modules are mainly used, while crystalline cells with transparent back side are preferred when
electricity production is the primary aim.
The distance between the
solar cells can transmit diffuse
daylight, providing human
comfort (shading, heating and
natural lighting), in addition
to electricity production.
Hence, solar glazing products
are
very
popular
for
integration into windows,
glassed or tiled facades and
roofs. [32]

Picture removed due to copyright issues. Click here to see it in its
original location.

Figure 31: Construction of transparent solar modules. Single glazing (left) and
thermal insulating glazing (right) laminated with PVB foil [33]

Figure 32: Example of solar cell glazing products from Sapa Building System using

Manufacturers provide a great variety
in ready-to-use or customized in shape, size, transparency and
either amorphous, polycrystalline or monocrystalline cells with different distances
color options, and give designersbetween
the opportunity
to make
different ofaesthetically
pleasing
the cells [32]Figure
33: Construction
transparent solar
modules.results
Single
glazing
(left)
and
thermal
insulating
glazing
(right)
laminated
with
PVB
foil
possible (Figure 19). When solar cells, themselves, are not used as a design pattern [34], there is[33]
even
the possibility of camouflaging them behind colors and textures. This is achieved in products with
colored/patterned interlayers and/or special solar filters, with colored and/or semi-transparent PVactive layers, with colored polymer films (encapsulant, back sheet), with coated, printed, specially
finished or colored front glass covers and with colored anti-reflective coatings on solar cells (c-Si) [23].
Some of these techniques reduce modules’ efficiency drastically, however, a lot of research is being
made on this field, and development is expected, as color gives a lot of different design opportunities.

Picture removed due to copyright issues. Click here to see it in its original location.

Figure 34: Example of solar cell glazing products from Sapa Building System using either amorphous,
polycrystalline or monocrystalline cells with different distances between the cells [32]

Figure 35: Solar glazing application in Bejar Market, Salamanca, Spain [23]Figure 36: Example of solar cell
glazing products from Sapa Building System using either amorphous, polycrystalline or monocrystalline cells
with different distances between the cells [32]
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Picture removed due to copyright issues. Click here
to see it in its original location (p.22, bottom left).

Figure 37: Solar glazing application in Bejar Market, Salamanca,
Spain [23]

Apart from the reduction due to coloring,
glass panes as totals have in general low
efficiency rates. The spaces between the solar
cells and their reduced number, result in
lower active surface per square meter and
practically in lower nominal power per square
meter, compared to opaque similar solutions
[23]. Fortunately, their application can be
made in different parts of a building’s
envelope, giving the chance of sufficient
energy production. (Figure 19)

The application of the abovementioned technologies can be
grouped as shown in Figure 20.
BIPV
products
are
mainly
integrated into roofs (80% of the
total BIPVs [21]), followed by
facades and in a lower scale into
atrium covers, skylights, shading
structures, shading devices and
balcony
railings.
The
most
commonly used methods for BIPV
integrations are analyzed below.
Figure 38: Classification of BIPV applications

Roof
BIPVs can be easily integrated into both pitched and flat roofs, achieving the exploitation of a whole of
otherwise unexploited area. The integration into pitched roofs is usually preferred, as the angle of PVs,
for optimal power production, can be effortlessly achieved, especially during the building’s design
procedure (1, Figure 21). The systems that are mainly used in such roofs are roof mounted systems
(Figure 16), full roof solutions and solar tiles or shingles (Figure 15). On the other hand, lightweight and
self-bearing or prefabricated systems are most common on flat roofs. [27]
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Picture removed due to copyright issues. Click here to see it in its original
location (p.24)

Figure 39: BIPV applications on building’s envelope [23]

Figure 40: Facade cladding in Copenhagen International School, Copenhagen, Denmark [23]Figure 41: BIPV applications on
building’s envelope [23]

Facade

Rightly designed products can dress the facade of a building. The vertical position may not be optimal
for power generation, but the building’s facade provides a great unexploited area, too. The integration
can take part in both walls and windows, as long as the human comfort inside the building is not
undervalued.
In Figure 21, 2, a rainscreen is depicted. It
consists of a load-bearing substructure, an air
gap and an active cladding, similar to a
conventional one. With this structure, summer
heat is dissipated thanks to the cavity that is
naturally ventilated through bottom and top
openings [23]. During winter, it provides an
extra layer of thermal insulation. BIPVs, in this

