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Summary 

Buildings play a vital role as regards the energy efficiency of urban areas 
since they are responsible for a significant portion of the energy demand 
of urban areas. In Europe, building energy use accounts for 41% of the 
total energy consumption of the cities [1]. Urban energy transition has 
recently come about by intensifying the endeavour towards promoting 
distributed or decentralised energy generation (DG) and realign the 
energy production and consumption of buildings.  

One of the leading solutions which can be of great assistance to 
contribute towards such an approach is building integrated photovoltaic 
(BIPV) systems. BIPV is a PV system on the building skin serving as 
both a building envelope material and a power generator. An alternative 
that is not covered here is PV systems nearly – in the landscape or garden. 

There is a tendency currently in the market to use BIPV systems in the 
part of the building skins with the highest incident solar radiation and, 
therefore, higher electricity production as an output. These areas in the 
northern hemisphere are roof and south façade. However, employing 
other facades and areas of building skins also results in many advantages. 
The possibility to achieve zero energy buildings (ZEB) or even plus 
energy building goals, using different facades and orientations of 
buildings to have a distributed electricity generation during the day, and 
the system's contribution in reinforcing the energy performance of the 
building skin are some advantages. To place PV modules so that they 
deliver energy when the energy need in the building is highest is also of 
importance as it reduces the need for storage. 

Therefore, this thesis focuses on building integrated photovoltaic 
systems (BIPV) and their feasibility as a building envelope material in 
Europe. The main research question is defined as follows: 
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Is the BIPV system as an alternative for the more usual building 
envelope materials feasible for the entire skin of buildings in 
Europe? 

The goal is to investigate the technical and economic aspects of such a 
solution in two steps. Finally, the project seeks to briefly discover the 
potential and challenges of such a solution in the energy transition of 
cities. 

Both qualitative and quantitative methodologies are employed in this 
project, and most of the analyses are based on the data obtained from the 
Photovoltaic Geographical Information System (PVGIS) and the Surface 
Solar Radiation Data Set - Heliosat (SARAH) dataset. 

The results are expected to help the end-users, architects and urban 
planners to acknowledge the BIPV system as a suitable option for the 
building skins in Europe and steer governments or decision-makers to 
promote the technology by rational subsidies and incentives (where it is 
needed). This can contribute towards making cities as well as more rural 
areas into “power stations”. 
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1 Introduction  

"The coldest year in the future will be warmer than the hottest year in the 
past". This is an excerpt from the paper published in 2013 [2] by Camilo 
Mora et al. The research calculated that by 2047 plus or minus five years, 
the average temperatures in each year would be warmer in most locations 
of the globe than they had been at those parts in any year between 1860 
and 2005 if no measure be taken. In other words, under the business-as-
usual scenario, the temperature of a given location on earth will shift to 
a state continuously out of the historical variability bounds. 

Furthermore, the National Oceanic and Atmospheric Administration [3] 
reported that the average temperatures of the earth's surface just between 
1880 and 2016 increased 0.95 degrees centigrade and that the rise has 
sped up in recent years. Finally, 159 countries signed the Paris 
Agreement in 2017 [4] to cease climate change by keeping global 
warming at 1.5 degrees centigrade warmer than the earth's average 
temperature prior to the industrial age (1870-2100).  

After four years, the new IEA report, "Net Zero by 2050: A Roadmap 
for the Global Energy", states that the global energy sector in 2050 is 
based mainly on renewables, with solar the single largest source of 
supply [5]. Moreover, solar PV would be the dominant approach to 
capture solar energy, according to the report. Photovoltaics (PV) is a 
technology that is capable of converting sunlight to electricity directly.  

Other than PV technologies, there are two more main technologies by 
which solar energy can be harnessed: concentrating solar power (CSP) 
and solar heating and cooling (SHC) systems. CSP uses the thermal 
energy of incident solar radiation to drive utility-scale electric turbines. 
SHC collects thermal energy from the incident solar radiation to provide 
hot water or air for heating or cooling purposes. Solar thermal can also 
be used for drying of crops and fish, desalination and cooking. 
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Solar PV can be deployed in two forms: large scale or centralised PV 
power plants and small scale or decentralised PV systems. Some 
examples of large-scale PV systems are PV farms or Floating PV. The 
latter has recently gained increased attention [6]. Decentralised PV 
solution has also developed rapidly. They range from urban integrated 
PV solutions such as PV cycle path and artificial PV tree to building 
integrated and attached PV as well as vehicle integrated PV. However, 
this PhD deals with decentralised PV systems in urban areas and, more 
specifically, buildings.  

Photovoltaic systems deployed in buildings are generally divided into 
two main types [7]: 

BAPV or Building Attached PV is added to the building without directly 
affecting the structure's function, like regular solar cell systems installed 
on the roofs. Figure 1-1 depicts a building with a BAPV system. 

 

Figure 1-1 An example of a BAPV system [2] 

The second type is BIPV or Building Integrated PV, which is 
photovoltaic materials that are used to replace conventional building 
materials in parts of the building envelope such as roofs, skylights, or 
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facades [8, 9]. They are increasingly being incorporated into new 
buildings as a principal or ancillary electrical power source [10]. 
However, existing buildings may be retrofitted with similar 
technologies. The climate also plays a key role in the performance of 
such a system [11]. BIPV can also be used in other industries, such as 
the ship manufacturing industry [12]. BIPV systems play two roles in 
buildings. First, they perform as building envelope materials and 
therefore, they must retain the building skin materials' specifications like 
weather and noise protection, heat insulation, privacy, etc. Second, they 
produce electrical energy on the building skins [10]. Figure 1-2 depicts 
a residential and commercial buildings equipped with BIPV systems. 

 

 

Figure 1-2 Examples of building equipped with BIPV systems [13, 14] 
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BIPV systems are intertwined with buildings in several aspects such as 
design, safety, maintenance, environmental issues, performance, 
aesthetic, durability, buildability, standards and regulation, etc. [15] 

The main discussion in this PhD project is to investigate the techno-
economic feasibility of BIPV systems as an alternative for traditional 
building envelope materials in the market such as wood, glass, brick, 
stone, etc.  

When it comes to the use of solar energy in urban areas, one generally 
thinks about challenges like aesthetic aspects or low potential because of 
shading etc. However, there are more benefits, and this study aims to 
investigate them more in detail. One of the advantages is the reflection 
in urban areas to boost the potential of untraditional facades for PV 
application (like the north facade) and have a more homogeneous 
incident solar radiation on building skins. Figure 1-3 shows the example 
of reflection from white-painted facades in a Greek tourist village where 
radiation and reflection hence is all over. 

  
Figure 1-3 An example from Oia, Santorini, Greece, illustrating the potential of reflected 

radiation (photo by Harald N Røstvik) 
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By having a more homogeneous incident solar radiation on building 
skins and use the entire skins for the PV application, the building could 
benefit from a more evenly distributed electricity generation timewise 
during the day. 

Furthermore, cities and urban areas are critical players in climate change. 
Urban areas fill only 2% of the earth's land mass [16]. However, urban 
areas leave an enormous footprint on earth and nature. Cities consume 
more than two-thirds of the world's total energy need and are responsible 
for more than 70% of all global GHG emissions [17]. Moreover, the 
world population will increase by 30% by 2050, and 68% will be settled 
in urban areas [18, 19]. Therefore, structural shift and change from the 
consumption of fossil energy resources to the consumption of renewable 
energy resources as well as energy efficiency notions in urban areas is 
inevitable [20]. Thus, urban areas are where the concentration and focus 
need to be on it.  Cities are on the frontline of climate change and also 
well-positioned to take the leadership role in driving global action to 
tackle climate change.  

Solar energy could play a remarkable role among renewable energy 
resources due to its uniformity in distribution globally [21] and potential 
energy scale [9, 10, 22]. Solar energy in urban areas could also be 
harnessed using various methods and technologies [8, 23-30]. Therefore, 
the European Union (EU), and under the framework of the Paris 
agreement, emphasises the prominence of the role of cities in moving 
towards a low carbon economy [31]. However, each country and region 
of the world has its drivers and challenges in this energy transition [32, 
33].  

The buildings themselves play a vital role in the energy efficiency of 
urban areas since they are responsible for a  significant percentage of the 
energy demand of urban areas [34, 35]. In Europe, building energy use 
already accounts for 41% of the total energy consumption of the cities 
[1]. If we add energy need for the production of building materials and 
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their transport to the site as well as energy need for refurbishment, 
demolishing and recycling of building components, the percentage is 
much higher. As a result, buildings as a sector could be viewed as the 
single most energy consuming of all sectors. 

Therefore, a transition to buildings producing as much as possible of 
their own energy need in cities is a prominent course of action towards 
nearly zero-energy cities. The urban energy transition (UET) has recently 
come about to intensifying the endeavour towards promoting distributed 
generation (DG) and realign the energy production and consumption of 
buildings [20]. One of the leading solutions which can be of great 
assistance to reach such a goal is the energy prosumer notion [36]. 
Prosumers are consumers who can, because of their energy production 
capacity and by virtue of the regulatory conditions of the market and 
power systems, export their surplus energy to the distribution grid. The 
nearly zero-energy city concept is currently the frontier of this sector. It 
is mainly based on the consumption of (self-generated) renewable energy 
resources in buildings [37, 38].  

Therefore, this doctoral study aims to research the feasibility of taking 
the most advantage of BIPV on building skins to contribute to the 
transition from the consumer concept of buildings to the prosumer 
concept. The main perspective in this doctoral study is the techno-
economic aspects of such a solution by taking advantage of both 
qualitative and quantitative methodologies.  
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2 Background 

2.1. The advent of BIPV 
One of the first “modern” fully integrated BIPV buildings in Europe and 
the first in Norway was built in 1988, as shown in Figure 2-1. Chanelle 
building, a nearly zero energy building with building integrated PV and 
solar thermal solutions, was designed in 1985 and was built in 1988 by 
Harald N. Røstvik at the Buildings for the Future Exhibition in Godeset, 
Stavanger. 

 
Figure 2-1 Chanelle building, 1988 [14] 

Shortly after that, and in 1991, the first public BIPV building was 
implemented in Aachen, Germany [39], as shown in Figure 2-2. The 
system was photovoltaic elements integrated into a curtain wall façade 
with isolating glasses. 



Background 

8 

 
Figure 2-2 First public BIPV building in Europe [39] 

These examples attest that the transition of buildings from energy users 
(consumers) to energy producers (prosumers) is not something that has 
only just appeared. Architectural, technical, structural, and aesthetic 
solutions involving integrating PV into the building envelope have been 
sought since PV first entered the market. 

Different methods have been proposed to classify the BIPV systems. It 
can be classified based on solar cell composition, application, their types 
in the market and connection type to the grid. A comprehensive 
categorisation is presented in Figure 2-3, which is based on all the 
previous studies illustrated by the author [40-42].  
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Figure 2-3 BIPV classification 

The BIPV cell efficiency has increased considerably since its 
appearance, and a wide range of information has become available on 
the material behaviour when exposed to solar radiation. The National 
Renewable Energy Laboratory (NREL) is one of the leading 
organisations that publish yearly report on Solar PV efficiency 
improvements by their technologies and materials. The latest report from 
NREL, presented in Figure 2-4, shows the development of PV efficiency 
from 1976 to 2020 [43].  

It should be recalled that NREL assesses the PV cell efficiency in 
laboratory standards, meaning the best environmental conditions are 
applied to find out the maximum efficiency of the PV cells and not the 
PV modules or panels.  

The report suggests that the most efficient PV module available can 
reach up to 47% efficiency. However, the conventional PV cells that are 
available in the market for general applications are mostly mono-
crystalline modules, shown in this chart with dark blue lines. The report 
indicates that mono-crystalline PVs can reach up to 27.6% efficiency in 
laboratory conditions [43]. The slope of the chart demonstrates the 
changes in crystalline PVs over the past few decades. 
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Figure 2-4 NREL Best Research-Cell Efficiency Chart 

According to a study by Fraunhofer Institute for Solar Energy Systems, 
the best performing commercial modules are based on mono-crystalline 
silicon with 24.4% efficiency in the laboratory. However, in real-world 
conditions, several factors like thermal function, snow cover, cloud 
cover might affect the PV efficiencies. Hence, the average efficiency for 
the commercial mono-crystalline PV system lies between 15 to 20% now 
in the market [44]. 

Recently and due to developments in the BIPV industry, new types of 
modules have emerged, such as transparent and semi-transparent PV 
modules that can replace windows and let the light through while 
generating electricity. According to the manufacturers, these PV 
modules can currently reach 7% efficiency [45]. 

To be able to discuss the potential of solar radiation in Europe, some 
definitions and clarifications are presented here.  
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2.2. Solar Radiation Components 
In order to acknowledge the incident solar radiation on different 
orientations of a building and study their potential, it is crucial to be 
familiar with the different solar radiation components. For example, a 
significant portion of incident solar radiation on north-facing facades (in 
the northern hemisphere) is reflected radiation. The incident solar 
radiation to a surface on earth has three components explained below 
[11]. 

 Direct radiation 

Direct radiation is also called "beam radiation" or "direct beam 
radiation". It is used to describe solar radiation coming on a straight line 
from the sun and down to a surface on earth. For sunny days with a clear 
sky, most of the solar radiation is such direct radiation. On overcast days, 
the sun is shadowed by clouds, and the beam radiation is zero. 

 Diffuse radiation 

Diffuse radiation is sunlight that has been dispersed or scattered by 
particles and molecules in the atmosphere and still made its way down 
to the surface. Diffuse radiation is commonly referred to as sky radiation 
because it comes from all parts of the sky. The amount of diffuse 
radiation can be up to 100% of the total radiation for cloudy skies and 
10% to 20% of the total radiation for clear skies. 

 Reflected radiation 

Reflected radiation is the reflection of both direct and diffuse radiation 
on the ground or objects like buildings. This contribution is small unless 
the collector is tilted at a steep angle from the horizontal, like a vertical 
building façade. 
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2.3. Solar Radiation Spectrum 
The spectral response of different BIPV technologies to a great extent 
depends on the incident solar radiation spectrum explained here. The 
radiation spectrum coming from the sun to the earth is divided into three 
main groups of ultraviolet, visible light, and infrared. 

 Ultraviolet 

Ultraviolet (UV) includes wavelengths from 250 nanometers to 380 
nanometers. UV rays are invisible to the human eyes and may be 
dangerous in the case of overexposure because they damage surfaces, 
colours and age materials. 

 Visible light 

Visible light is wavelengths from 380 nanometers (violet) to 740 
nanometers (red). Visible light rays are detectable by the human eye and 
enable the sight of shapes, relief and colours. 

 Short wave infrared 

Short wave infrared (IR) constitutes wavelengths from 740 nanometers 
to 2500 nanometers. IR is invisible and is felt as heat. It constitutes most 
of the sun's energy that hits the earth. 

Figure 2-5 shows the solar irradiance outside (Airmass equal to 0) and 
inside (Airmass equal to 1.5) of the atmosphere (Standard number 
ASTM G-173-03). The letters T and D stand for total and direct incident 
radiation. In terms of solar radiation inside the atmosphere and at sea 
level, around 3% of solar radiation on earth is UV, around 42% is visible 
light, and the rest (55%) is IR. 
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Figure 2-5 Solar spectral irradiance outside and inside of the atmosphere 

Figure 2-6 represents the spectral responses of a variety of BIPV 
technologies. They can be divided into three categories based on their 
spectral responses.  

The dye-sensitised solar cell (DSC) and organic solar cell (OSC) are 
placed in the first group. The spectral responses of this group are almost 
adjusted to the visible light spectrum. It means that the efficiencies of 
these technologies are only correlated to the visible light spectrum.  

The second group includes Copper Indium Gallium Selenide (CIGS), 
monocrystalline Silicon (c-Si), and multi-crystalline Silicon (mc-Si). 
Their spectral responses cover wavelengths less than 1200 nanometers 
but with different efficiencies. Two remaining technology, Gallium 
Arsenide (GaAs) and Cadmium Telluride (CdTe), constitute the third 
group. These materials are sensitive to UV, visible, and IR radiation of 
less than 900 nanometers.  
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Figure 2-6 Spectral responses from a variety of BIPV cell technologies [46] 

There are currently different methods to classify and define solar energy 
potential [47-51] and not the potential of BIPV systems. This is mainly 
because the intention is to either investigate the incident solar radiation 
on a horizontal surface on earth or the optimal orientation to grasp the 
maximum irradiance, say over the year, when it comes to the solar energy 
potential. However, when it comes to the BIPV potential, usual 
orientations of different parts of building skins are different from the 
mentioned directions and the intention is to see the incident solar 
radiation potential on those orientations. Therefore, the aim of the next 
section is to define actual "BIPV potential" and present methodologies 
for actual BIPV potential assessment. 

2.4. BIPV Potential  
BIPV potential can be divided into four categories of theoretical, 
geographical, technical, and economic potential. 
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2.4.1. BIPV theoretical potential 
BIPV theoretical potential is the solar incident radiation gained by a 
region (on a horizontal surface) without taking any geometrical or 
technical constraint into account. A solar incident radiation map that 
indicates global horizontal irradiance (GHI) falls within this category. 
GHI is total irradiation delivered from the sky to a horizontal surface on 
earth. The GHI map of Europe is presented in Figure 2-7. In this sense, 
the BIPV theoretical potential is the same as the PV theoretical potential. 
The GHI is a metric to investigate the suitability of a land area to be 
considered for any type of solar technology to grasp the incident 
radiation. However, it just evaluates a horizontal surface in the location. 
Therefore, this metric is not very suitable when it comes to the BIPV 
technology, and other types of data are needed, which are explained in 
this section. 

 
Figure 2-7 Theoretical potential map BIPV in Europe [52] 
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2.4.2. Geographical potential 
The exploitable or utilizable portion of BIPV theoretical potential is 
called BIPV geographical potential. The geographical potential is a 
portion of the BIPV theoretical potential, capable of being exploited as 
input for BIPV systems. The BIPV geographical potential for a city is, 
therefore the total incident solar radiation on the building skins of the 
city. Figure 2-8 depicts the average annual BIPV geographical potential 
of the selected countries’ capitals - cities - selected for this PhD study. 
The figures are based on the average radiation data between 2005 and 
2016 from the Photovoltaic Geographical Information System database 
[52]. Newer data are not obtainable, and these are the latest available data 
on PVGIS. 