Picture removed due to copyright issues. Click here
to see it in its original location (p.12)

case, are used in the form of specially made
Figure 42: Facade cladding in Copenhagen International School,
Copenhagen, Denmark [23]
modules, usually glass/back sheet ones. The
integration into walls can also be made by using prefabricated facade cladding solutions (3, Figure 21).
These are unitized and pre-assembled multi-functional elements, composed of the PV cladding,
Figure 43: The Greenstone PV Curtain Wall [35]Figure 44:
Facade cladding in Copenhagen International School,
Copenhagen, Denmark [23]
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protective layers and the substructure. They are also off-site manufactured, advancing the efficiency,
installation time, cost, quality and safety management. [23]
As far as windows are concerned, there is a
great variety of BIPV glazing products that can
replace both individual windows (4, Figure 21)
and curtain walls (5, Figure 21). Focusing on
Picture removed due to copyright issues. Click here
the last ones, curtain walls, partially, or totally
to see it in its original location
glazed, are external, non-ventilated structures,
made out of panels and supported by a
substructure in which the outer walls are nonstructural. The panels can be BIPV solar glazing
products with different transparencies and
Figure 45: The Greenstone PV Curtain Wall [35]
colors. The purposes of a curtain wall are
resistance of air and water infiltration, division of outdoor and indoor environments, acoustic and
thermal insulation, light transmission, waterproofing, etc. (Figure 23, [35]) [23]
Figure 46: BellWorks, skylight, USA [23]Figure 47: The
Greenstone PV Curtain Wall [35]

Atrium covers / Skylights
In this category transparent or semi-transparent BIPV
glazing products are integrated into the roof, or part of
the roof (6, Figure 21), achieving both electricity
production and light transmission. The variety of the
available products can lead to aesthetically pleasing
designs. For atrium covers (covers of open spaces)
(Figure 25, [36]), the system, apart from electricity, can
only provide a shelter for rain, but as for the skylights
and indoor environment (Figure 24), it can also provide
additional thermal, acoustic and waterproof functions.
Lastly, they can be fixed or openable and retractable.
[23]

Picture removed due to copyright issues. Click
here to see it in its original location

Picture removed due to copyright issues.
Click here to see it in its original location
(p. 20)

Figure 48: BellWorks, skylight, USA [23]

Figure 49: Atrium cover [36]Figure 50: BellWorks,
skylight, USA [23]

Figure 51: Atrium cover [36]

Figure 52: Blinds with integrated PVs [37]Figure 53: Atrium
cover [36]
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Shading structures and devices products
Shading structures can also be used as a shelter for
protection from the sun or weather. In most cases,
they are part of the design of a conventional building
Picture removed due to copyright issues.
as well, so the integration of BIPVs in them can be an
Click here to see it in its original location
easy task. Suspension structures can hold specially
made semi-transparent or opaque modules, fixed or
openable, on roofs, verandas or facades (7, Figure
21). Thin-film frames, with their special features, can
take the form of louvers or interpane venetian blinds
Figure 54: Blinds with integrated PVs [37]
that close to protect the building from the sun and at the same time absorb solar energy, or open to let
more natural light in or when the sun has already set (Figure 26, [37]). The blinds are made of glass or
55: Balcony
railings
Solar Innova
aluminum and the photovoltaic cells are on the upper side. Figure
Customized
color
is anbyoption
here, [34]Figure
too. [38]
56: Blinds with integrated PVs [37]

Balcony railings
BIPVs in balcony railings (8, Figure 21) give the opportunity to take full advantage of this part of the
surface of a building exposed to sunlight and at the same time, are a way to improve their appearance.
More and more designers are using them, as they
can come in almost unlimited design possibilities.
BIPV glazing products are used in this case, such as
Picture removed due to copyright issues. Click
transparent photovoltaic glass or semi-transparent
here to see it in its original location
colored cells, typically mono or polycrystalline
silicon cells. However, their construction is much
easier from the aforementioned used in windows,
as these are pure laminated glass for accident-proof
applications, without any insulation or heat
Figure 57: Balcony railings by Solar Innova [34]

absorption demand. (Figure 27) [39]

In Figure
the “Building
Integrated
Photovoltaics:
practical handbook for solar buildings' stakeholders” [23] a
58: OPV foil
made by infinityPV
[40]FigureA59:
Balcony
railings
by
Solar
Innova
[34]
list of European BIPV products manufacturers is presented. No further analysis on economical or energy
efficiency issues is made because the market is constantly changing.

4.5 Future opportunities
Apart from the widely used conventional first-generation and second-generation photovoltaics in the
buildings sector, the need of more special and delicate products, was one of the reasons that led to the
development of the third-generation photovoltaics. New materials and new construction procedures
generate light weighted, energy efficient and easily integrated products, that will be economically
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affordable and aesthetically pleasing for the stakeholders. However, although extremely promising,
most of these technologies are not massively produced, or are, yet, on a research level. Below, some of
them are analyzed.

Organic photovoltaic cells
Organic Photovoltaic Cells (OPV) are flat layered
structures, consisting of an active layer of organic
material, between two different electrodes. One of
Picture removed due to copyright issues.
them has to be transparent, or semi-transparent
Click here to see it in its original location
(usually ITO), so the light can enter, while the other
can be a thin layer of metal (usually aluminum). The
organic semiconductor usually comes as a thin film
made of polymers (Figure 28). The whole cell is mainly
made of plastic, making the production procedure
less expensive, as low-cost materials are used and no
Figure 60: OPV foil made by infinityPV [40]
challenging requirements are presented. Despite their
positive features (flexible, semitransparent, potential to be manufactured in a continuous printing
Figure 61:
Fully transparent
OPV cell
Michigan State
process, wide area of coating, easy integration in different
devices,
significant
costby reduction
in
University research team [47]Figure 62: OPV foil made
comparison to traditional solutions, ecological and economical), they still are not used in a lot of
by infinityPV [40]
applications, due to their limited durability and their low efficiency (currently around 13.2%). (Figure 28,
[40]) [41], [42], [43]
However, a lot of research is made upon them. Some researchers are working in incorporating OPV into
plastic, while others are working on other materials for the buildings’ envelope. One of the great
expectations of the steel industry in Europe, is to integrate OPV modules produced as a plastic film in a
roll into steel building facades [44]. Manufacturers are also trying to integrate PV cells in materials at an
early stage, such as in prefabricated concrete plates (concrete is one of the most widely used materials
in construction sector), or to generate electricity by using an organic dye on a concrete surface [45].
Moreover, OPVs could find several applications in greenhouses, allowing light to enter, but also
producing part of the energy requirements of the
installation [46]. Last but not least, researchers at
Michigan State University created a solar concentrator,
consisting of organic salts that absorb specific nonPicture removed due to copyright issues.
visible wavelengths of ultraviolet and infrared light,
Click here to see it in its original location
which they then luminesce (glow) as another
wavelength of infrared light (also non-visible), guided
to the edge of glass or plastic, where thin strips of
conventional photovoltaic solar cell convert it into
electricity. This technique provides a fully transparent
cell, that can be integrated into both large-scale
Figure 63: Fully transparent OPV cell by Michigan
buildings’ applications, without any reduction of the
State University research team [47]

Figure 64: DSSC on glass modules [49]Figure 65: Fully
transparent OPV cell by Michigan State University
research team [47]
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human comfort, and consumer devices, without any further inconvenience. Unfortunately, their
efficiency is, yet, low (1%), so they are still onto a research level. (Figure 29) [47]

Dye-sensitized solar cells
A dye-sensitized solar cell (DSSC) is made of organic and inorganic materials. Its unique feature is the
physical separation of charge generation, which occurs at the semiconductor (usually TiO2) - dye (usually
ruthenium complex) interface, from charge transport, which occurs within the semiconductor and
electrolyte (usually an organic solvent containing a
redox mediator, e.g. I-/I-3). The molecular dye, known
as the sensitizer, absorbs photons and uses the
Picture removed due to copyright issues.
energy of its own excited electrons to excite electrons
Click here to see it in its original location
to the TiO2 semiconductor. The whole procedure
imitates photosynthesis. The production cost is kept
low, because of no requirements of high-purity,
defect-free materials, more accessible feedstock, and
flexibility in processing that can be scaled from a
Figure 66: DSSC on glass modules [49]
simple lab environment to a continuous roll-to-roll printing process without significant investment cost
burden. There is also the ability to use different-colored dyes or be shaped into different patterns,
Figure30).
67: AFinally,
perovskite
solarstructure
cell paintedcan
withpromise
a special
making their integration into buildings much easier (Figure
their
ink, NREL [50]Figure 68: DSSC on glass modules [49]
partial optimization of their components and greater efficiencies than what is now achieved (7-11%),
which can lead into a widespread use. [32], [48], [49]