 
Figure 2-8 Geographical potential of the BIPV system in Europe 

The figures are based on satellite-based data of radiation for the capitals 
of all the European member states plus the capitals of Norway and 
Switzerland. The potential is the sum of direct, diffuse and reflected 
radiations without taking the constraints of urban areas such as mutual 
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shading of buildings into account. As can be seen from Figure 2-8, for a 
flat roof, the average annual geographical potential of a BIPV system in 
Europe varies from 911 (kWh/m2) in Oslo, Norway to 1928 (kWh/m2) in 
Nicosia, Cyprus, which shows 111% growth. This value for a vertical 
south façade varies from 820 (kWh/m2) in Vilnius, Lithuania to 1401 
(kWh/m2) in Madrid, Spain, which shows a 69% increase. This variation 
for the east, west and north facades is 89%, 78%, and 45%, respectively. 

2.4.3. BIPV technical potential 
BIPV technical potential is the output power of the system by taking the 
technology and efficiency into account. It can be calculated by having 
access to the technical potential, technology and efficiency of the BIPV 
system. 

The efficiency of BIPV systems varies depending on the technology, 
climate of the site, configuration, ventilation of modules etc. [42, 53]. 
The average efficiency of BIPV panels in the market is 18% [9]. This 
efficiency is the average efficiency of commercialized BIPV 
panels/modules in the market and not the total BIPV system. BIPV 
technical potential can be calculated by multiplying the efficiency of the 
BIPV panel by its geographical potential. The result is depicted in Figure 
2-9.  
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Figure 2-9 Technical potential of the BIPV system in Europe 

2.4.4. BIPV economic potential 
The economic potential of BIPV is naturally only a fraction of the total 
BIPV technical potential, and that which is economically exploitable. 
Such a figure generally needs more investigation because of various 
involved parameters, e.g. technology, energy tariffs, system degradation 
rate, market price, annual production, possible subsidies, etc. This has 
been discussed and analyzed in articles Ⅰ, Ⅴ, and Ⅶ. 

In order to do a BIPV economic potential assessment, one of the key 
tools is the Lifecycle cost assessment (LCCA) of such a technology. In 
the following section, a state-of-the-art review of such an analysis for 
BIPV systems is presented. 

2.5. State of the art of LCCA 
Lifecycle cost assessment (LCCA) is a lifecycle approach that provides 
a framework for specifying the estimated total incremental cost of 
developing, producing, using, and retiring a particular item [54]. It 
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applies to the direct monetary costs from a product or service from 
production through transport, use, and end of life. 

A holistic LCCA is an approach that allows the customers to choose the 
source of energy for their building, considering all consequences of their 
decision. This type of analysis is expected to evaluate and examine 
various available options, such as different BIPV systems, considering 
their environmental and societal advantages and their role in building 
material offset because of their dual service as building skins and PV 
functionality [10]. 

Sorgato et al. [55], in 2018, examined the economic and technical 
feasibility of the BIPV system with thin-film Cadmium telluride (CdTe) 
materials for a four-storey office building in six Brazilian cities (six 
different climates). Their results showed that the annual energy demand 
of each of the investigated buildings could be supplied by using the 
building's roofs and façades for the BIPV application. The research also 
illustrated that climate plays an essential role in energy production by the 
BIPV systems and the net annual energy consumption of the building.   

Aste et al. in 2016 [56] investigated a BIPV system performance (the 
first Italian BIPV project) to elaborate its technical and economic 
performances after thirteen years of continuous operation. The other aim 
of the investigation was to predict its lifetime performance. After thirteen 
years of operation, the degradation rate of the BIPV system was equal to 
0.37% per year. It is significantly less than the general degradation rate 
of the multi-crystalline silicon system (approximately 0.5% per year) 
[57]. Moreover, visual inspection and infrared spectroscopy showed that 
no BIPV module was damaged.  

Wang et al. [58] also conducted a study for environmental and economic 
assessments of a BIPV system by calculating the net present values 
(NPV, which is a tool to show the net difference between the profits and 
costs of the system in present or annual values [59]) and the payback 
period (DPP, which is the minimum time it takes to recoup investment 
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costs [60]) of the BIPV system of a building in Shanghai, China, over its 
expected lifetime. The DPP of the system was obtained in 6.52 years, 
considering the feed-in tariff (FiT) program for renewable energy 
resources in China.  

Naser W. Alnaserin [61] examined the performance of an 8.6 kW BIPV 
system with polycrystalline PV cells. The building was located at Awali 
Town, Kingdom of Bahrain, in an arid zone with high annual solar 
radiation. Because of the low electricity price in Bahrain and lack of a 
feed-in tariff (FiT) program, the payback time of the BIPV system was 
more than 600 years. The study concluded that if the FiT (which is a 
fixed price that system owners are paid for the energy they deliver to the 
power grid) were set to 1 (USD/kWh) of solar electricity, the payback 
time would be equal to five years. Furthermore, by assuming the CO2 
emission of one (kg/kWh) from the electricity production in Bahrain, the 
study found that system saving from GHG emissions would be nine tons 
annually (compared to the GHG emission from the electricity production 
of the country, which is mainly fossil fuel based power plants).  

2.6. Problem statement and the scope 
First, previous studies [55-58, 61] have not dealt with the impact of the 
societal and environmental effects of the BIPV system on the economic 
analysis or LCCA. This has given a limited view of the actual holistic 
economics at hand. When a more total/holistic approach is applied, the 
figures and the conclusion alters. Moreover, the total cost introduced to 
the economic analysis of BIPV systems has generally been the sum of 
both system functions (building skins and PV functionality). This project 
hypothesises that in the economic analysis of BIPV systems, what should 
be inserted into the calculations is the extra charges that the BIPV system 
causes due to its power production role and not the overall cost 
(including the system's role as a substitute for the conventional building 
envelope). 
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Second, there is a lack of studies, actual tests and literature investigating 
the potential of untraditional facades in urban areas for BIPV 
applications.  There seems to have been an assumption that these 
orientations and, more specifically, northern façades are unfeasible 
economically because the radiation there is low [25, 41, 42, 55, 56, 58, 
61-70]. But these studies disregard the reflection from a neighbouring 
building, pavements, objects etc., although there is a common knowledge 
that reflection from white snow is considerable (0.96–0.98 across the 
ultraviolet (UV) and visible spectrum and 0.15 for infrared (IR) spectrum 
[71]). Only lately have we seen some projects emerging that are testing 
bifacial PV, for example, on roofs where one side faces reflected 
radiation from light-coloured roof materials [72, 73]. 

Third, the research to date has tended to focus on the technical and 
economic feasibility as well as aesthetic aspects of the BIPV system as a 
building envelope material for one specific direction of buildings or 
some directions of building skins with high irradiation potentials, rather 
than analysing the BIPV system as a building envelope material for the 
entire skin of building [42, 53, 62, 74-80].  

Fourth, researchers have not evaluated the contribution of BIPV 
technology in the energy transition of cities [62]. Introducing BIPV as a 
building envelope material for the entire building skin of cities could 
significantly contribute to the energy transition of cities. Challenges 
ahead of such a contribution and a widespread rollout of BIPV 
technology is also another issue that is not well elaborated. 

Fifth, when it comes to the levelised cost of electricity (LCOE), which is 
the unit cost of electricity (kWh or MWh) over the economic life or full 
life of a project [81, 82], there is a lack of literature on the LCOE of 
BIPV systems. Several studies have investigated the LCOE of 
photovoltaics systems [83-94], but none of them investigated the BIPV 
systems. However, the economic analysis of BIPV systems and their 
LCOE is different from the PV systems. This is among other factors 
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because the BIPV system has dual functionality in the building and in 
addition to its application as a power generator, it also serves as a 
building envelope material for the building. 

Therefore, this doctoral study is defined to address these issues by 
designing a research study, which will be discussed in detail in the next 
chapter and with the following main research question: is the BIPV 
system as an alternative for the more usual building envelope materials 
feasible for the entire skin of buildings in Europe? 
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3 Methodology  

The presented flowchart in Figure 3-1 is developed and followed up in 
this PhD project to address the mentioned problems. The project is 
divided into four steps: main research question, technical aspects, 
economic aspects, and BIPV technology contribution in the energy 
transition of cities in Europe. Each step afterwards is addressed in a 
number of articles. Each topic (or box) in the flowchart is discussed in a 
separate journal paper.  

The research methodology of each paper is discussed in the same paper 
in detail and briefly explained in this section. There are two approaches 
in the research methodology, which are quantitative and qualitative 
technique [95]. Depending on the scope of each research study, one or a 
combination of techniques are employed.  
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Figure 3-1 Flowchart of the roadmap of the project 
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Table 3-1 shows the datils of published papers. 

Table 3-1 details of the published papers 
No Title Journal Date DOI 

Ⅰ Economic analysis of BIPV systems as a building 
envelope material for building skins in Europe Energy 1 August 

2020 

doi.org/10.1016/j
.energy.2020.117

931 

Ⅱ 

Dataset for the solar incident radiation and electricity 
production of building integrated photovoltaics (BIPV) 
system on the northern\southern façade in dense urban 
areas 

Data 26 May 
2021 

doi.org/10.3390/
data6060057 

Ⅲ 
A novel method for optimal performance of ships by 
simultaneous optimisation of hull-propulsion-BIPV 
systems 

Energy 
Conversion and 

Management 

1 October 
2019 

doi.org/10.1016/j
.enconman.2019.

111879 

Ⅳ 
The Effect of Climate on the Solar Radiation 
Components on Building Skins and Building Integrated 
Photovoltaics (BIPV) Materials 

Energies 26 March 
2021 

doi.org/10.3390/
en14071847 

Ⅴ Holistic economic analysis of building integrated 
photovoltaics (BIPV) system: case studies evaluation 

Energy and 
Buildings 

15 
November 

2019 

10.1016/j.enbuild
.2019.109461 

Ⅵ 
Levelised Cost of Electricity (LCOE) of Building 
Integrated Photovoltaics (BIPV) in Europe, Rational 
Feed-In Tariffs and Subsidies 

Energies 28 April 
2021 

doi.org/10.3390/
en14092531 

Ⅶ 
Lifecycle cost analysis (LCCA) of tailor-made building 
integrated photovoltaics (BIPV) façade: Solsmaragden 
case study in Norway 

Solar Energy 
15 

November 
2020 

doi.org/10.1016/j
.solener.2020.09.

087 

Ⅷ 
The contribution of building integrated photovoltaics 
(BIPV) to the concept of nearly zero-energy cities in 
Europe: potential and challenges ahead 

Solar Energy Under 
review NA 

The research framework and associated articles are briefly discussed as 
follows. 

3.1. Main research question 
Paper: Economic analysis of BIPV systems as a building envelope 
material for building skins in Europe 

This step deals with the main research question. It aims to first 
investigate the economic feasibility of the BIPV system as an alternative 
for the usual building envelope materials on the skin of the buildings in 
Europe. The other objective of this step is to evaluate a holistic lifecycle 
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cost analysis (LCCA) of the BIPV systems on different façade 
orientations and flat roofs for the capitals of all the European Union 
member states (EU) plus the capitals of Norway and Switzerland by 
taking the quantified environmental and societal benefits of the BIPV 
systems into consideration. Paper Ⅰ entitled: "Economic analysis of BIPV 
systems as a building envelope material for building skins in Europe" is 
published in 2020 in the journal of Energy tried to deal with this question 
(see 7.Ⅰ.) 

Methodology: First, a new classification of BIPV, as discussed before in 
chapter 2.5, is introduced. Then all the parameters required to conduct 
an LCCA for the BIPV systems are investigated and discussed, and their 
corresponding values are defined. The most important of them are 
operation and maintenance (O&M) costs, inverter replacement cost, 
BIPV degradation rate, BIPV lifetime, GHG emission, electricity tariff 
and its growth rate, discount rate, BIPV degradation rate, BIPV price and 
building envelope material price etc. Afterwards, a new LCCA 
formulation by taking the quantitative values of some of the most critical 
environmental and societal advantages of the BIPV system into the 
calculation is proposed. These values are saving in transmission line lost 
power, saving in power delivery cost, saving in societal cost of carbon 
(SCC) and saving in building envelope material cost. 

Since BIPV price depends on many factors like BIPV type, location, 
technical specification, system size, etc., it is not possible to set a specific 
price for BIPV per unit kW or square meter, even for a country or region 
or city.  The same is for the building envelope materials. Therefore, we 
tried to set average prices to evaluate the system and, in the end, 
investigate the impact of the inputs on the output with a sensitivity 
analysis. Table 3-2 depicts the average cost of conventional façades and 
roofs in European countries [38] and the adopted prices for this analysis. 
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Table 3-2 End-user costs of conventional façades and roof materials in Europe (including VAT) 
[96] 

Category Material Price Range 
(€/m2) 

Average Price 
(€/m2) 

Adopted prices 
for this study 

Facade 

Wood 80-380 230 

230 
 

Stone 170-900 535 
Metal 120-580 350 

Brick ceramic 100-380 240 
Fibrocement 90-220 155 

Roof 

Thatch roofing 110-150 130 

130 
Slates 90-170 130 

Metal roofing 40-100 70 
Ceramic tiles 40-90 65 
Concrete tiles 30-60 45 

Table 3-3 represents the price range of a complete BIPV system in 
Europe (including structure, equipment and BOS) based on market 
research accomplished by the Swiss BIPV Competence Centre at the 
University of Applied Sciences and Arts of Italian Switzerland [96, 97] 
and the adopted values for this study.  

Table 3-3 End-user costs of conventional façades and roof materials in Europe[96, 97] 

Category 
Price 

Range 
(€/m2) 

BIPV 
Power 

(Wp/ m2) 

Average 
Price 

(€/ m2) 

Adopted values for this 
study 

BIPV Power 
(Wp/ m2) 

BIPV Price 
(€/ m2) 

Facade 100-700 50-150 450 120 450 
Roof 300-400 80-160 350 150 350 

BIPV roof products cost on average about 200 (€/m2) more expensive 
than conventional roof products (extra-cost) [96]. Moreover, the cost of 
BIPV facade products varies from 100 to 150 (€/m2) for a thin film BIPV 
façade (with simple sub-structures and a low-efficiency PV technology) 
to 500–700 (€/m2) for a high-efficiency BIPV crystalline module. The 
wide range of prices is mainly because of various products available in 
the market, including custom made components) [96].   

The basis of the LCCA in this study is three financial tools, which are 
net present value (NPV), discounted payback period (DPP) and internal 
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rate of return (IRR). Net present value is a tool to presents the net 
difference between the profits and costs of the system in the present, 
which is calculated by the difference between the present value of profits 
and the present value of costs. The discounted payback period is the 
minimum time it takes to refund the investment costs of the system. The 
internal rate of return is the interest rate at which the NPV of all the cash 
flows (both cash inflows and cash outflows) from a project or investment 
equals zero [10, 59, 60]. IRR is used to evaluate the economic feasibility 
of investment. If the IRR of the investment exceeds the required interest 
rate, that project is suitable. If IRR falls below the required interest rate, 
the project should be rejected. In other words, IRR is the discount rate 
when the NPV of particular cash flows is equal to zero. Therefore, the 
higher the IRR, the more potential a project has. 

3.2. Technical aspect 
The technical aspects of this project are subdivided into three topics as 
follows.  

3.2.1. Performance of untraditional facades 
Paper: Dataset for the solar incident radiation and electricity 
production of building integrated photovoltaics (BIPV) system on 
the northern\southern façade in dense urban areas 

An experimental study is designed to address the performance of 
untraditional facades by investigating the northern facade's potential and 
comparing it with the southern façade. The aim is to collect solar incident 
radiation and PV electricity production data on the north façade and 
evaluate the south façade materials' effect as a reflector to the opposite 
north-facing façade of the neighbouring building. Article Ⅱ entitled: 
"Dataset for the solar incident radiation and electricity production of 
building integrated photovoltaics (BIPV) system on the 
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northern\southern façade in dense urban areas" is published in 2021 in 
the journal of Data (see 7.Ⅱ.) 

Methodology: A site at the University of Stavanger is selected for this 
experimental study with a mix of glass/white panels on the south facade 
to monitor the incident solar radiation and electricity production of back-
to-back PV panels in front of the south facade. The input (incident 
radiation) and output (electricity production) of the PV systems are 
monitored and recorded.  Therefore, the panels' efficiency is calculated 
and compared to the nominal efficiency of the panels and each other to 
investigate their performance. Figure 3-2 shows a picture of the site with 
all components and the location of the site. 
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Figure 3-2 A picture of the site and the system 

The specifications of the data are also presented in Table 3-4. 

Table 3-4 Specifications table of the presented data 

Specific subject 
area 

BAPV/BIPV potential in urban areas 
Solar energy in compact urban blocks 

BAPV/BIPV efficiency in different orientations of building skin 
BAPV/BIPV panels’ performance on north/south façades 

Type of data 
Table 
Image 
Figure 

How data were 
acquired 

Data are measured, monitored and logged by the equipment as 
follows: 

Two sets of SR30 sun[e] Pyranometer “ISO Secondary Standard”+ 
met[log] data logger 

Two sets of EVT300 microinverters with an EVB202 data logger 

Data format Raw time series data in csv format. The data are available with a 
sample resolution of a minute. 

Parameters for 
data collection 

Incident solar radiation and BIPV electricity production were 
collected at the site. 

Description of 
data collection 

Incident solar radiation data are logged with a minute sample 
resolution as raw data. PV electricity production and temperature data 

are logged with a sample resolution of three minutes as raw data. 
System efficiency is calculated, and the data are processed using 

Microsoft Excel as secondary data. 
Data source 

location 
Institution: University of Stavanger 

City/Town/Region: Stavanger 
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Country: Norway 
Latitude and longitude for collected data: 58.9380454722466° N, 

5.692057201993845° E 
Data 

accessibility With the article 

Table 3-5 indicates the components of the system and the implemented 
items. 

Table 3-5 List of system components 
Item Schematic 

TP660P 
Talesun 275 Wp panel 

Quantity: 2 

 

EVT300 
Microinverters 

Quantity: 2 

 

EVB202 
Data logger 
Quantity: 1 
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SR30 
Sun[e] Pyranometer 

Quantity: 2 

 

Met[log] data logger 
Quantity: 2 

 

Power[cube] 150W 
Quantity: 2 

 

3.2.2. BIPV application in other industries  
Paper: A novel method for optimal performance of ships by 
simultaneous optimisation of hull-propulsion-BIPV systems 

The scope of this section is to evaluate the potential of BIPV systems in 
industries other than the building construction sector. A research study 
in collaboration with researchers from the Department of Maritime 
Engineering at the Amirkabir University of Technology conducted to 
address this issue. The result is published in 2019 in paper Ⅲ in the 
Energy Conversion and Management journal entitled: "A novel method 
for optimal performance of ships by simultaneous optimisation of hull-
propulsion-BIPV systems " (see 7.Ⅲ.) 
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The reason behind investigating the ship industry is that ships have 
“walls” facing different directions, “roofs” and canopies, not very unlike 
buildings apart from the fact that a ship moves and turns and the “walls” 
hence changes direction. The goal of the paper is to present a novel 
strategy for the optimal performance of ships in minimising the GHG 
emission and the operating cost by taking advantage of the BIPV system 
on the ship. 

Methodology: In this research, the optimisation of a planning ship 
equipped with the hybrid BIPV/diesel/battery power system is done 
through a well-known multi-objective optimisation algorithm named 
NSGA_II. This algorithm proposed by Deb [98] and is capable of finding 
an entire set of optimal solutions in a single run. A benefit of a multi-
objective optimisation technique for a ship designer is the selection of 
desirable design solutions from a variety of optimal solutions that range 
over objectives. This requires a search for a set of Pareto optimal 
solutions for conflicting objectives for which it is impossible to provide 
a single solution that optimises all competing objective functions. In this 
study, the NSGA-II is employed by MATLAB optimisation toolbox. The 
optimization algorithm stops when the maximum number of generations 
is reached, or the average change in the spread of the Pareto frontier over 
the maximum stall generations is less than the tolerance function. A 
comparison analysis is also conducted to evaluate the performance of the 
proposed method compared to conventional approaches. In total, eight 
cases are compared (four of them is with BIPV) to demonstrate the 
effectiveness and the promise of the proposed approach in different ship 
design problems with different displacements and BIPV area-to-deck 
area ratios. In this study, the ship deck, which is equivalent to a roof 
section in a building, is considered to install the BIPV system. As seen 
in Table 3-6, the annual radiation on the horizontal surface of the ship is 
2212 kWh/, which is considerable compared to other orientations. 
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Table 3-6 Annual solar radiation on the skin of ship for the selected location in 2018. 

Orientation South Skin East Skin West Skin North Skin 
Horizontal 

Surface 
Annual radiation 

(Wh/m2) 1,339 1,137 1,161 401 2,212 

To assess the impact of the BIPV area-to-deck area ratio (ABIPV/AD) on 
the performance of the proposed method, the optimisation algorithm is 
run for different quantities of the defined factor as well. The lifetimes of 
the battery, the inverter, and the BIPV system are 5, 10, and 30 years, 
respectively. In addition, the BIPV degradation rate per year is 0.5% 
[57]. The maintenance cost per year for the BIPV system is also 1% of 
the investment cost [55]. 

3.2.3. Effect of climate on the BIPV technologies and 
potential 

Paper: The Effect of Climate on the Solar Radiation Components on 
Building Skins and Building Integrated Photovoltaics (BIPV) 
Materials 

This section investigates the effect of climate on the solar radiation 
components on building skins and BIPV materials in the northern 
hemisphere. The results are published in 2021 in the Energies journal in 
paper Ⅳ entitled: "The Effect of Climate on the Solar Radiation 
Components on Building Skins and Building Integrated Photovoltaics 
(BIPV) Materials" (see 7.Ⅳ.) 

This study set out with four aims, which are as follows: assessing the 
incident solar radiation components on building skins considering 
different climates, analysing the solar radiation potential of the entire 
building skins for the BIPV application (if BIPV is seen as a building 
envelope material for the entire building skin), evaluating the effect of 
climates on the overall efficiencies of different BIPV technologies and 
materials which are currently available in the market, and finally 
investigating the effect of building orientation on the irradiance values 
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of the building skins and the contribution of each solar radiation 
component. The selected cities are Stavanger in Norway, Bern in 
Switzerland, Rome in Italy and Dubai in UAE. 

Methodology: Solar radiation components and spectrum are discussed. 
Then, different methods of incident solar radiation measurement at the 
earth's surface are introduced and reviewed thoroughly, which are 
radiation measuring devices, satellite-based irradiation data, and climate 
reanalysis data. Four cities with different climates are selected. Then the 
paper discussed three topics of solar radiation on building skins, climate 
and radiation, climate and technology in detail. 

3.3. Economic aspect 
Similar to the technical aspects of the main research question, the 
economic aspects are also classified into three topics as follows. 

3.3.1. Socio/environmental impact of BIPV in the 
literature 

Paper: Holistic economic analysis of building integrated 
photovoltaics (BIPV) system: case studies evaluation 

In this section, an innovative approach for LCCA of the BIPV systems 
is defined to consider socio/environmental advantages of the BIPV 
system in the financial analysis. Then the new model was applied to the 
recent studies in the literature, which were economically analysed a 
BIPV system without considering the societal and environmental 
consequences of BIPV technology. In other words, the recent case 
studies are reanalysed by the suggested LCCA. Therefore, the traditional 
LCCA and the suggested LCCA for the same case studies could be easily 
compared. The results are published in paper Ⅴ in 2019 in the journal of 
Energy and Buildings entitled: "Holistic economic analysis of building 
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integrated photovoltaics (BIPV) system: case studies evaluation" (see 
7.Ⅴ.) 

Methodology: A new approach for the economic analysis of BIPV 
systems is developed. In the new approach, the impact of societal and 
environmental factors on the financial analysis of a system is monetised. 
Then, four case studies in the literature are selected in order to apply the 
suggested method and evaluate the effect of societal and environmental 
factors on the economic feasibility of a system.  

Table 3-7 represents a brief overview of the case studies and their 
properties. 

Table 3-7 Some of input data from the case studies 

city Belem Brasília Curiti
ba 

Florianop
olis 

Rio de 
Janeiro Sao Paulo Milan Awali Shanghai 

Roof area 
(m2) 600 600 600 600 600 600 106 60 66 

Façade area 
(m2) 607.6 607.6 607.6 607.6 607.6 607.6 0 0 0 

BIPV 
(kWp) 180 180 180 180 180 180 10.95 8.64 10 

Annual 
production 

(MWh) 
197.2 223.5 201.2 190.3 197.6 170.1 9.7 8.9 9.9 

Electricity 
tariff 

($/kWh) 
0.22 0.17 0.19 0.19 0.24 0.17 0.22 0.06 0.082 

Investment 
($) 231,152 25,000 43,000 19,474 

Application Roof / Facade Roof 

Technology Thin-film CdTe 
Poly  

Crystalline  
Si 

Mono 
Crystalline 

Si 
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3.3.2. LCOE and rational incentives 
Paper: Levelised Cost of Electricity (LCOE) of Building Integrated 
Photovoltaics (BIPV) in Europe, Rational Feed-In Tariffs and 
Subsidies 

Levelised cost of electricity (LCOE) is an approach to formulate and 
calculate the unit cost of electricity (kWh or MWh) over the economic 
life or full life of a project [99].  LCOE is a metric widely used among 
policymakers, investors, project managers, and researchers to evaluate 
the competitiveness and feasibility of different technologies and decide 
whether to invest in specific renewable energy projects or not [81, 82]. 
Furthermore, policymakers and authorities could set renewable energy 
policies by means of the LCOE approach. Authorities generally rely on 
LCOE to delineate support plans for renewable-based electricity 
generation technology against carbon-based electricity generation 
technology [100]. The studies in the literature have investigated the 
LCOE of the photovoltaics systems and not the BIPV systems. However, 
the economic analysis of PV and BIPV systems and the LCOE of those 
systems are two different topics. This is mainly, among other factors, 
because the BIPV system has dual functionality, which in addition to its 
application as a power generator, serves as a building envelope material.  

Therefore, a research study is defined to investigate the LCOE of BIPV 
as a building envelope material in the European countries and present a 
metric for the appropriate subsidy or incentive. The results are published 
in 2021 in paper Ⅵ entitled: "Levelised cost of electricity (LCOE) of 
building integrated photovoltaics (BIPV) in Europe, rational feed-in 
tariff and subsidies" in the journal of Energies (see 7.Ⅵ.) 

Methodology: An approach and formulation to calculate the LCOE of 
the BIPV systems is introduced. The formulation is based on the 
calculation of LCOE of usual PV systems while taking the fundamental 
differences of BIPV, such as the dual functionality of BIPV systems and 
socio/environmental impact of BIPV into account. Then, the average 
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LCOE of BIPV for the capital of all the European member states plus the 
capitals of Norway and Switzerland is calculated and compared to the 
network price of the location. Then proper subsidies for the BIPV 
systems and based on the LCOE and network price are discussed. 

Levelised profit of environmental benefits (LPOE) with the unit of Euro 
per kWh is also introduced to investigate how much of the LCOE can be 
reimbursed by the environmental benefits. 

The required parameters to calculate the LCOE of a BIPV system 
together with their values are listed here. Table 3-8 presents the value of 
the rest of the parameters in 2020. 

 Operation and maintenance (O&M) cost: 0.5% of the initial 
investment in Europe. 

 Inverter replacement cost: 10% of the initial investment. 
 BIPV degradation rate: 0.5%. 
 BIPV Lifetime: 30 years. 
 Building envelope material cost: 230 Euro per m2 for the façade 

and 130 Euro per m2 for the roof. 
 Transmission line lost power: see Table 3-8. 
 Power delivery cost: 20% of the grid electricity tariff. 
 Societal cost of carbon (SCC): 50 Euro per ton with a growth rate 

of 4%. 
 GHG emission: Table 3-8, with a mitigation rate of 2.1%. 
 Electricity tariff: Table 3-8, with a growth rate of 2%. 
 Discount rate: 3%. 
 BIPV efficiency: 16%. 
 BIPV initial investment: 450 Euro per m2 for facades and 350 

Euro per m2 for roofs. 
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Table 3-8 Electricity tariffs, GHG and electric power transmission and distribution losses of the 
European countries 

No Country Capital Transmission line 
lost power (%) [101] 

GHG emission 
(g/kWh) [102] 

Electricity tariff 
(Euro/kWh) [103] 

1 Austria Vienna 5% 156 0.20 
2 Belgium Brussels 5% 233 0.29 
3 Bulgaria Sofia 9% 585 0.10 
4 Croatia Zagreb 13% 282 0.13 
5 Cyprus Nikosia 4% 773 0.22 
6 Czechia Prague 5% 587 0.16 
7 Denmark Copenhagen 6% 386 0.31 
8 Estonia Tallinn 7% 1152 0.14 
9 Finland Helsinki 6% 209 0.17 

10 France Paris 4% 92 0.18 
11 Germany Berlin 4% 567 0.30 
12 Greece Athens 4% 755 0.16 
13 Hungary Budapest 12% 368 0.11 
14 Ireland Dublin 8% 555 0.25 
15 Italy Rome 7% 444 0.22 
16 Latvia Riga 9% 185 0.15 
17 Lithuania Vilnius 22% 262 0.11 
18 Luxembourg Luxemburg 6% 283 0.17 
19 Malta Valleta 5% 868 0.13 
20 Netherlands Amsterdam 5% 582 0.17 
21 Poland Warsaw 6% 929 0.14 
22 Portugal Lisbon 10% 355 0.23 
23 Romania Bucharest 11% 413 0.13 
24 Slovakia Bratislava 2% 211 0.15 
25 Slovenia Ljubljana 5% 351 0.16 
26 Spain Madrid 10% 305 0.25 
27 Sweden Stockholm 5% 25 0.20 
28 UK London 8% 584 0.20 
29 Norway Oslo 6% 19 0.19 
30 Switzerland Bern 7% 37 0.17 

By calculating the NPVI, NPVC and EG, which are BIPV net present 
value of incomes, BIPV net present value of costs, and BIPV total 
electricity production, the levelized cost of electricity (LCOE) and 
levelised profit of environmental benefits (LPOE) can be achieved.  
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3.3.3. BIPV in Norway 
Paper: Lifecycle cost analysis (LCCA) of tailor-made building 
integrated photovoltaics (BIPV) façade: Solsmaragden case study in 
Norway 

The Solsmaragden building in Oslo went under investigation to evaluate 
a specific and novel BIPV system in the Scandinavian climate. The 
building façade is a BIPV system. The total area of the BIPV on the west, 
south, south-west and east facade is 523, 462, 125, and 36 m2, 
respectively. The first project in the world applying a printed, decoration 
only, layer on the inside of the front glass of the PV glazing to replicate 
a green wall. The research is defined to conduct an LCCA of the already 
implemented BIPV façade system in Norway based on on-field recorded 
data after four years of BIPV operation (2016–2019). The outcome is 
published in paper Ⅶ in 2020 entitled: "Lifecycle cost analysis (LCCA) 
of tailor-made building integrated photovoltaics (BIPV) façade: 
Solsmaragden case study in Norway" In the journal of Solar Energy (see 
7.Ⅶ.) 

Methodology: An implemented BIPV system after four years of 
operation and the recorded data of the system performance went under 
investigation in this article. The LCCA formulation takes the different 
BIPV end of life material recovery and societal benefits into account to 
evaluate their effects on the output. Three different end-of-life material 
recovery approaches are explained for this specific case. The granted 
subsidy for the project is also discussed. A brief overview of the 
proposed methodology is presented in Figure 3-3. 
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Figure 3-3 The proposed methodology for LCCA of BIPV systems 

Parameters such as operation and maintenance (O&M) costs, inverter 
replacement cost, BIPV degradation rate, BIPV life-time, building 
envelope material cost, transmission line lost power, power delivery cost, 
societal cost of carbon (SCC), GHG emission, electricity tariff and its 
growth rate, discount rate, and end-of-life modelling of BIPV façade are 
studied and LCCA is conducted considering the mentioned parameters. 

Table 3-9 shows the cost breakdown for this BIPV project. The BIPV 
project ended up with a total investment of 4,625,794 NOK for an active 
area of 1146 m2 of BIPV panels (total investment of 4,036 (NOK/m2)). 
The building also received 1,553,236 NOK support from Enova for the 
BIPV project.  

The glass façade costs are based on the quotations. Contractor surcharge 
is the fee that the main contractor is charging to manage and control the 
entire engineering, procurement and construction (EPC) project. After 
BIPV project implementation, some costs did not fall into the defined 
categories and were added to the "Other costs."  
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Table 3-9 BIPV project estimated cost breakdown 

Gross estimated 
cost 

BIPV Facade Glass facade Δ(difference) 
Total Cost 

(NOK) 
Cost/m2 
(NOK) 

Total Cost 
(NOK) 

Cost/ m2 
(NOK) 

Total Cost 
(NOK) 

Cost/ m2 
(NOK) 

Facade panel 
delivery 2,767,590 2,415 655,512 572 2,112,078 1,843 

Mounting system 435,480 380 435,480 380 0 0 
Mounting labor 665,826 581 665,826 581 0 0 
Elect. job and 

equipment 461,838 403 0 0 461,838 403 

Lift 184,506 161 184,506 161 0 0 
Contractor 
surcharge 0 0 184,506 161 -184,506 -161 

Other costs 110,554 96.47 0 0 110,554 96.47 
Sum 4,625,794 4,036 2,125,830 1,855 2,499,964 2,181 

The BIPV façade weight is 20.5 kg per m2 and 1146 m2 of BIPV façade 
is installed, which accounts for a cumulative weight of 23.5 tonnes. The 
weight of recovered materials varies depending on EOL approaches. The 
percentages of materials recovery yields, which are based on the 
industrial data (WEEE treatment plant in the Flemish region of Belgium) 
as well as the literature support [104-107] are provided in Table 3-10.  

Table 3-10 Percentage of material recovery yields 
Material types Recovery yields 

Baseline 
industrial 
practice 

Thermo-chemical 
demanufacturing 

Delamination 
approach 

Silicon 74% 95% 100% 
Almunium 78.1% 86% 86% 

Copper 34.7% 85% 95% 
Silver 35% 74% 95% 
EVA 55% 90% 95% 
Glass 89.6% 98% 98% 
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3.3.4. BIPV contribution to energy transition of cities and 
challenges 

Paper: The contribution of building integrated photovoltaics (BIPV) 
to the concept of nearly zero-energy cities in Europe: potential and 
challenges ahead 

Finally, in the last step of the project, the contribution of BIPV to the 
concept of nearly zero-energy cities in Europe was discussed. A research 
study is designed to answer two questions: First, the possibility of 
establishing nearly zero-energy cities in Europe by changing buildings’ 
role from energy consumers to energy prosumers (using their skins for 
BIPV application.) Second, investigating the challenges and barriers 
ahead to reach such a goal. 

This topic is investigated in paper Ⅷ entitled: " The contribution of 
building integrated photovoltaics (BIPV) to the concept of nearly zero-
energy cities in Europe: potential and challenges ahead," which is 
submitted to the journal of Solar Energy and is currently under review 
(see 7.Ⅷ.) 

Methodology: The research methodology of this study is depicted in 
Figure 3-4. Both general approaches in the research methodology are 
employed by this study, which are quantitative and qualitative 
approaches [95]. 

The designed quantitative and qualitative approaches are novel and have 
not been taken in the literature. The quantitative methodology is 
designed to reveal the potential of building to be shifted from energy 
consumer to energy prosumer by effective use of its skin, and in a bigger 
picture, the role of building skins in the energy transition of the cities. 
Furthermore, the proposed qualitative methodology is striving to analyse 
the hurdles ahead of actualising the discovered potential in the 
quantitative approach. 
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Figure 3-4 Flowchart of the methodology 

The paper defines some terminologies which is used as a tool to evaluate 
the potential contribution of BIPV to zero energy cities. 

Building gross area (BGA), which is the total area within the walls of a 
building structure, including unliveable spaces (such as interior walls, 
outer walls, and internal ducts) as well as the walls themselves.  

Building net area (BNA), which is the gross floor area of a building, 
excluding the area occupied by walls and partitions, the circulation area 
(where people walk), and the mechanical area (where there is mechanical 
equipment). The values of building energy consumption are associated 
with the building net area. The energy consumption of BNA is called 
EBNA in this study. 
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Building skins (BS) which is the total area of the outer skin of a building. 
The technical potential of BIPV on the BS is called EBS in this study. 

Building skin glazing ratio (BSGR) is the proportion of the glazed 
surface to the total surface of the building skin. 
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4 Contributions and constraints 

This section describes the main contributions and constraints of each 
paper. The contributions are both methodological and empirical.  

4.1. Can BIPV be seen as a building envelope 
material? 

Paper: Economic analysis of BIPV systems as a building envelope 
material for building skins in Europe 

The main contribution of this article is the assessment of the economic 
viability of the BIPV systems as an envelope material for the whole skin 
of buildings with different orientations in the capitals of all the European 
Union member states (EU) and the capitals of Norway and Switzerland. 
The paper takes the environmental and societal advantages of BIPV 
systems into the economic analysis.  