Perovskite solar cells
Perovskites are a large class of man-made materials,
classified based on their crystallographic structure,
that have a great ability of converting protons into
Picture removed due to copyright issues.
electricity, due to their physical properties. Perovskite
Click here to see it in its original location
solar cells (PeSCs) aim to reduce the manufacturing
costs, both because of the use of earth-abundant
materials, and because of a simplified manufacturing
procedure. No high temperatures are required and
there is the possibility of solution processing to meet
the requirements of high throughput roll-to-roll
Figure 69: A perovskite solar cell painted with a special
ink, NREL [50]
manufacturing, something unique in comparison to all
the other PV technologies. Their efficiencies are also very promising. In 2009, when they were freshly
introduced, their efficiency rate was around 3.8%, while 10 years later, it reached 25.2%, a comparable
Figure 70: An amorphous triple solar cell with its
to existing technologies performance. Another important
advantage is their versatility, which can
configuration (a) and spectral responses (b) [32]Figure
expand the PV application markets such as conventional71:PVs
with tandem
and
A perovskite
solar cell structure,
painted withflexible
a special ink,
NREL
[50]
wearable electronics, and semi-transparent PVs, and can bring new opportunities for building
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integrations (e.g. possibility to get an electricity producing façade by painting a side of a building). PeSCs
were initially developed out of DSSC researches (Figure 31); however, now, most applications are similar
to thin film technology. One critical drawback is that exposure to moisture and oxygen can reduce their
performance, something that limits their large scale production. [41], [45], [50]

Copper zinc tin sulfide solar cells
Copper zinc tin sulfide (CZTS) is a quaternary semiconducting compound that is used in applications of
thin film solar cells. The optical and electronic properties of its materials are similar to CIGS’s, but the
materials themselves are abundant and non-toxic, making it a great alternative to conventional thin film
solar cells materials (CIGS, CdTe). Theoretically, its efficiency can reach 32% for a layer of CZTS several
micrometers thick; however, the laboratory cell records are not more than 11.0% for CZTS and 12.6% for
CZTSSe as of 2019. Their integration into buildings can be made as of any other thin film technology
module. [41], [51]

Multi-junction solar cells
While a single-junction solar cell can reach up to 33% efficiency rates, the combination of multiple p–n
junctions made of different semiconductor materials can do much better (highest recorded 38.8% [52]),
as different wavelengths of light can be exploited. The materials used, are mainly III-V semiconductors,
like gallium indium phosphate (GaInP), gallium indium arsenide (GaInAs) and gallium arsenide (GaAs).
They usually come in triple-junction solar cells, creating three different absorbing levels, as depicted in
Figure 32 [32]. These cells have a record in efficiency of more than 45% under concentrated sunlight
[53].
While multijunction solar cells are mainly used for space applications, due to their high efficiencies, but
also high costs, researchers have continued to look for ways to improve cost and performance to enable
a broader range of applications. Multijunction cells made from CIGS, CdSe, silicon, organic molecules,
and other materials are being investigated, as well as amorphous silicon thin-film solar cells, for use as
roofing material, currently in low scale production. Other ways of reducing the total cost are light
concentrating and solar tracking techniques. [53]

Picture removed due to copyright issues. Click here to see it in its original location

Figure 72: An amorphous triple solar cell with its configuration (a) and spectral responses (b) [32]
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In Figure 33, efficiency rates of different PV technologies are depicted. Their development and progress
within years can be seen, as well as the maximum rates reported up to 2020. It is obvious that silicon
cells are steadily and for the whole reported period on top. However, new technologies seem to have a
rapid development, something that lights a promising bright future.