Figure 4-1 depicts the cumulative net present value of the different 
orientations of building skins in the European countries per watt peak as 
well as square meter. Watt peak (Wp) is the output power achieved by a 
BIPV module under full solar radiation and standard test conditions. 
From Figure 4-1 can be seen that even with a high electricity tariff in 
some countries such as Denmark and Germany, countries with higher 
radiation potential like Spain, Cyprus and Portugal still have a higher 
cumulative net present value out of the expected lifetime of the BIPV 
system. The figure also reveals that the BIPV system as an envelope for 
the north facade has economic feasibility in some countries like Belgium, 
Cyprus, Denmark, Germany etc. Several factors, such as high electricity 
tariff, high carbon emission per kilowatt-hour, high irradiation potential, 
etc., could lead to the economic feasibility of the north façade in such 
countries. 
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Figure 4-1 The cumulative NPV of BIPV systems for building skins with different orientations 

in the European countries: (a) NPV per watt-peak, (b) NPV per square meter 

Figure 4-2 shows the cumulative net present values of BIPV advantages 
as a building envelope material with different orientations in the 
European countries. In order to grasp the societal and environmental 
advantages of a BIPV system and be able to compare, the initial 
investment of the system is indicated in the figure as well. It is worth 
mentioning that the figure is based on the discount rate of 5%. The 
average cumulative net present values of societal and environmental 
advantages of the BIPV system in Europe on the roof, south, east, west 
and the north facades are 2.9, 4, 3.4, 3.4 and 2.5 Euro per Wp, 
respectively. 
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Figure 4-2 The cumulative NPV advantages of BIPV systems for building skins with different 

orientations in the European countries 

The average amounts of the societal and environmental advantages of 
the BIPV system in Europe, together with the total NPV income from 
electricity production minus O&M and inverter replacement cost for 
different orientations of a building, is illustrated in Figure 4-3. “Absolute 
value of initial investment” represents the cost of BIPV for its energy 
supplying role. It can be seen that in terms of the east, west and north 
façade, the quantified amount of societal and environmental advantages 
of the BIPV system in Europe is higher than the income from electricity 
production. In terms of the south façade and the roof orientations, the 
total NPV income from electricity production is more significant 
compared to the monetized amount of societal and environmental 
benefits of the BIPV system. 
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Figure 4-3 The average cumulative NPV of factors for different orientations in Europe. 

Finally, Figure 4-4 shows the average lifetime cumulative NPV of the 
BIPV envelope in Europe.  

 
Figure 4-4 The average lifetime cumulative NPV of building envelope in Europe. 

One of the most significant findings to emerge from this paper is that 
even the north façade is economically feasible in some countries in 
Europe if all the environmental and societal benefits of the BIPV system 
are being taken into consideration. This investigation also shows that the 
BIPV system as a building envelope material for the whole building 
skins could reimburse all the investment costs and become even a source 
of income for the building. It has become clear that the perception of 
BIPV technology as an unfeasible system on the building skins should 
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change to the BIPV materials as an option for the building envelope no 
matter what direction or orientation. In other words, when an architect is 
looking for an option among building envelope materials in the market, 
the BIPV should be seen as a reasonable option with at least one privilege 
compared to the other alternatives, which is the dual functionality of the 
system that makes the envelope a source of income for the building. 

However, the paper does not take the amounts of GHG emissions during 
the manufacturing/disposal of the BIPV panels into consideration. 
Although, the BIPV modules and components contain glass, aluminium 
and semiconductor materials that can be successfully recovered and 
reused, either in new modules or other products. Supplementary works 
to this research can investigate the effect of the manufacturing/disposal 
procedure of BIPV products and their alternatives for building skins 
applications on this LCCA analysis. 

Moreover, the constraints related to the urban context of the case studies, 
such as mutual shading of buildings, building barriers, historical, 
architectural and regulatory constraints, are not taken into account. 
Another future research could be evaluating the effect of urban contexts 
of the capitals or urban constraints on the outcome of this article. 

Finally, in terms of the energy mix, the paper deals with the countries' 
energy production and not the energy consumption.  For example, the 
average GHG emission factor in Norway caused by electricity 
production was estimated at 18,9 g/kWh in 2018 [108]. This is a low 
figure because of Norway’s huge hydropower capacity. However, by 
selling this almost clean energy to other countries and purchasing 
electricity from other countries with mostly fossil fuel resources, the 
average GHG emission of electricity consumption rises to more than 100 
g/kWh [109]. Therefore, between the two approaches of choosing either 
energy production or energy consumption as a reference for GHG 
emission, this study adopts the countries' energy production.  
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4.2. Performance of untraditional facades 
Paper: Dataset for the solar incident radiation and electricity 
production of building integrated photovoltaics (BIPV) system on 
the northern\southern façade in dense urban areas 

This article presents a dataset for the solar incident radiation and 
electricity production of PV systems in the north and south orientations 
in a dense urban area (in the northern hemisphere) with reflection from 
a south wall with different cladding material (glass and white wooden 
panels). The solar incident radiation and the electricity production of two 
back-to-back PV panels with a ten centimetres gap have been monitored 
and logged as primary data sources. Using Microsoft Excel, both panels' 
efficiencies are also presented as a secondary source of data. The 
implemented PV panels are composed of polycrystalline silicon cells 
with an efficiency of 16.9 %.   

Figure 4-5 illustrates the PV panels’ average operational efficiency while 
there is no shading on the south-facing panel on the discussed dates. 

 
Figure 4-5 The average efficiency of the PV panels in a clear sky condition 
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As can be seen from Figure 4-5, the efficiency of the north façade panel 
is always more than 2% less than the efficiency of the south façade panel 
on sunny days. The efficiency of the south-facing panel is between 12% 
to 15%. However, the efficiency of the north-facing panel is between 8% 
to 12% (on sunny days of the year). This gap becomes even more 
significant on cloudy days or overcast days. 

The gap can be explained by the spectral response of the silicon-based 
PV cells to the incident solar radiation and the fact that the main radiation 
on the south-facing panel is direct radiation. In contrast, the main 
radiation on the north-facing panel is the reflected and diffuse radiation. 
That is why the south-facing panel’s efficiency is closer to the standard 
efficiency of the panel compared to the north-facing panel. 

 Figure 4-6 depicts the peak production of each month of panels.   

 
Figure 4-6 Recorded peak power production of each panel during the monitoring time. 

The most interesting observation to emerge from the data comparison in 
Figure 4-6 is that the peak power production of the south-facing panel 
on sunny days in winter is more than its production on sunny days in 
summer, which is because of two reasons. The first reason is the angle 
of solar radiation. In winter, the sun is more inclined towards the horizon 
and therefore, the solar altitude is smaller. Therefore, the incident 
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radiation to a vertical south-faced panel is close to perpendicular, 
resulting in higher efficiency. 

The second reason is the effect of temperature. The cold weather in 
winter contributes to a better performance of PV panels. 

This also leads to a helpful match between electricity production and 
consumption in Scandinavian countries. Clear sky days in winter are 
generally the coldest days in these countries. Therefore, the energy 
consumption is high exactly when the PV system is producing at 
maximum power. Moreover, the result shows that the production of the 
north-facing panel follows the opposite trend of the south-facing panel, 
and its peak power production in summer is more than its peak power 
production in winter. The reason is the reflected radiation. In summer 
and because of higher solar altitude, the reflected radiation from the 
south façade on the north-facing panel is greater. However, in winter and 
because of the site's lower solar altitude and boundary condition, the 
contribution of reflected radiation is less. 

The findings observed in this article mirror those of the findings in 
another study of this PhD, which has examined the effect of climate on 
the performance of different BIPV materials and technologies. 
Therefore, the data is a suitable source to compare this technology's 
performance with other emerging technologies such as perovskite and 
organic solar cell as a building envelope material in cities and investigate 
the impact of quality and quantity of solar radiation components on the 
performance and efficiency of PV panels with different orientations. 

A contribution could be to use the database to compare this technology's 
performance with other emerging technologies such as perovskite and 
organic solar cell as a building envelope material in cities.  
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4.3. BIPV application in other industries 
Paper: A novel method for optimal performance of ships by 
simultaneous optimisation of hull-propulsion-BIPV systems 

The paper proposes a novel method for the optimal performance of ships 
based on the simultaneous optimisation of the hull-propulsion-BIPV 
system. The proposed method's effectiveness is evaluated by designing 
a planning craft equipped with the waterjet propulsion system and the 
hybrid BIPV/diesel/battery power system. For this purpose, different 
comparison analyses with traditional ship design approaches are studied 
to demonstrate the high performance of the suggested method in different 
ship problems with different design requirements and BIPV area-to-deck 
area ratios. Moreover, future scenario studies are also provided to 
demonstrate the promise of the presented method.  

It may speculate that by designing a ship based on the proposed method, 
the deck area of the ship would increase to have the larger available area 
for the BIPV installation and therefore increase the power generated by 
the BIPV system. However, the result shows increasing the available 
area for installation of the BIPV system may have negative effects on the 
ship resistance and the propulsion system efficiency and thus result in 
high fuel consumption and non-optimal solution. 

The contribution of such a technology in the performance of the 
emerging generation of ships, which are electric ships, would be of 
interest as well. 

4.4. Effect of climate on the BIPV technologies and 
potential 

Paper: The Effect of Climate on the Solar Radiation Components on 
Building Skins and Building Integrated Photovoltaics (BIPV) 
Materials 
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This paper studies the effect of climate on the solar radiation components 
on building skins and BIPV materials in the northern hemisphere. The 
selected cities are Stavanger in Norway, Bern in Switzerland, Rome in 
Italy and Dubai in UAE. Although the paper is based on four case studies, 
the findings suggested that the solar radiation potential of BIPV material 
as a building envelope material for the whole building skins is significant 
(576, 869, 1043, 1284 kWh per square meters for Stavanger, Bern, Rome 
and Dubai). These values are slightly more than the morning and evening 
façade potentials of the associated case study. For example, in Stavanger, 
the average annual radiation on the east façade is 535 kWh per square 
meter, while the average annual radiation on the building skins is 577 
kWh per square meter. 

It is also concluded that the climate is a significant factor when it comes 
to the contribution of incident solar radiation components on a surface. 
The evidence from this article suggests that in climates with higher 
diffuse radiation, the contribution of IR radiation decreases. Therefore, 
the efficiency of BIPV materials that their spectral responses are 
dependent on the IR radiation (like Si and CIGS) in such a climate would 
decline. On the other hand, the organic and dye-sensitised solar cells 
could be a good option for a cloudy climate since they have more stable 
performance even in such a climate. Although, their efficiency compared 
to other BIPV materials such as Si-based BIPV solar cells are still 
significantly less until now. 

Finally, when it comes to the impact of the climate on the BIPV system, 
BIPV performance is also very much dependent on temperature, and it 
should also be considered simultaneously with other factors mentioned 
in this article. The effect of some of the parameters being considered in 
this study (spectral response versus type of solar radiation availability) 
may be of the same order of magnitude as those coming from 
temperature. Soiling and snowfall are, of course, other critical issues in 
some of the climates considered. Therefore, these are important issues 
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for future research and a further study with more focus on the mentioned 
issues is suggested. 

4.5. Socio/environmental  impact of  BIPV in the  
literature 

Paper: Holistic economic analysis of building integrated 
photovoltaics (BIPV) system: case studies evaluation 

In this paper, an innovative approach is presented in order to calculate 
the NPV and DPP of BIPV systems in the recent case studies considering 
the environmental and societal consequences of the system. The 
considered factors in this paper are the societal cost of carbon, the 
transmission line loss, the transmission line cost, and the equivalent 
material cost.  

Figures 4-7 and 4-8 illustrate the simulation results for the cumulative 
net present value (NPV) and discounted payback period (DPP) of the 
case studies.  

 
Figure 4-7 NPV calculation considering the traditional method and suggested method 
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Figure 4-8 DPP considering the traditional method and suggested method 

As can be seen from the pictures, the suggested method improves the 
economic feasibility of the BIPV system. For instance, the DPP for 
Belem has been decreased from seven years to four years. Regarding the 
Awali case study, the system is still unfeasible considering a 30-year 
lifecycle of the BIPV system, even when applying the suggested method. 
Figure 4-9 depicts the BIPV price per watt peak, electricity tariff, social 
cost of carbon (CSCCs), transmission line loss of the case studies.  

 

Figure 4-9 (A) BIPV price, (B) Electricity tariff, (C) CSCCs, and (D) Transmission line loss of 
the different countries. 
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 The result discovers that the NPV value of environmental and societal 
advantages for the studied countries could vary from 1.403 USD per watt 
peak to even 2.710 USD per watt peak depending on the values of the 
examined factors for each case study. This method can be applied to 
other countries to calculate the NPV and DPP of the BIPV system. The 
suggested method shows the economic viability of all the case studies 
except Bahrain. The DPP of the BIPV system in Bahrain is still more 
than its life cycle because of low electricity tariffs and high initial cost 
(more than twice of other case studies). Moreover, the suggested method 
brings the DPP of the BIPV system in China to 20 years while it was 
more than the system's lifetime by the traditional method. The NPV of 
societal and environmental advantages of the BIPV system has its 
highest value for Italy according to the simulation, which is because of 
the high electricity tariff in Italy. 

Since there is no data regarding the cost of the carbon emissions during 
the manufacturing/transportation/disposal of the BIPV panels in 
referenced studies, these parameters are not considered. However, the 
BIPV modules and components contain glass, aluminium and 
semiconductor materials that can be successfully recovered and reused, 
either in new modules or other products. There have been recent 
suggestions on methods for end-of-life recovery of these materials. 
However, there is still a lack of reliable scientific or empirical data and 
established recycling strategies [59].  

4.6. LCOE and rational incentives 
Paper: Levelised Cost of Electricity (LCOE) of Building Integrated 
Photovoltaics (BIPV) in Europe, Rational Feed-In Tariffs and 
Subsidies 

The study is set out to present a method, calculate and report the LCOE 
of BIPV systems for the EU countries and, more specifically, the LCOE 
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for the BIPV system as a building envelope material for the outer skin of 
the buildings. 

Figure 4-10 depicts the lifetime electricity production of the BIPV 
system (EGT) as a building envelope material for the skins of the 
buildings in the EU countries. The total production is between 2819 kWh 
per m2 (in Finland) and 5084 kWh per m2 (in Cyprus). The average 
production for the EU is 3601 kWh per m2. 

 
Figure 4-10 Lifetime electricity production of the BIPV system (EGT) as building envelope 

material  

Figure 4-11 illustrates the electricity price of the grid and LCOE of BIPV 
as a building envelope material for the entire building by taking the total 
investment related to both roles of the system as the net present value of 
the total cost (NPVC).  
As can be seen from Figure 4-11, the LCOE in Bulgaria, Croatia, 
Czechia, Estonia, Finland, Hungary, Latvia, Lithuania, Netherlands, 
Norway, Poland, Romania and Slovakia is more than the network price. 
In order to make the BIPV system economically feasible, a FiT rate is 
required (generally equal to the difference of NP and LCOE plus NP, in 
order to reach the grid parity). Furthermore, the analysis unfolds that on 
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average in Europe, the BIPV system does not need a feed-in tariff if the 
selling price to the grid is equal to the purchasing price from the grid.  

 
Figure 4-11 NP and LCOE of the system (considering cost related to both role of BIPV as the 

investment) 

Figure 4-12 illustrates the electricity price of the grid and LCOE of BIPV 
as a building envelope material for the entire building by taking the 
investment related to the energy supplying role of the system as the net 
present value of the total cost (NPVC). 

 
Figure 4-12 NP and LCOE of the system (considering cost related to the energy supplying role 

of BIPV as the investment) 

Figure 4-12 reveals that the implementation of BIPV systems as a 
building envelope material has already passed the grid parity (which 
means the energy can be generated or delivered to the grid at the same 
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cost as it can be purchased from the grid) in 29 out of 30 EU countries if 
the corresponding cost to its role as a power generator is taken into 
economic analysis. The only country in which BIPV needs support 
schemes to reach grid parity is Lithuania. The average LCOE for the EU 
(0.09 (€/kWh)) in this scenario is half of the average grid price in the EU 
(0.18 (€/kWh)). 

Although BIPV technology has reached grid parity in almost all of the 
investigated countries, what is critical is the question of whether the local 
grid is willing to buy the electricity at the same price that sells it to the 
end-user or not. The answer to this question has a remarkable effect on 
the proper designing of subsidies for this technology.  

The paper also illustrates that a non-optimal design of BIPV systems 
(BIPV system with an efficiency of 10%, a lifetime of 25 years and an 
inverter replacement requirement for every ten years) could double the 
LCOE, highlighting the importance of system design, system component 
selection, and system implementation. 

The article also presents a metric to the EU countries to investigate the 
current situation of the BIPV and determine whether the technology 
needs any incentive and subsidy or not by employing the discussed 
approach in this paper.  

Although the current study is based on average values of parameters, the 
finding presents the underlying part and foundation of further studies 
regarding the LCOE of BIPV in the EU and the reasonable amount of 
subsidies or incentives for this technology to drive a faster rollout of 
BIPV in the EU.  Further work needs to be done to investigate and assess 
the impact of urban areas (shading, reflection, etc.) and the effect of 
climate on the system efficiency considering different technologies on 
the presented analysis. 
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4.7. BIPV in Norway 
Paper: Lifecycle cost analysis (LCCA) of tailor-made building 
integrated photovoltaics (BIPV) façade: Solsmaragden case study in 
Norway 

This paper deals with the LCCA of a 127.5 kWP of BIPV façade system 
with the estimated annual production of 55.5 MWh/m2 in Drammen, 
Norway, which has received a government subsidy. The paper analyses 
the system's economic performance based on the monitored data after 
four years of operation and explains the effect of the subsidy on the 
LCCA of such a system. The LCCA indices, including NPV, DPP, IRR 
and LCOE, are calculated.  

Figure 4-13 shows the cumulative NPV of the BIPV system based on 
three scenarios of initial investment and also NPV of the façade if the 
glass option was selected (without taking the EOL benefits into account) 
as follows: 

Scenario-A: Gross investment, which is the total invested 
money by the client without taking the Enova support and 
BIPV function as a building envelope material into 
consideration (4,625,794 NOK); 

Scenario-B: Net investment without Enova support, which is 
the total invested money by the client considering the system 
functionality as a building envelope material (an alternative 
for glass façade) but without taking the Enova support into the 
evaluation (4,625,794 NOK - 2,125,830 NOK = 
2,499,964NOK); 

Scenario-C: Net investment with Enova support, which is the 
total invested money by the client by taking the system 
functionality as a building envelope material (an alternative 
for glass façade) and the Enova support into the evaluation 
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(4,625,794 NOK - 2,125,830 NOK - 1,553,236 NOK = 
946,728NOK); 

Scenario-D: Glass façade option (2,125,830 NOK). 