Figure 73: Conversion efficiencies of best research solar cells worldwide from 1976 through 2020 for various photovoltaic
technologies. Efficiencies determined by certified agencies/laboratories. Source: National Renewable Energy Laboratory
(NREL), Golden, CO, Nikos Kopidakis

4.6 Benefits and Barriers
Conventional buildings usually have great thermal and energy losses, because of their poor design,
resulting in a great electricity demand. The electricity needed is taken through the grid, where polluting
fossil fuels are mainly used. The idea of firstly properly designing strong thermal insulating, lighting and
HVAC systems and secondly producing renewable solar energy through BIPVs, can lead to sustainable
buildings that can have an impact on the reduction of carbon emissions. In this way, greenhouse effect,
sea-level rise, biodiversity threat, and human health problems that are related to high CO2
concentrations are lessened, so both environment and individuals benefit.
Having self-production and self-consumption energy on-time and on-site can also bring some benefits. It
is of great importance the fact that peak sun hours match with peak demand hours. This has as a result
the release of the pressure utility grid is facing, especially during these hours. As far as on-site
production is concerned, transmitting and distributing energy costs are reduced and so do the energy
bills. Furthermore, less need of maintenance and construction of new transmission systems and
equipment, lead to further costs reduction for both individuals and societies. It should be also noted
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that with BIPV systems, there is not the requirement of additional land, letting this place spare for other
facilities.
The use of BIPV as construction materials leads to reduction of both conventional building materials and
supporting structures for the PVs. This means that cost in total can be significantly reduced, especially
when benefits of energy production over time are considered. In addition, BIPV systems, when properly
designed, can achieve great thermal insulation, which contribute to energy savings in space heating or
air conditioning, thus further increase to the economic savings of the building.
No matter all the benefits BIPVs can bring, they are not yet applied in a large scale. While BIPV
technology does not exist for a lot of years, there is a great lack of public knowledge and acceptance.
Most people are aware of the higher cost these systems have, but they usually do not take into account
the long-term benefits. It is important governments to invest in the spherical information of the public
and in the correct promotion of this new technology.
Furthermore, as for every new application, it takes time for governments to establish policies and
financial aids that can promote their development and usage. The importance of clear policies should
not be underestimated, as they can lead to rapid increase in BIPV installations (incentives and subsidies
to clients or end users), but also to improvement of energy efficiency and reduction of installation and
maintenance costs (economical support to researchers). Design and construction codes, that clearly
indicate how to implement and optimize BIPV systems in buildings, should also be established.
Undoubtedly, the importance of cost is obvious. The high investment costs BIPV systems require, is a
barrier for a lot of investors. BIPVs are more expensive than both conventional building materials and
conventional PVs. Complexity in the design and construction procedure of both buildings and BIPV
systems, creates additional costs, that make their implementation much less likely.
Technical characteristics and poor power reliability can also apply as barriers. Unfortunately, the
conversion efficiency of a BIPV is not more than 20%, keeping the power generation low and extending
the payback period. In addition, as the production depends on sun availability, power generation cannot
be entirely predicted, reducing the stability and reliability of the system as a unit.
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3. Conclusions
The need of preventing the worse results of climate change, has led to the need of saving energy or
producing green energy in every possible way. Buildings sector seems to have a lot of room for
improvement in both energy saving and energy production.
Solar energy can be considered as the easiest and most suitable way to produce energy within the
region of a building. Building integrating photovoltaics are gaining more and more ground. A lot of
developed technologies that have been already used for years now, but also a lot of new and pretty
promising are rising.
BIPV products can be found as foil, tile, module and solar glazing products and can be integrated into
roofs, façade, both walls and windows, skylights, atrium covers, balcony railings, shading structures and
devices. The majority of the existing products use silicon as the active material, something that comes
with limitations.
During the last decades, a variety of different techniques, different materials and combinations of them
led to the breakthrough of the Shockley Queisser efficiency limit, at least on research level. A lot of
promising products come into surface. Organic photovoltaic, dye-sensitized solar cells, perovskite solar
cells, copper zinc tin sulfide solar cells, multi-junction solar cells and a lot whole of others. Because of
their characteristics (flexible, transparent, colorful etc.), it seems that they can fit perfectly into the
buildings sector and can bring a great raise in the share of renewable energy.
Unfortunately, most of the new technologies are, yet, on research level. However, BIPV systems are
expected to improve in the near future regarding efficiency of both the product and the production
procedure, which will make them more appealing to the stakeholders, as the energy payback time will
be decreased. Governments are also expected to proceed in taking all the appropriate legislation,
provide all the needed incentives and promote efficiently this new technology to the public. If
everything works together, a great change will be achieved.
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