By taking the subsidy granted by Enova into the calculation, the 
cumulative NPV of the BIPV system becomes positive, with a total value 
of 478,934 NOK (0.48 Million NOK). It means the BIPV system could 
reimburse the invested money and become a source of income for the 
building. It is also found out that with a subsidy equal to 1,074,301 NOK, 
the cumulative NPV of the BIPV system would become zero. On the 
other hand, and in terms of the glass façade option, the cumulative NPV 
of the system will be -2,125,830 NOK. 

 
Figure 4-13 The cumulative NPV of investment for different scenarios (without EOL benefits) 
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Figure 4-14 presents and sums up all the factors involved in this project's 
LCAA and economic analysis. The total carbon saving from the BIPV 
system of this building over a 30-years lifetime is equal to 105 Tons 
of CO2. It is apparent from Figure 4-13 that the Enova support 
greatly covers the societal and environmental benefits of the BIPV 
system, which has been quantified (saving in transmission loss, saving 
in power delivery cost and carbon tax). 

What is interesting in Figure 4-14 is that for every BIPV project, such a 
graph could be plotted, and then decision-makers could discuss and 
decide on the amount of incentive or subsidy. The graph varies from 
country to country or even from project to project, but the principles are 
the same. 

Figure 4-14 The absolute cumulative NPV of different items for this project 

The provided output demonstrates that the case study system is 
economically feasible with a DPP of 22 years, IRR of 6%, cumulative 
NPV of 478,934 NOK and LCOE of 1.28 NOK/kWh (sum of first six 
items in Figure 4-14). Furthermore, with an average annual solar 
irradiance of 707 kWh/ m2 on the system, the average annual electricity 
production of the system, based on the monitored data, is 40 kWh/ m2.  
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For this particular project, two reasons made the system economically 
viable: the Enova subsidy and the self-consumption of the generated 
electricity by the building. The calculation shows that the Enova subsidy 
is equal to 1.16 NOK per kWh. In other words, Enova has paid 1.16 
NOK/kWh for the total electricity production of the BIPV system during 
the system's lifetime (30 years) in advance. 

A parametric analysis is also conducted in this article to show the effect 
of various input parameters on the system's output. The output is defined 
as the cumulative NPV of the BIPV system over the lifetime of the 
system. The examined input parameters are the discount rate, BIPV 
price, conventional building envelope material price, BIPV electricity 
Production, electricity tariff and degradation rate. 

Regarding the different end-of-life material recovery approaches in this 
study, recovering different materials from BIPV glazing is a complex 
process and depends on PV technology. This paper does not mention 
who will perform the material recovery task and what the cost would be. 
This cost will have an impact on the end-of-life financial gain calculation 
as well. A contribution to this work would be to investigate this 
discussion more in detail. 

4.8. BIPV contribution to energy transition of cities 
and challenges 

Paper: The contribution of building integrated photovoltaics (BIPV) 
to the concept of nearly zero-energy cities in Europe: potential and 
challenges ahead 

The paper defines a metric for architects and urban planners to grasp how 
much of the energy consumption of buildings in Europe could be 
supplied by BIPV systems as building envelope materials for the whole 
building envelope surface areas. The results show how much different 
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European countries can rely on BIPV technology in the energy transition 
journey in urban areas.  

Table 4-1 depicts the ratio of energy consumption of BNA (EBNA) to 
the energy production of BS (EBS) per square meter for the European 
capitals. In other words, the numbers illustrate how much of the building 
skin surface is required to supply the energy consumption of one square 
meter of the building net area. For example, the table shows that in terms 
of Vienna with BSGR equal to 30% and BIPV implementation date of 
2030, the energy consumption of one square meter of a building net area 
could be supplied by 0.8 square meters of building skin. In other words, 
a building with a building skin to the building net area ratio of 0.8 in 
Vienna could be Zero-energy in 2030 building by employing BIPV 
technology.   

It is worth highlighting that the correlation between EBS and EBNA is 
linear. It means that in terms of the previous example, a building with a 
building skin to the building net area ratio of 0.6 could supply 80% of 
the energy consumption of the building considering all the mentioned 
assumptions. Moreover, there is a clear trend that by increasing the 
BSGR ratio, the value of EBNA to EBS rises as well, which make sense 
because the more a building skin is glazed, the more surface area is 
covered by glass BIPV, which has less efficiency compared to BIPV 
panel.  

The result illustrates that BIPV technology could contribute to a great 
extent to supplying the energy demand of urban areas. The study of the 
capitals of all the European Union member states (EU) together with the 
capitals of Norway and Switzerland, depicts that on average, by a 
building skin to the building net area ratio of 0.78, building skin glazing 
ratio (BSGR) of 30%, BIPV glass and BIPV panel efficiency of 13% and 
25%, building energy consumption of 135 kWh/ m2.year in 2030, the EU 
cities could reach the target of zero-energy urban areas.  
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Table 4-1 The ratio of energy consumption of BNA (EBNA) to the energy production of BS 
(EBS) 

No Country Capital 

EBNA/EBS 
BSGR 30% BSGR 40% BSGR 50% 

2020 2030 2020 2030 2020 2030 

1 Austria Vienna 1.37 0.80 1.49 0.84 1.62 0.90 
2 Belgium Brussels 1.52 0.88 1.65 0.93 1.79 0.99 
3 Bulgaria Sofia 1.28 0.74 1.38 0.78 1.50 0.83 
4 Croatia Zagreb 1.31 0.76 1.42 0.81 1.54 0.86 
5 Cyprus Nikosia 0.96 0.55 1.03 0.59 1.12 0.62 
6 Czechia Prague 1.47 0.85 1.59 0.90 1.73 0.96 
7 Denmark Copenhagen 1.54 0.89 1.66 0.94 1.81 1.00 
8 Estonia Tallinn 1.71 0.99 1.85 1.05 2.01 1.12 
9 Finland Helsinki 1.72 1.00 1.86 1.06 2.03 1.13 
10 France Paris 1.42 0.82 1.54 0.87 1.67 0.93 
11 Germany Berlin 1.51 0.88 1.63 0.93 1.78 0.99 
12 Greece Athens 1.00 0.58 1.08 0.62 1.18 0.65 
13 Hungary Budapest 1.30 0.75 1.40 0.80 1.52 0.85 
14 Ireland Dublin 1.63 0.94 1.76 1.00 1.92 1.06 
15 Italy Rome 1.09 0.63 1.18 0.67 1.28 0.71 
16 Latvia Riga 1.64 0.95 1.77 1.01 1.93 1.07 
17 Lithuania Vilnius 1.66 0.96 1.79 1.02 1.95 1.08 
18 Luxembourg Luxemburg 1.48 0.86 1.60 0.91 1.74 0.97 
19 Malta Valleta 0.98 0.57 1.06 0.60 1.16 0.64 
20 Netherlands Amsterdam 1.52 0.88 1.65 0.94 1.79 1.00 
21 Poland Warsaw 1.52 0.88 1.64 0.93 1.78 0.99 
22 Portugal Lisbon 1.02 0.59 1.10 0.62 1.20 0.66 
23 Romania Bucharest 1.25 0.73 1.35 0.77 1.47 0.82 
24 Slovakia Bratislava 1.36 0.79 1.47 0.83 1.59 0.88 
25 Slovenia Ljubljana 1.41 0.82 1.52 0.86 1.66 0.92 
26 Spain Madrid 0.98 0.57 1.06 0.60 1.15 0.64 
27 Sweden Stockholm 1.62 0.94 1.76 1.00 1.91 1.06 
28 UK London 1.54 0.89 1.67 0.95 1.81 1.01 
29 Norway Oslo 1.71 0.99 1.85 1.05 2.01 1.12 
30 Switzerland Bern 1.33 0.77 1.44 0.82 1.56 0.87 
-- Average -- 1.35 0.78 1.46 0.83 1.59 0.88 



Contributions and constraints 

68 

Such a table is a great asset for the architecture to investigate how much 
of the energy demand of the designed building could be supplied by its 
skin, not only in the current stage but also for the future and possible 
renovation etc. 

Challenges to a wide rollout of the BIPV system are also discussed in 
this paper. Figure 4-15 depicts the challenges when it comes to the 
different stages and players involved in these challenges.  

The main players of the BIPV market, who are also primary stakeholders 
with high impact and power with respect to BIPV technology are fallen 
into eight categories of politicians, administrations, manufacturers, 
architects, consultancies, power grid, BIPV contractors/installers and 
end-users. 
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Figure 4-15 BIPV barriers` classification and involved stakeholders who could contribute to a 

solution 

However, the study does not consider constraints related to the urban 
context of the case studies, such as shading issues, building barriers, 
historical, architectural and regulatory constraints. A contribution to this 
work could be evaluating the effect of the urban context on the outcome 
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of this research study. Another contribution could be the effect of climate 
and different technology on the results of this article. 

 

 



Conclusion 

5 Conclusion 

Cities are experiencing an energy policy transition to minimise and 
finally zeroing their carbon footprint. A significant part of this carbon 
footprint originates from energy consumption, and buildings play a vital 
role in this regard. Therefore, this PhD aimed to determine to what extent 
the BIPV can contribute to this goal in Europe by investigating the 
feasibility of building integrated photovoltaic (BIPV) systems as a 
building envelope material in Europe. Through its huge numbers of 
building facades and roofs, cities can become the power stations of the 
future. 

The results are promising and show that the technology as an alternative 
for other building envelope materials has already become economically 
viable in a major part of Europe. The overall price of the BIPV system is 
going down annually, and simultaneously, its efficiency is increasing. 
Although, more efforts towards a more appropriate and fair procedure 
are needed when it comes to the regulation and policies and power 
trading schemes for the owners of buildings with BIPV solutions.  

The footprint of the technology on the environment and society is also 
investigated. It is concluded that the technology could also avoid massive 
investment on the power grid and transmission line and their expansion 
because the technology is producing power where it would most likely 
be used. Moreover, BIPV also addresses the critics of exploited land use 
for solar power plants or wind farms by being implemented on the 
building skins. 

Unfortunately, it is not possible to set a specific price for BIPV per 
unit kW or square meter, even for a country, region, or city. The BIPV 
price depends on many factors like BIPV type, location, 
technical specification, system size, etc. Therefore, in this PhD 
project, we tried to set average prices to evaluate the system and, in the 
end, investigate the impact of the inputs on the output with a sensitivity 
analysis. 
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Regarding technical investigations, emerging technologies such as 
organic solar cells and perovskite solar cells are progressing rapidly in 
terms of efficiency, performance, and other technical privileges such as 
spectral response and mechanical flexibility. These aspects will make 
the available types and models of BIPV in the market increasingly  
diverse and results in a more comfortable use of technology. 

The result from the designed experiment to investigate the reflected 
radiation from the south facade of a neighbouring building to the north 
façade is also remarkable. The results illustrate that while the incident 
solar radiation of the north façades in urban areas like Stavanger is less 
than 30% of the incident solar radiation of the south façades, with a 
reflection from the south facade of a neighbouring building with glass 
and/or white panel materials, the incident solar radiation of the same 
north facade can increase to 50%. Although the electricity production 
might not scale up to the same portion when using silicon-based PV 
panels. This indicates that although some issues such as shading in urban 
areas would jeopardize the incident solar radiation of facades, a portion 
of this decline can be recouped by the reflection. From an urban planning 
point of view, if taken reflection seriously to legislation, it might have an 
impact on the use of urban spaces and the building of structures there, 
vegetation etc. Therefore, the planners will have to carefully balance how 
reflection needs are valued as supposed to need for parks, green spaces, 
and trees that obstruct reflection. 

Other major findings from this doctoral study are briefly presented here: 

 In Scandinavian countries and because of higher latitude
(lower solar altitude), the geographical potential of façades is
significant comparing to the roof. For example, for the south
façade, the potential is similar to the roof if seen over the year.
Moreover, challenges like snowfall for the roof-mounted PV
systems not only does not count as an issue for the façade-
mounted PV but also could be seen as an advantage because of
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the high reflection of the snow and the increased incident 
radiation on the facades.  
 The average annual radiation potential of BIPV as a 
building envelope material for the entire skins of building in 
Europe is more than the average annual radiation potential of 
BIPV on the east or west façade. Figure 5-1 shows these values 
for Stavanger. 

 
Figure 5-1 Historical data of annual solar incident radiation potential in Stavanger 

 BIPV, for its building envelope role, should be regarded 
as its alternatives such as glass, stone, brick, wood etc. It means 
that the cost corresponding to its energy supplying role should be 
considered for the financial analysis and economic feasibility 
study. 
 By considering the investment on the BIPV related to its 
power generation role as the initial investment for the financial 
analysis, the BIPV as a building envelope material on average 
and in all the capital of European member states plus Norway and 
Switzerland will reimburse all the investment in its lifetime. Non-
optimal solutions or inappropriate technical design can violate 
this fact. 
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 BIPV as a building envelope material for the entire skin 
of buildings in urban areas of Europe can have an incredible 
contribution towards the energy transition of cities. For example, 
on average and in Europe, by a building skin to the building net 
area ratio of 0.78, building skin glazing ratio (which is the ratio 
of the glazed surface to the total surface of the building skin) of 
30% and using BIPV on the entire skin of buildings in 2030, the 
EU cities could reach the zero-energy target. 

 Results of this study and theoretical and practical implications can guide 
end-users, architects and urban planners to decide more conscious about 
the BIPV systems and steer governments and decision-makers to support 
the technology by rational subsidies and incentive regulations. 
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a b s t r a c t

The main purpose of this study is to evaluate the economic feasibility of the BIPV system as a building
envelope material for the whole building skins. The paper is dealing with the lifecycle cost analysis
(LCCA) of BIPV system in the capitals of all the European Union member states (EU) as well as the capitals
of Norway and Switzerland.

The results revealed that by a discount rate of zero, BIPV system could refund all the investment even
on the north facades while in terms of traditional building envelope materials as an alternative option for
building skins, there would be rarely added benefits after investment. Furthermore, the societal and
environmental benefits of a BIPV system in Europe have its greatest impact on the south façade.
Moreover, for all the studied directions of building skins with a discount rate of five present in Europe
except the north facade, just the quantified amount of societal and environmental advantages of BIPV
systems could almost reimburse all the invested money.

The results illustrated that the BIPV system as a building envelope material for the whole building
skins could reimburse not only all the investment costs but also become a source of income for the
building.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Although the average cost of direct current electricity (DC)
generated by photovoltaic modules has dropped below 0.02 Euro
(V) per kilowatt hour (kWh) inmany places worldwide, the current
issue with PV production is the significant additional cost compo-
nent related to transporting the electricity from the solar PV
module to where and when it is needed. This is part of the latest
report of the European Union, PV status report 2019 [1], which calls
for solutions to tackle the emerging issues in supplying the
increasing power demand of the world.

One of the most reasonable solutions is the building integrated
photovoltaic system (BIPV). BIPV system is photovoltaic cells that
are capable of being integrated into the building skins such as roof
or facade to generate clean energy from sunshine. Such a system
plays two roles in the building. First, it functions as building skins.

Therefore, the system must have the specification of conventional
building envelope materials like weather and noise protection, heat
insulation, structural strength, etc. Second, the system is a power
generator for the building [2,3].

A BIPV system delivers the energy where the end-user needs it.
Besides, with an energy storage system (ESS) or using the power
grid as ESS, it can provide energywhen the user needs it. This is also
a response to the recent criticism, which has been raised regarding
the consequences of solar farms on climate change and occupying
the agricultural lands [4,5]. With the BIPV system, these concerns
and worries are avoided because the system is located on buildings
that use the energy, as building skins.

The PV systems can be developed and perform as photovoltaic
thermal (PVT) systems with either active or passive ventilation to
remove the heat and cool the PV module using air or water as a
medium [6e8] and produce both electrical and thermal energy
with a higher efficiency [9e11]. In a BIPV system with air ventila-
tion, as an example, the photovoltaic system is typically installed in
front of the façade or roof of the building. Fresh air can naturally
ventilate the system at the back of the BIPV cooling it. If the system
exploits this removed warm air for heating purposes, the system
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changes to become a new configuration called building integrated
photovoltaic thermal system (BIPVT).

Different methods have been proposed to classify the BIPV
systems. It can be classified based on the solar cell composition
(crystalline Silicon cells, single-junction Gallium Arsenide (GaAs),
thin-film technology, multi-junction cells, and emerging PV),
application (roof and façade integration), market (foils, tiles,
modules, and solar cell glazing) and connection type to the grid
(stand-alone, grid-connected, or hybrid) [12,13]. In addition, the
BIPV system application is not just limited to the building. It can
also be employed in other applications, like ships and contributes to
the optimal performance of ships in terms of energy consumption
of the ships [14].

The expected lifetime of the BIPV system is defined as the period
that the panels will produce at least 80% of its rated power.
Although according to the manufacturers, the current BIPV systems
are guaranteed for up to 30 years [15], new studies show that the
service life of the BIPV system can be up to 50 years [16,17]. This
means the system can deliver at least 80% of its original (as new)
electricity production. More than 80% of the implemented BIPV
systems in the world are currently rooftop-mounted and the rest
are the façade-mounted systems [18]. The BIPV products for facades
are less widespread [19] and previous studies have reported that
BIPV facades are still a challenging alternative to employ compared
to BIPV roofs because of issues involved with this application [18].
Urban obstacles, shading issues, openings and other architectural
elements are some of the drawbacks which can significantly affect
the public acceptance of façade integrated BIPV [20].

One of the key advantages of renovating the façades of existing
buildings with BIPV systems is the possibility to achieve zero en-
ergy building (ZEB) or even plus energy building goals [21,22].
Using different facades of a building with various orientations to
spread energy production throughout a day [23,24], the contribu-
tion of the system to enhance the energy performance of the en-
velopes [25], the participation of BIPV facades in the retrofit
intervention of the building are some other advantages of such a
system.

1.1. State of the art

Lifecycle cost assessment (LCCA) is a lifecycle approach that
provides a framework for specifying the estimated total incre-
mental cost of developing, producing, using, and retiring a partic-
ular item [26]. It applies to the directmonetary costs from a product
or service from production through transport, use, and end of life.

A holistic LCCA is an approach that allows the customers to
choose the source of energy for their building, considering all
consequences of their decision. This type of analysis is expected to
evaluate and examine various available options such as different
BIPV systems considering their environmental and societal ad-
vantages, as well as their role in building material offset, because of
their dual service as building skins and PV functionality [2].

Sorgato et al. [21], in 2018, examined the economic and tech-
nical feasibility of the BIPV system with thin-film Cadmium tellu-
ride (CdTe) materials for a building in six Brazilian cities (six
different climates). The results showed that the annual energy

Nomenclature

V Euro
BIPV Building integrated photovoltaics
BIPVT Building integrated photovoltaic thermal
CEU,AV,Conv The average price of conventional building envelope

materials
CI Cash inflows
CO Cash outflows
COM Operation and maintenance cost
CRC Inverter replacement cost
CT Carbon tax
DC Direct current electricity
DPP Discounted payback period
DR Discount rate
EG BIPV annual electricity generation
EGn BIPV annual electricity generation for the nth year
Eionet European Environment Information and Observation

Network
EkWh CO2 emission per kWh
ESS Energy storage system
ET Electricity tariff
EU European Union
EUav The average of Europe
GaAs Gallium Arsenide
GHG Greenhouse gas
GHI Global horizontal irradiance
HCT Homogenous carbon tax
IEA International Energy Agency
IEMC Equivalent envelope material cost
IEMC,E Equivalent envelope material cost of the east facade
IEMC,N Equivalent envelope material cost of the north facade
IEMC,R Equivalent envelope material cost of the roof

IEMC,S Equivalent envelope material cost of the south facade
IMF International Monetary Fund
IEMC,W Equivalent envelope material cost of the west facade
IPIC Project investment cost
IRR Internal rate of return
kWh Kilowatt-hour
LCCA Lifecycle cost analysis
n Number of the year
NCn Net cash flow of the year n
NOAA National Oceanic and Atmospheric Administration
NPV Net present value
PDC Power delivery saving ratio
PDR Degradation rate of BIPV panels
PTL Electric power transmission and distribution losses

ratio
PV Photovoltaics
PVGIS Photovoltaic Geographical Information System
PVT Photovoltaic thermal
Q Initial investment of BIPV systems
SCT Saving from carbon tax
SPB Projected benefit
SPD Saving from power delivery cost
sq.m. Square meter
STL Saving from the electric power transmission and

distribution losses
UK United Kingdom
USA United States of America
USD United States Dollar
WP Watt peak
y Expected life-time of BIPV (years)
Ypp Calculated payback time (years)
ZEB Zero energy building
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demand of the investigated building could be supplied by using the
building’s roof and façade for the BIPV application. The research
also illustrated that climate plays an essential role in energy pro-
duction by the BIPV systems as well as the net annual energy
consumption of the building.

Aste et al., in 2016 [27], investigated a BIPV system performance
(the first Italian BIPV project) to elaborate its technical and eco-
nomic performances after thirteen years of continuous operation.
The other aim of the investigation was to predict its lifetime per-
formance. The degradation rate of the BIPV system after thirteen
years of operation was equal to 0.37% per year, which was mean-
ingfully less than the general degradation rate of the multi-
crystalline silicon system (approximately 0.5% per year) [28].
Moreover, visual inspection and infrared spectroscopy showed that
no BIPV module was damaged.

Wang et al. [29] also accomplished a study for environmental
and economic assessments of a BIPV system by calculating the net
present values (NPV) and the payback period (DPP) of the BIPV
system of a building in Shanghai, China over its expected lifetime.
The DPP of the system was obtained in 6.52 years, considering the
feed-in tariff (FiT) program for renewable energy resources in
China.

NaserW. Alnaserin [30] examined the performance of an 8.6 kW
BIPV systemwith polycrystalline PV cells. The building was located
at Awali Town, Kingdom of Bahrain, which is in an arid zone with
high annual solar radiation. Because of the low cost of the elec-
tricity in Bahrain (8 cent for consumption up to 3000 kWh per
month, worth mentioning that the electricity tariffs in Bahrain is
subsidized while it is mainly produced by cheap oil) and lack of
feed-in tariff (FiT) program, the payback time of the BIPV system
was more than 600 years. The study concluded that if the FiT were
set to 1 USD per kWh of solar electricity, the payback timewould be
equal five years. Furthermore, the study found out that by assuming
the emission of one kg CO2 per one kWh of electricity in Bahrain,
system saving from GHG emission would be nine tons, annually.

Moreover, in recent years a number of researchers have sought
to determine the economic feasibility of BIPV systems on the fa-
cades with north-facing or even west and east-facing orientation,
considering the amount of radiation there. It is perceived that there
seems to have been an assumption that these orientations and,
more specifically, northern façades are unfeasible economically
because the radiation there is low [3,12,15,19,21,27,29e37].

1.2. Problem statement

All thementioned studies, however, did not evaluate the societal
and environmental effects of the BIPV system on the economic
analysis or LCCA. Furthermore, the total cost introduced to the
economic analysis was the sum of both functions of the system
(building skins and PV functionality).

The hypothesis of this study is that in the economic analysis of a
roof-mounted or façade-mounted BIPV system as a substitute for
the conventional building envelope materials (while an architect
rarely does so for the traditional alternatives), what should be
inserted into the calculations is the extra charges that BIPV system
causes and not the overall cost. This amount is usually not a big part
considering the total cost of a building’s construction. In other
words, the cost of a BIPV has two parts [38]. The first part repre-
sents the share of the costs that is avoided because no conventional
building material (passive element) has to be used. The second part
represents the actual additional costs that the owner needs to
spend in order to apply a PV functionality (which is energy pro-
duction) in its building skin. The total cost results from the sum of
two contributions (building skins and PV functionality). In this
study, the economic analysis related to the total cost as well as the

second part has been accomplished.
Furthermore, the BIPV system would become more feasible

economically (even for untraditional orientations) if the analysis
takes the environmental and societal benefits of the BIPV system
into consideration. Some of the most crucial environmental and
societal advantages of BIPV systems are saving in transmission line
lost power, saving in power delivery cost, saving form carbon tax
and saving in building envelope material cost [2].

So far, the research to date has tended to focus on the technical
and economic feasibility as well as aesthetic aspects of the BIPV
system as a building envelope material for one specific direction of
buildings or some directions of building skins with high irradiation
potentials, rather than analysing the BIPV system as a building
envelope material for the whole skins of building.

1.3. The aim of the study

The aim of this research project has therefore been to determine
whether the BIPV system as an alternative for the building envelope
materials is economically feasible for the whole skin of the build-
ings in Europe or not. The other objective of this study is also to
evaluate a holistic lifecycle cost analysis (LCCA) of the BIPV systems
on different façade orientations and flat roofs for the capitals of all
the European Union member states (EU) as well as the capitals of
Norway and Switzerland by taking the quantified environmental
and societal benefits of the BIPV systems into consideration.

This paper is structured as follows. In section two, the meth-
odology, input parameters, formulation and constraint is discussed.
In section three, the results are demonstrated in detail. In section
four, sensitivity analysis is done and finally, in section five, the
conclusion is presented.

2. Methodology

From the literature review [39e43], it can be seen that different
solar potential definitions and diverse approaches to calculate and
classify the solar potential make it complicated to compare the
output of studies. Therefore in the following section, the term “BIPV
potential” is defined and classified first and then methodologies for
BIPV potential assessment is presented.

There are four basic approaches currently available to evaluate
the solar energy potential in an area [43] which are theoretical,
geographical, technical and economic potential. The theoretical
potential is defined as all the available irradiation in an area
without any limitations (geographical or technical). The
geographical potential is the fraction of the theoretical potential
that is utilizable (because the land or area is available and suitable).
The technical potential is defined as the fraction of the geographical
potential that is technically useable (taking into account the effi-
ciency of photovoltaic modules). Finally, the economic potential is
the portion of the technical potential that is economically feasible.
The feasibility could be based on an investors’ or macroeconomic
point of view.

In terms of the BIPV systems, these approaches are redefined
and the methodologies, as well as required parameters and calcu-
lations, are explained in detail in later sections.

a. Theoretical potential

The theoretical potential of a region is all the solar radiation
received by the region disregarding any technical or geometrical
constraint. For instance, solar irradiation maps are placed in this
category. Fig. 1 shows the theoretical potential of solar radiation in
Europe and more specifically, global horizontal irradiance (GHI).
GHI is the total amount of radiation received from above by a
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horizontal surface in the ground. GHI includes both direct irradi-
ance and diffuse irradiance and is of particular interest to PV and
BIPV installations.

b. Geographical potential

The geographical potential is the utilizable amount of theoret-
ical potential. In other words, it is that fraction of the theoretical
potential, which is suitable for solar energy systems. For example, if
the case study is about solar radiation potential of BIPV in a city, the
geographical potential is the aggregate of solar radiation on all
available surfaces in city buildings.

Table 1 presents the average annual geographical irradiation
potential on building skins in the capitals of all the European Union
member states (EU) together with the capitals of Norway and
Switzerland. The analysis and calculated amounts are based on the
hourly incident radiation data between 2005 and 2016 from the
Photovoltaic Geographical Information System (PVGIS) [45].

The technical potential is the produced power from the BIPV
system in the region considering the technology and efficiency.
From the geographical potential, the technical potential could be
calculated. To be able to calculate the technical potential, the
technology and efficiency of the BIPV module need to be specified.

The average overall efficiency of a BIPV system is varied
depending on the technology, configuration, climate of the site,
ventilation and etc. Based on the experimental projects done so far,
it is between 10% and 22% [18,26]. Therefore, by taking the average
efficiency of 18% for the BIPV panels -which is the average efficiency
of commercialized BIPV panels in the market and not the system-,
the technical potential can be simply calculated by multiplying the
18% (efficiency of the BIPV system) by the geographical potential.

Based on this efficiency and the data in Table 1, the technical po-
tential of BIPV systems for Europe is presented in Table 2. It is worth
mentioning that the emerging PV materials and advances in tech-
nology promise more efficiencies for solar PV modules in the near
future.

The portion of the BIPV technical potential which is economi-
cally feasible is called economic potential. The economic potential
of the BIPV system usually needs more study because of various
parameters involved with this subject such as technology, market
price, energy tariffs, annual production, system degradation rate,
possible subsidies, etc. The purpose of this study is to calculate the
economic potential of building skins for the BIPV application.

The adopted life cycle cost analysis (LCCA) to this study as well
as the input parameters in order to focus on the economic potential
of BIPV systems on building skins of urban areas, is presented in the
next sections.

2.1. Input parameters

Table 3 represents electricity tariffs, greenhouse gas emissions
(GHG) and electric power transmission and distribution losses of
the European countries. The electricity tariffs are for household
consumers with annual electricity consumption of
2500e5000 kWh, including taxes based in 2018 figures. The
average electricity tariff inflation rate for Europe is 2% [45]. The
greenhouse gas emission (GHG) of each country depends on the
resources used to produce electricity. For example, thanks to the
substantial hydropower potential in Norway -practically all elec-
tricity produced is from hydropower-, the country has the lowest
GHG emission rate from electricity production in Europe [46].
Switzerland is in a similar situation. The average electric power

Fig. 1. The theoretical potential map of solar irradiance in Europe [44].
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transmission and distribution losses for the European Union is
currently 6% [47].

According to the International Energy Agency (IEA), the world
electricity demand increased by 4% in 2018. This growth rate is
notably higher than the total increase in energy demand [48]. One
reasonable solution to manage this growth rate is to produce
electrical energy closer to the end-users. BIPV technology could be
an excellent response for this purpose [2]. As per the IEA report of
September 2017 [49], electricity prices reflect rising delivery costs
while the electricity generation cost is declining. In terms of the
USA, delivery costs are responsible for 36% of the total price of
electricity for the end-user and for some countries this contribution
reaches even 50%. Some components of delivery cost are trans-
mission costs, distribution equipment expenses, charges for
installing, operating, maintaining meters and sensors. Considering
a depreciated estimate, generated electricity by a BIPV system can
decrease the delivery cost of around 20% of the electricity [50].

The discount rate is the rate of interest that bank charges on its
loans and can be defined based on two approaches of social dis-
count rate and the financial (or individual) discount rate [51e53].
Although it changes from country to country, a discount rate of 5%
has been applied to this study [51].

When it comes to the evaluation of BIPV economic feasibility, as
mentioned earlier, that part of the investment which is caused by
the system’s application as an energy generator should be placed
into the calculation. In other words, the real investment cost for a
wall-mounted or roof-mounted BIPV system is the capital expen-
diture of the system minus the cost of the equivalent regular
building material the PV is replacing as a building skin over the
implemented area. Table 4 depicts the average cost of conventional
façades and roofs in European countries [38] and the adopted pri-
ces for this analysis.

Table 1
The average annual geographical irradiation potential on building skins of the
capitals of the European Union member states (EU) with Norway and Switzerland.
c. Technical potential

No Country Capital Average annual radiation (kWh/sq.m.)

Roof South East West North

1 Austria Vienna 1225 1004 702 736 294
2 Belgium Brussels 1073 902 649 656 295
3 Bulgaria Sofia 1352 1042 797 743 332
4 Croatia Zagreb 1312 1031 734 773 301
5 Cyprus Nikosia 1928 1330 1044 1040 348
6 Czechia Prague 1132 935 672 680 293
7 Denmark Copenhagen 1051 926 634 664 271
8 Estonia Tallinn 932 830 571 601 252
9 Finland Helsinki 926 836 552 600 240
10 France Paris 1174 975 712 667 302
11 Germany Berlin 1079 922 661 652 288
12 Greece Athens 1819 1286 990 997 338
13 Hungary Budapest 1309 1069 756 762 302
14 Ireland Dublin 975 862 613 597 291
15 Italy Rome 1640 1262 937 846 309
16 Latvia Riga 980 858 601 616 265
17 Lithuania Vilnius 986 829 598 596 270
18 Luxembourg Luxemburg 1121 900 677 681 300
19 Malta Valleta 1875 1281 986 1056 341
20 Netherlands Amsterdam 1065 902 636 675 291
21 Poland Warsaw 1087 912 658 654 281
22 Portugal Lisbon 1751 1277 953 1029 339
23 Romania Bucharest 1406 1071 761 805 305
24 Slovakia Bratislava 1253 1018 720 735 291
25 Slovenia Ljubljana 1249 958 613 752 292
26 Spain Madrid 1788 1401 1035 1015 321
27 Sweden Stockholm 961 886 608 632 263
28 UK London 1046 900 645 639 300
29 Norway Oslo 911 865 568 594 245
30 Switzerland Bern 1252 1045 754 735 302

Table 2
The average annual technical potential of the BIPV system for Europe.
d. Economic potential

No Country Capital Average annual technical potential (kWh/
sq.m.)

Roof South East West North

1 Austria Vienna 220.5 180.72 126.36 132.48 52.92
2 Belgium Brussels 193.14 162.36 116.82 118.08 53.1
3 Bulgaria Sofia 243.36 187.56 143.46 133.74 59.76
4 Croatia Zagreb 236.16 185.58 132.12 139.14 54.18
5 Cyprus Nikosia 347.04 239.4 187.92 187.2 62.64
6 Czechia Prague 203.76 168.3 120.96 122.4 52.74
7 Denmark Copenhagen 189.18 166.68 114.12 119.52 48.78
8 Estonia Tallinn 167.76 149.4 102.78 108.18 45.36
9 Finland Helsinki 166.68 150.48 99.36 108 43.2
10 France Paris 211.32 175.5 128.16 120.06 54.36
11 Germany Berlin 194.22 165.96 118.98 117.36 51.84
12 Greece Athens 327.42 231.48 178.2 179.46 60.84
13 Hungary Budapest 235.62 192.42 136.08 137.16 54.36
14 Ireland Dublin 175.5 155.16 110.34 107.46 52.38
15 Italy Rome 295.2 227.16 168.66 152.28 55.62
16 Latvia Riga 176.4 154.44 108.18 110.88 47.7
17 Lithuania Vilnius 177.48 149.22 107.64 107.28 48.6
18 Luxembourg Luxemburg 201.78 162 121.86 122.58 54
19 Malta Valleta 337.5 230.58 177.48 190.08 61.38
20 Netherlands Amsterdam 191.7 162.36 114.48 121.5 52.38
21 Poland Warsaw 195.66 164.16 118.44 117.72 50.58
22 Portugal Lisbon 315.18 229.86 171.54 185.22 61.02
23 Romania Bucharest 253.08 192.78 136.98 144.9 54.9
24 Slovakia Bratislava 225.54 183.24 129.6 132.3 52.38
25 Slovenia Ljubljana 224.82 172.44 110.34 135.36 52.56
26 Spain Madrid 321.84 252.18 186.3 182.7 57.78
27 Sweden Stockholm 172.98 159.48 109.44 113.76 47.34
28 UK London 188.28 162 116.1 115.02 54
29 Norway Oslo 163.98 155.7 102.24 106.92 44.1
30 Switzerland Bern 225.36 188.1 135.72 132.3 54.36

Table 3
Electricity tariffs, GHG and electric power transmission and distribution losses of the
European countries.

LCCANo Country ET (V) [45] CO2 emission
(g/kWh) [46]

Electric power
transmission and
distribution losses (%) [47]

1 Austria 0.201 156 5
2 Belgium 0.294 233 5
3 Bulgaria 0.101 585 9
4 Croatia 0.132 282 13
5 Cyprus 0.218 773 4
6 Czechia 0.159 587 5
7 Denmark 0.312 386 6
8 Estonia 0.142 1152 7
9 Finland 0.170 209 6
10 France 0.180 92 4
11 Germany 0.300 567 4
12 Greece 0.165 755 8
13 Hungary 0.112 368 12
14 Ireland 0.254 555 8
15 Italy 0.216 444 7
16 Latvia 0.151 185 9
17 Lithuania 0.110 262 22
18 Luxembourg 0.169 283 6
19 Malta 0.131 868 5
20 Netherlands 0.171 582 5
21 Poland 0.140 929 6
22 Portugal 0.229 355 10
23 Romania 0.132 413 11
24 Slovakia 0.146 211 2
25 Slovenia 0.164 351 5
26 Spain 0.248 305 10
27 Sweden 0.199 25 5
28 UK 0.202 584 8
29 Norway 0.191 19 6
30 Switzerland 0.166 37 7
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Table 5 represents the price range of a complete BIPV system in
Europe (including structure, equipment and BOS) based on market
research accomplished by Swiss BIPV Competence Centre at the
University of Applied Sciences and Arts of Italian Switzerland
[38,54] and the adopted values for this study. BIPV roof products
cost averagely about 200V/sq.mmore expensive than conventional
roof products (extra-cost) [38]. Moreover, the cost of BIPV facade
products varies from 100 to 150 V/m2 for a thin film BIPV façade
(with a simple sub-structures and a low-efficiency PV technology)
to 500e700 V/sq.m. for a high-efficiency BIPV crystalline module.
The wide range of prices is mainly because of various products
available in the market, including custom made components) [38].

According to the National Oceanic and Atmospheric Adminis-
tration (NOAA) [55], the average surface temperatures on Earth
rose 0.95� Celsius just between 1880 and 2016, and that growth has
accelerated in recent years. In 2017, 159 countries signed the Paris
Agreement to commit halting global warming at 1.5� Celsius above
the Earth’s average temperature before the industrial age
(1870e2100). A recent study by the International Monetary Fund
(IMF) [56] concluded that halting global warming to 2� Celsius or
less requires immediate policy measures on a demanding scale, like
planning to raise the carbon tax to 75 USD per ton by 2030.
Although some countries have already started to align with this
goal, there is still no carbon tax in some other countries like China,
the United States, India, and Russia, even though those countries
are responsible for half of the world’s carbon emission until 2019.
According to the World Bank data [57], currently (2019) there are
just 25 countries in the world, out of the world’s 195 nations, that
have implemented carbon tax explicitly. The figures for 2019 is
presented in Table 6.

A homogenous carbon tax (HCT) in Europe for the fossil fuel-
based power resources and simultaneously, granting a subsidy or
incentive equal to the mitigated amount of carbon by renewable
energy resources, would be a considerable asset to shorten the
reimbursement time of renewable energy investments more. This
incentive will have a significant impact on the economic feasibility
of BIPV systems considering their dual functionality.

Therefore, an HCT in European countries should happen as soon
as possible. The HCT should start at a lower rate (in order to not lead
to a shock to the economy of those of European countries, which

have not even started to prepare such a fundamental change) and
with a reasonable growth rate in order to meet the 2 �C goal. The
evaluated plan in this study is that the HCT starts with the amount
of 50 V per ton for 2020 and then, with the growth rate of 4%, the
amount of HCT in 2030 will reach 74 V per ton. At the same time,
according to the historical data of the European Environment In-
formation and Observation Network (Eionet) the GHG emission
from electricity production is experiencing a reduction rate of 2.1%
per year [58]. Table 7 presents the estimated HCT as well as GHG
emission of Europe from 2020 to 2050. In order to see the effect of
an HCT on the economic feasibility of BIPV systems in each of Eu-
ropean countries, the GHG emission of each country has been
applied to this analysis with a decline rate of 2.1%.

2.2. LCCA formulation

The basis of the lifecycle cost analysis (LCCA) in this study is
three financial tools, which are net present value (NPV), discounted
payback period (DPP) and internal rate of return (IRR). Net present
value is a tool to presents the net difference between the profits and
costs of the system in the present which is calculated by the dif-
ference between the present value of profits and the present value
of costs. The discounted payback period is the minimum time it
takes to refund the investment costs of the system. Internal rate of
return is the interest rate at which the NPV of all the cash flows
(both cash inflows and cash outflows) from a project or investment
equals zero [2,59,60]. IRR is used to evaluate the economic feasi-
bility of investment. If the IRR of the investment exceeds the
required interest rate, that project is suitable. If IRR falls below the

Table 5
End-user costs of conventional façades and roof materials in Europe [38,54].

Category Price Range
V/sq.m.

BIPV Power WP/sq.m Average Price
V/sq.m

Adopted values for this study

BIPV Power WP/sq.m BIPV Price
V/sq.m

Facade 100e700 50e150 450 120 450
Roof 300e400 80e160 350 150 350

Table 4
End-user costs of conventional façades and roof materials in Europe (including VAT)
[38].

Category Material Price Range
V/sq.m.

Average Price
V/sq.m

Adopted prices
for this study

Facade Wooden 80e380 230 230
Stone 170e900 535
Metal 120e580 350
Brick ceramic 100e380 240
Fibrocement 90e220 155

Roof Thatch roofing 110e150 130 130
Slates 90e170 130
Metal roofing 40e100 70
Ceramic tiles 40e90 65
Concrete tiles 30e60 45

Table 6
Carbon Tax of countries which already implemented [57].

Rank Country USD carbon Tax per ton [57]

1 Sweden 121.29
2 Liechtenstein 96.57
3 Switzerland 96.57
4 Finland 68.43
5 Norway 57.14
6 France 49.23
7 Iceland 31.30
8 Denmark 25.91
9 Ireland 22.07
10 UK 21.79
11 Slovenia 19.09
12 Spain 16.56
13 Canada 15.13
14 Portugal 14.06
15 South Africa 8.29
16 Argentina 6.24
17 Chile 5.00
18 Colombia 4.99
19 Latvia 4.97
20 Singapore 3.63
21 Mexico 3.00
22 Japan 2.65
23 Estonia 2.21
24 Ukraine 0.38
25 Poland 0.08
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required interest rate, the project should be rejected. In other
words, IRR is the discount rate when the NPV of particular cash
flows is equal to zero. Therefore, the higher the IRR, the more po-
tential a project has.

NPV can be expressed as follows [2,29]:

NPV¼
Xy
n¼1

ðCI �COÞð1þ DRÞ�n (1)

CI, CO, DR, y, and n are cash inflows, cash outflows, discount rate,
the expected lifetime of BIPV (years) and the number of the year,
respectively.

CI is the money gained from the BIPV system. Sold electricity to
the network and saving from the societal and environmental ad-
vantages are some examples of cash inflows for a BIPV system. CO is
the money that is spent on the system. The initial investment, O&M
cost and inverter replacement cost are some examples of cash
outflows for a BIPV system. A BIPV system is considered healthy or
feasible economically if the total CI becomes greater than the total
CO.

The initial investment of BIPV systems, Q, is calculated by (3):

Q ¼ IPIC � IEMC (2)

IPIC and IEMC stand for project investment cost and equivalent
envelope material cost, respectively.

CI of the BIPV system in year n can be presented as (4):

CI ¼ ET � EG þ SPB (3)

ET, EG and SPB represent electricity tariff, BIPV annual electricity
generation and the projected benefit, respectively. EG of each year
can be calculated by the following equation:

EGn ¼ EG1 � ð1� PDRÞn (4)

The PDR represents the degradation rate of BIPV panels. PDR is a
term used to describe the decline in output power of the BIPV
system over time. A study led by Jordan and Kurtz [28] gathered
nearly 2000 degradation rates, measured on individual modules or
entire systems from the literature and found that the median
degradation rate is 0.5% per year. The other study, in this regard, is
the study done by Niccol�o Aste et al. [27]. The study dealt with a
BIPV syatem after 13 years of operation and the results obtained
showed that the analysed BIPV degradation rate is equal to 0.37%/
year. Therefore, the degradation rate of 0.5% per year has been
adopted in this study.

The projected benefit, SPB, can be calculated as follows:

SPB ¼ STL þ SPD þ SCT (5)

STL, SPD, and SCT are the saving from the electric power trans-
mission and distribution losses, saving from power delivery cost,
and saving from carbon tax and can be calculated as below:

STL ¼PTL � ET � EG (6)

SPD ¼PDC � ET � EG (7)

SCT ¼CT � EkWh � EG (8)

PTL, PDC, CT, and EkWh represent the electric power transmission
and distribution losses ratio (in percent), the saving percentage
from power delivery cost, carbon tax, and the average CO2 emission
per kWh, respectively.

CO of the BIPV in year n can be shown as (6):

CO ¼COM þ CRCðif n¼10;20Þ (9)

COM and CRC stand for the cost of operation and maintenance
and the cost of inverter replacement, respectively. The cost due to
the replacement of BIPV inverters (equipment and labor costs) is
averagely 17% of the whole BIPV system’s initial cost and the BIPV
inverters’ expected lifetime is usually 10 years [2,21]. Therefore, an
inverter replacement cost equal to 17% of the initial cost of the BIPV
system for every 10th year of operation was inserted into the LCCA.
The BIPV system has low maintenance and servicing requirements.
Annual operation andmaintenance (O&M) costs of a BIPV system is
assumed to be 1% of the initial cost of BIPV system for this study [2].

The net cash flow of the year n, NCn, which refers to the differ-
ence between the BIPV system’s cash inflows and outflows in the
given period, can be expressed as:

NCn ¼CI � CO (10)

The cumulative NPV of the BIPV system can be computed as the
following formula:

Table 7
The estimated HCT and GHG emission of Europe according to the historical data.

Year Adopted HCT (V) GHG (g/kWh) [58]

2020 50.00 271.72
2021 52.00 266.02
2022 54.08 260.43
2023 56.24 254.96
2024 58.49 249.61
2025 60.83 244.37
2026 63.27 239.24
2027 65.80 234.21
2028 68.43 229.29
2029 71.17 224.48
2030 74.01 219.76
2031 76.97 215.15
2032 80.05 210.63
2033 83.25 206.21
2034 86.58 201.88
2035 90.05 197.64
2036 93.65 193.49
2037 97.40 189.42
2038 101.29 185.45
2039 105.34 181.55
2040 109.56 177.74
2041 113.94 174.01
2042 118.50 170.35
2043 123.24 166.77
2044 128.17 163.27
2045 133.29 159.84
2046 138.62 156.49
2047 144.17 153.20
2048 149.94 149.98
2049 155.93 146.83
2050 162.17 143.75

NPV¼ �Q þNC1
� ð1þ DRÞ1 þNC2

� ð1þ DRÞ2 þ…þNCy
� ð1þ DRÞy ¼ �Q þ

Xy
n¼1

NCn

,
ð1þ DRÞn (11)
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DR Represents the discount rate. The DPP of the BIPV system can
be determined by solving the following equation:

XYpp
n¼1

NCn

,
ð1þ DRÞn ¼Q (12)

Ypp represents the number of the year in which the investment
is equal to the cumulative net present value of the incomes
(payback time).

Finally, the IRR of the BIPV system can be determined. The for-
mula for calculating IRR is the same formula as Eq. (10) except that

zero replaces the NPV and the discount rate (DR) is replaced by the
internal rate of return (IRR), as shown in Eq. (12):

�Q þ
Xy
n¼1

NCn

,
ð1þ IRRÞn ¼0 (13)

2.3. Constraints

This study does not take the amounts of GHG emissions during
the manufacturing/disposal of the BIPV panels into consideration.

Fig. 2. The cumulative NPV of BIPV systems for building skins with different orientations in the European countries: (a) NPV per watt-peak, (b) NPV per square meter.

Fig. 3. IRR of BIPV systems for building skins with different orientations in the European countries.
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However, the BIPV modules and components contain glass,
aluminum and semiconductor materials that can be successfully
recovered and reused, either in new modules or other products.
There have been recent suggestions on methods for end-of-life
recovery of these materials. However, there is still a lack of reli-
able scientific or empirical data and established recycling strategies
[60]. A contribution to this research could be to investigate the
effect of the manufacturing/disposal procedure of BIPV products
and their alternatives for building skins applications on this LCCA
analysis.

Moreover, the constraints related to the urban context of the
case studies such as buildings’ shading, building barriers, historical,
architectural and regulatory constraints were not taken into ac-
count for this study because of two reasons; first, the goal of this
study is to compare the status of the BIPV technology in European
countries and such constraints would affect all cases. Second, such
considerations would make the analysis much more complicated
because the urban context of each city is different from other cities.

Another contribution to this work could be evaluating the effect of
the urban context of the capitals or urban constraints on the
outcome of this study.

Finally, in terms of the energy mix, the study is dealing with the
energy production of the countries and not the energy consump-
tion. For example, the average GHG emission factor in Norway,
which is caused by electricity production, was estimated at 18,9 g/
kWh in 2018 [61]. However, by selling this almost clean energy to
other countries and purchasing electricity from other countries
with mostly fossil fuel resources, the average GHG emission of
electricity consumption rises to more than 100 g/kWh [62].
Therefore between two approaches of choosing either energy
production or energy consumption as reference for GHG emission,
this study adopted the energy production of the countries.

3. Results

The analysis was done in Excel and the data together with the

Fig. 4. DPP of BIPV systems for building skins with different orientations in the European countries.

Fig. 5. The cumulative NPV advantages of BIPV systems for building skins with different orientations in the European countries.
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formulation and method is publicly available in the Mendeley
database. The starting date for the system evaluation is the year
2020. Considering an expected lifetime of 30 years, the systemwill
operate until 2050. Fig. 2 depicts the cumulative net present value
of the different orientations of building skins in the European
countries per watt peak as well as square meter. Watt peak (WP) is
the output power achieved by a BIPV module under full solar

radiation and standard test conditions. From Fig. 2 can be seen that
even with a high electricity tariff in some countries such as
Denmark and Germany, countries with higher radiation potential
like Spain, Cyprus and Portugal still have a higher cumulative net
present value out of the expected lifetime of the BIPV system. The
figure also reveals that the BIPV system as an envelope for the north
facade has economic feasibility in some countries like Belgium,

Table 8
The cumulative NPV of societal and environmental benefits per watt peak for different orientations of building skins in the European countries.

Parameter Saving from carbon tax (V/WP) Saving from electric power transmission
and distribution losses (V/WP)

Saving from power delivery cost (V/WP) Saving from
equivalent
building
envelope cost
(V/WP)

Orientation
Country

Roof West East North South Roof West East North South Roof West East North South Roof Facades

Austria 0.22 0.16 0.16 0.07 0.22 0.29 0.22 0.21 0.09 0.29 1.15 0.86 0.82 0.34 1.17 0.87 1.92
Belgium 0.28 0.22 0.21 0.10 0.30 0.37 0.28 0.28 0.13 0.39 1.47 1.12 1.11 0.50 1.54 0.87 1.92
Bulgaria 0.90 0.62 0.66 0.28 0.87 0.28 0.20 0.21 0.09 0.27 0.63 0.43 0.47 0.19 0.61 0.87 1.92
Croatia 0.42 0.31 0.29 0.12 0.41 0.52 0.39 0.37 0.15 0.51 0.81 0.59 0.56 0.23 0.79 0.87 1.92
Cyprus 1.69 1.14 1.15 0.38 1.46 0.39 0.26 0.26 0.09 0.34 1.96 1.32 1.32 0.44 1.69 0.87 1.92
Czechia 0.76 0.57 0.56 0.24 0.78 0.21 0.16 0.15 0.07 0.22 0.83 0.63 0.62 0.27 0.86 0.87 1.92
Denmark 0.46 0.36 0.35 0.15 0.51 0.46 0.36 0.35 0.15 0.50 1.53 1.21 1.15 0.49 1.68 0.87 1.92
Estonia 1.22 0.98 0.93 0.41 1.36 0.22 0.17 0.16 0.07 0.24 0.61 0.50 0.47 0.21 0.68 0.87 1.92
Finland 0.22 0.18 0.16 0.07 0.25 0.22 0.18 0.16 0.07 0.25 0.73 0.59 0.54 0.24 0.83 0.87 1.92
France 0.12 0.09 0.09 0.04 0.13 0.20 0.14 0.15 0.06 0.20 0.98 0.70 0.74 0.32 1.02 0.87 1.92
Germany 0.70 0.53 0.53 0.23 0.74 0.30 0.23 0.23 0.10 0.32 1.51 1.14 1.15 0.50 1.61 0.87 1.92
Greece 1.56 1.07 1.06 0.36 1.38 0.28 0.19 0.19 0.06 0.25 1.39 0.95 0.95 0.32 1.23 0.87 1.92
Hungary 0.55 0.40 0.40 0.16 0.56 0.41 0.30 0.29 0.12 0.42 0.68 0.50 0.49 0.20 0.69 0.87 1.92
Ireland 0.62 0.47 0.48 0.23 0.68 0.46 0.35 0.36 0.17 0.51 1.15 0.88 0.90 0.43 1.27 0.87 1.92
Italy 0.83 0.53 0.59 0.19 0.80 0.58 0.37 0.41 0.14 0.55 1.65 1.06 1.18 0.39 1.59 0.87 1.92
Latvia 0.21 0.16 0.16 0.07 0.23 0.31 0.24 0.24 0.10 0.34 0.69 0.54 0.53 0.23 0.75 0.87 1.92
Lithuania 0.29 0.22 0.22 0.10 0.31 0.55 0.42 0.42 0.19 0.58 0.50 0.38 0.38 0.17 0.53 0.87 1.92
Luxembourg 0.36 0.27 0.27 0.12 0.36 0.26 0.20 0.20 0.09 0.27 0.88 0.67 0.67 0.29 0.88 0.87 1.92
Malta 1.85 1.30 1.22 0.42 1.58 0.28 0.20 0.19 0.06 0.24 1.14 0.80 0.75 0.26 0.97 0.87 1.92
Netherlands 0.70 0.56 0.53 0.24 0.75 0.21 0.17 0.16 0.07 0.22 0.85 0.67 0.63 0.29 0.90 0.87 1.92
Norway 0.02 0.02 0.02 0.01 0.02 0.24 0.20 0.19 0.08 0.29 0.81 0.66 0.63 0.27 0.96 0.87 1.92
Poland 1.15 0.86 0.87 0.37 1.20 0.21 0.16 0.16 0.07 0.22 0.71 0.53 0.53 0.23 0.74 0.87 1.92
Portugal 0.71 0.52 0.48 0.17 0.64 0.93 0.69 0.64 0.23 0.85 1.87 1.37 1.27 0.45 1.70 0.87 1.92
Romania 0.66 0.47 0.45 0.18 0.63 0.47 0.34 0.32 0.13 0.45 0.86 0.62 0.58 0.23 0.82 0.87 1.92
Slovakia 0.30 0.22 0.22 0.09 0.31 0.09 0.06 0.06 0.02 0.09 0.85 0.62 0.61 0.25 0.87 0.87 1.92
Slovenia 0.50 0.38 0.31 0.15 0.48 0.24 0.18 0.15 0.07 0.23 0.95 0.72 0.58 0.28 0.91 0.87 1.92
Spain 0.62 0.44 0.45 0.14 0.61 1.03 0.73 0.75 0.23 1.01 2.06 1.46 1.49 0.46 2.02 0.87 1.92
Sweden 0.03 0.02 0.02 0.01 0.03 0.22 0.18 0.18 0.08 0.26 0.89 0.73 0.70 0.30 1.03 0.87 1.92
Switzerland 0.05 0.04 0.04 0.02 0.05 0.34 0.25 0.25 0.10 0.35 0.97 0.71 0.73 0.29 1.01 0.87 1.92
UK 0.69 0.53 0.54 0.25 0.75 0.39 0.30 0.30 0.14 0.42 0.98 0.75 0.76 0.35 1.06 0.87 1.92

Fig. 6. The average cumulative NPV of factors for different orientations in Europe.
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Cyprus, Denmark, Germany etc. Several factors such as high elec-
tricity tariff, high carbon emission per kilowatt-hour, high irradia-
tion potential, etc. could lead to the economic feasibility of the
north façade in such countries.

Fig. 3 provides the internal rate of return of BIPV systems for
building skins with different orientations in the European coun-
tries. The internal rate of return for the roof-mounted BIPV systems
in three countries is more than 80%, which are Cyprus, Portugal and
Spain. Furthermore, the average internal rate of return for the BIPV
system on the north facades of the buildings in Europe is equal to
zero. It means that, contrary to expectations, the north façade-
mounted BIPV system can reimburse all the invested money during
its lifetime with a discount rate of zero percent.

Fig. 4 illustrates the discounted payback time of BIPV systems as
a substitute for the traditional building envelope materials with
different orientations in the European countries. The DPP is limited
to up to 30 years, which is equal to the general expected lifetime of
the system by the manufacturers. It means that the manufacturers
guarantee that BIPV panels can still produce at least 80% of their
initial rated power of peak power after 30 years. A DPP of 30 years
means that the investment will not be refunded during the sys-
tem’s expected lifetime. The average DPP of the BIPV system in
Europe at a discount rate of 5% on the roof, south, east, west and the
north facades are 5, 6, 13, 12 and 30 years, respectively.

Fig. 5 shows the cumulative net present values of BIPV advan-
tages as a building envelope with different orientations in the Eu-
ropean countries. In order to comprehend the societal and
environmental advantages of a BIPV system and be able to
compare, the initial investment of the system is indicated in the
figure as well. It is worth mentioning that the figure is based on the
discount rate of 5%. The average cumulative net present values of

societal and environmental advantages of the BIPV system in
Europe on the roof, south, east, west and the north facades are 2.9,
4, 3.4, 3.4 and 2.5 years, respectively.

Table 8 presents the cumulative net present values of the soci-
etal and environmental advantages per watt peak for different
orientations of building skins in the European countries. The ad-
vantages are categorized into four subgroups of saving from carbon
tax, electric power transmission and distribution losses, power
delivery cost and equivalent building envelope cost. The average
amounts of the societal and environmental advantages of the BIPV
system in Europe together with the total NPV income from elec-
tricity production minus O&M and inverter replacement cost for
different orientations of a building is illustrated in Fig. 6. It can be
seen that in terms of the east, west and north façade, the quantified
amount of societal and environmental advantages of the BIPV
system in Europe is higher than the income from electricity pro-
duction. In terms of the south façade and the roof orientations, the
total NPV income from electricity production is more significant
compared to the monetized amount of societal and environmental
benefits of the BIPV system.

Table 9 demonstrates the components of cumulative net present
values of BIPV systems on the different directions of the building
envelope for all 30 countries in detail. In other words, the numbers
represent the cumulative net present values of the cash inflows and
cash outflows during the expected lifetime of the system.

Fig. 7 represents the average lifetime cumulative net present
value of BIPV with different orientations for Europe. The analysed
surfaces are roof area, south, west, east and north facades. As could
be predicted, the roof area has the best economic feasibility for the
BIPV systems in Europe. On the other hand, the result shows that
taking the societal and environmental benefits of BIPV systems into

Table 9
BIPV cumulative NPV of cash inflows and cash outflows for different orientations of building skins in the European countries.

Parameter Total income from electricity productionminus O&Mand
inverter replacement cost (V/sq.m.)

Total saving from environmental and societal
advantages (V/sq.m.)

Total investment
cost (V/sq.m.)

Orientation
Country

Roof West East North South Roof West East North South Roof Facades

Austria 741 364 340 54 552 378 379 372 289 433 350 450
Belgium 981 520 513 150 772 447 424 422 317 497 350 450
Bulgaria 356 108 127 �36 213 402 380 391 297 440 350 450
Croatia 486 204 186 �14 323 393 385 377 290 436 350 450
Cyprus 1350 640 643 113 861 736 557 558 339 648 350 450
Czechia 508 224 220 10 365 400 392 390 300 453 350 450
Denmark 1027 571 538 143 857 497 462 451 325 553 350 450
Estonia 343 145 130 �28 258 438 428 418 313 504 350 450
Finland 430 203 175 �10 343 306 344 335 276 389 350 450
France 618 266 295 37 460 325 341 348 280 392 350 450
Germany 1011 530 539 149 813 505 457 460 330 551 350 450
Greece 926 420 416 42 586 615 496 494 320 573 350 450
Hungary 392 145 143 �34 265 375 373 372 287 430 350 450
Ireland 745 377 391 105 611 464 435 440 330 525 350 450
Italy 1118 485 554 81 799 588 466 492 316 582 350 450
Latvia 398 172 165 �13 300 311 344 341 279 388 350 450
Lithuania 259 76 77 �49 165 333 352 353 285 400 350 450
Luxembourg 543 249 247 25 379 356 367 366 290 411 350 450
Malta 736 329 297 3 431 621 507 488 319 565 350 450
Netherlands 516 250 226 21 385 394 397 388 302 454 350 450
Norway 488 243 226 11 423 291 335 330 273 382 350 450
Poland 411 166 168 �15 292 440 416 418 310 490 350 450
Portugal 1282 671 610 119 869 656 539 516 332 614 350 450
Romania 528 218 197 �12 340 429 401 392 295 458 350 450
Slovakia 521 223 215 �4 367 316 339 337 273 381 350 450
Slovenia 595 277 198 15 395 383 382 354 289 424 350 450
Spain 1426 725 742 125 1058 686 546 552 330 666 350 450
Sweden 549 286 270 30 463 301 342 338 277 388 350 450
Switzerland 606 273 284 22 452 333 349 352 279 400 350 450
UK 620 299 303 60 483 441 420 422 319 498 350 450
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the economic analysis has the best impact on the south façade and
increase the cumulative net present value of the system 478
(V/sq.m.) compared to the old model. This growth for the east,
west, north and roof area is 409, 412, 302, and 439 (V/sq.m.),

respectively.
In order to see the performance of the BIPV system as a building

envelopematerial for thewhole building skins with all orientations
(which in this study are south, east, west, north façade and roof
area), the cumulative net present value of BIPV materials for the

whole building envelope in European countries is presented in
Fig. 8. To clarify the procedure of the calculation, the average price
of conventional building envelope materials for the whole building
skins as an example is calculated as follows:

IEMC,S, IEMC,W, IEMC,E, IEMC,N, IEMC,R and CEU,AV,Conv stand for
equivalent envelope material cost of the south facade, west facade,
east facade, north facade, roof, and the average price of conven-
tional building envelope materials, respectively.

Fig. 7. The average lifetime cumulative NPV of BIPV with different orientation for Europe: (a)roof; (b)south; (c)west; (d)east; (e)north.

CEU;AV ;Conv ¼
�
IEMC;S þ IEMS;W þ IEMC;E þ IEMC;N þ IEMC;R

� �
5¼ð230þ230þ230þ230þ130Þ =5¼210 (14)
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Finally, Fig. 9 shows the average lifetime cumulative NPV of the
BIPV envelope in Europe. In other words, it can be said that the
presented cash flows represent the average NPV of Europe for one
square meter of a surface containing 0.2 square meters of south,
east, west, north and roof orientations.

What is interesting in the results in Fig. 9 is that, if the building
envelope with all directions is used for BIPV application, the total

investment will be almost reimbursed even without taking the
societal and environmental advantages of the BIPV system into
account. In other words, the BIPV system in Europe has the po-
tential to be introduced as a building envelope material that could
refund its initial investment cost while the reimbursement or
payback time even does not make sense when it comes to the
economic feasibility of the alternative options (conventional

Fig. 7. (continued).

Fig. 8. The cumulative NPV of BIPV materials for the whole building envelope in European countries.
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building envelope materials.)

4. Sensitivity analysis

A sensitivity analysis is done to figure out how much the cu-
mulative net present value of the BIPV system would change if the
different variable changes. Sensitivity analysis is an assessment to
depict how the uncertainty in the output of a mathematical model
can be divided or allocated to the different uncertainty sources in
its inputs. For this purpose, the dataset of Fig. 8 with light blue
colors (the average cumulative NPV of BIPV with quantified values
of societal and environmental benefits of the system in Europe) was
selected as a reference.

Fig. 10 illustrates the sensitivity analysis of various inputs on the
output. The relationship between the discount rate and cumulative
NPV is a nonlinear concave relationship and the NPV varies from
700 (V/sq.m.) to zero for discount rate variation from one to 17%.

As can be predicted, the relationship between the BIPV price and
cumulative NPV is a negative linear relationship and the NPV varies
from zero to 700 (V/sq.m.) when the BIPV investment per square
meter of building skins changes from 800 (V/sq.m.) to 100
(V/sq.m.).

The relationship between the cumulative net present value and
the traditional building envelope material price, BIPV efficiency,
electricity tariff, power delivery cost, electric power transmission
and distribution losses rate, and carbon tax are all positive linear
relationships with different growth rates.

5. Conclusion

The main goal of this study was to assess the economic feasi-
bility of the BIPV systems as an envelope material for the whole

skin of buildings with different orientations in the capitals of the all
the European Union member states (EU) as well as the capitals of
Norway and Switzerland. The study took the environmental and
societal advantages of BIPV systems into the economic analysis and
it has gone some way towards enhancing the understanding of the
BIPV system as an option for the building skins and its economic
feasibility in such a perspective.

One of the most significant findings to emerge from this study is
that even the north façade is economically feasible in some coun-
tries in Europe if all the environmental and societal benefits of the
BIPV system are being taken into consideration. The results of this
investigation also showed that the BIPV system as a building en-
velopematerial for thewhole building skins could reimburse all the
investment costs and become even a source of income for the
building.

The results that were provided throughout this research and the
conclusions that were drawn should be taken into account by the
government, academia, architects and the BIPV industry. It has
become clear that the perception of BIPV technology as an unfea-
sible system on the building skins should change to the BIPV ma-
terials as an option for the building envelope no matter what
direction or orientation. In other words, when an architect is
looking for an option among building envelope materials in the
market, the BIPV should be seen as a reasonable option with an at
least one privilege compared to the other alternatives, which is the
dual functionality of the system that makes the envelope a source
of income for the building.

The presented study could not only help the end-user and ar-
chitects to acknowledge the BIPV system as a suitable option for the
building skins in Europe but also steer governments or decision-
makers to promote the technology by rational subsidies and
incentives.

Fig. 9. The average lifetime cumulative NPV of building envelope in Europe.

H. Gholami, H.N. Røstvik / Energy 204 (2020) 11793114



Fig. 10. Average cumulative NPV for BIPV as a building skin in Europe under variation of different parameters: (a)discount rate; (b) BIPV price; (c)conventional material price; (d)
BIPV efficiency; (e)electricity tariff; (f)power delivery cost; (g) electric power transmission and distribution losses rate; (h)carbon tax.
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Abstract: The prosperous implementation of Building Integrated Photovoltaics (BIPV), as well as
Building Attached Photovoltaics (BAPV), needs an accurate and detailed assessment of the potential
of solar irradiation and electricity production of various commercialised technologies in different
orientations on the outer skins of the building. This article presents a dataset for the solar incident
radiation and electricity production of PV systems in the north and south orientations in a dense
urban area (in the northern hemisphere). The solar incident radiation and the electricity production
of two back-to-back PV panels with a ten-centimetre gap for one year are monitored and logged as
primary data sources. Using Microsoft Excel, both panels’ efficiency is also presented as a secondary
source of data. The implemented PV panels are composed of polycrystalline silicon cells with an
efficiency of 16.9%. The results depicted that the actual efficiency of the south-facing panel (13–15%)
is always closer to the standard efficiency of the panel compared to the actual efficiency of the
north-facing panel (8–12%). Moreover, although the efficiency of the south-facing panel on sunny
days of the year is almost constant, the efficiency of the north-facing panel decreases significantly
in winter. This phenomenon might be linked to the spectral response of the polycrystalline silicon
cells and different incident solar radiation spectrum on the panels. While the monitored data cover
the radiation and system electricity production in various air conditions, the analysis is mainly
conducted for sunny days, and more investigation is needed to analyse the system performance in
other weather conditions (like cloudy and overcast skies). The presented database could be used
to analyse the performance of polycrystalline silicon PV panels and their operational efficiency in a
dense urban area and for different orientations.

Dataset: https://doi.org/10.5281/zenodo.4804993

Dataset License: Creative Commons Attribution 4.0 International

Keywords: solar radiation; reflected radiation; compact urban areas; PV power generation; building
integrated photovoltaics (BIPV); building attached photovoltaics (BAPV)

1. Summary

While electricity plays an essential role in the modern world, 13% of the world’s
population, equal to 940 million people, are deprived of electricity [1]. This fact can lead us
toward the importance of renewable energy resources, especially solar energy, which can
be harnessed everywhere globally.

Photovoltaic systems deployed in buildings are divided into two main types [2–8]:
BAPV or Building Attached PV;
BAPV are added to the building without directly affecting the structure’s function.

Roof-mounted PV systems in buildings are generally placed in this category.
BIPV or Building Integrated PV;
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BIPV are photovoltaic modules which can be integrated into the building skin, such as
the façade or roof, to generate electricity out of solar irradiation [9,10]. They are increasingly
being incorporated into new buildings as a principal or ancillary source of electrical
power [11,12]. However, existing buildings may be retrofitted with similar technology. The
climate also plays a key role in the performance of such a system [13] and it can also be
used in other industries, such as the ship manufacturing industry [14].

Researchers have recently sought to determine the feasibility of southern, eastern and
western façades for BIPV and BAPV applications [15–17], while they have not treated northern
façades in much detail. It seems there has been an assumption that the north façades (in the
northern hemisphere) are unfeasible economically because the radiation there is low [11,18].

Therefore, the authors designed an experimental study to investigate the northern
façade’s potential and compare it with the southern façade. The aim was to collect solar
incident radiation and PV electricity production data on the north façade and evaluate
the south façade materials’ effect as a reflector to the opposite north-facing façade of the
neighbouring building.

2. Value of the Data and Data Specification

The value of the presented data in this paper can briefly be described as follows:

• The data depict the effect of dense urban areas on the solar incident radiation of the
different orientations of building skins and BAPV/BIPV systems’ efficiencies with
different orientations on building skins in the northern hemisphere.

• The monitored data help to identify the suitable locations for BAPV/BIPV on building
skins and assess the feasibility of using the BAPV/BIPV system as a building envelope
material for the entire building skins.

• The dataset collected polycrystalline silicon-based BAPV/BIPV panels’ performance,
and it can be used to compare the results with other technologies, such as perovskite
or organic solar cells.

• The reflected radiation in dense urban areas can boost the potential of untraditional
façades in the northern hemisphere.

• Using different façades result in more homogenous electricity production. It also
could lead to matching of demand and supply.

The specifications of the data are also presented in Table 1.

Table 1. Specifications table of the data.

Subject Renewable Energy, Sustainability and the Environment

Specific subject area

BAPV/BIPV potential in urban areas
Solar energy in compact urban blocks
BAPV/BIPV efficiency in different orientations of building skin
BAPV/BIPV panels’ performance on north/south façades

Type of data
Table
Image
Figure

How data were acquired
Data are measured, monitored and logged by the equipment as follows:
Two sets of SR30 sun[e] Pyranometer “ISO Secondary Standard”+ met[log] data logger
Two sets of EVT300 microinverters with an EVB202 data logger

Data format Raw time series data in csv format. The data are available with a sample resolution of a minute.

Parameters for data collection Incident solar radiation and BIPV electricity production were collected at the site.

Description of data collection
Incident solar radiation data are logged with a minute sample resolution as raw data. PV electricity
production and temperature data are logged with a sample resolution of three minutes as raw data.
System efficiency is calculated, and the data are processed using Microsoft Excel as secondary data.

Data source location

Institution: University of Stavanger
City/Town/Region: Stavanger
Country: Norway
Latitude and longitude for collected data: 58.9380454722466◦ N, 5.692057201993845◦ E

Data accessibility With the article
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3. Methods
3.1. Site

Figure 1 shows a picture of the site with all components and the location of the site.
A 3D model of the site is also available as a supplement to this paper. The 3D model is a
useful tool to investigate the boundary conditions (reflectance of ground surface/walls
etc., the geometry of the complete building and the shading by neighbouring buildings)
and the measurement results can therefore be used for the validation of simulations or for
comparison with other measurements.

Figure 1. A picture of the site with components.
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3.2. System Components

Table 2 indicates the components of the system and the implemented items. The
datasheet and catalogue of the equipment as well as the 3D model of the site are available
as Supplementary Materials, uploaded to Zenodo and is accessible by the following link:
https://doi.org/10.5281/zenodo.4804993, accessed on 26 May 2021.

Table 2. List of system components.

Item Schematic

TP660P
Talesun 275 Wp panel
Quantity: 2

EVT300
Microinverters
Quantity: 2

EVB202
Data logger
Quantity: 1

SR30
Sun[e] Pyranometer
Quantity: 2

Met[log] data logger
Quantity: 2

Power[cube] 150W
Quantity: 2

https://doi.org/10.5281/zenodo.4804993
https://doi.org/10.5281/zenodo.4804993
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3.3. System Implementation

The timeline of the system configuration is as follows.
In December 2019, the PV system and microinverters and electricity monitoring equip-

ment were implemented in front of a glass façade, as shown in Figure 2. Therefore, the
electricity production data are available from the first day of January 2020, as presented in
the dataset.

Figure 2. The implementation phase of PV panels in front of glass cladding.

On 1 May 2020, a 3 × 3 square meter white panel cladding implemented in front of
the PV panel to monitor the effect of the reflected radiation of the white façade on the
solar incident radiation and, consequently, the electricity production of the north-facing PV
panel (Figure 3).

Figure 3. The panel cladding installation phase.

On 26 June 2020, two sets of solar incident radiation measuring equipment and log-
ging equipment were implemented to calculate the PV system operational efficiency. Figure
4 shows two sets of pyranometers after installation at the site.
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Figure 4. Implementation of irradiation measuring equipment.

4. Data Description (Raw Data)

All the described data in this section are available as a supplement to this paper. The
electricity production is presented based on produced power per panel. The incident solar
radiation is presented based on solar irradiance (power) per square meter (and not per
total area of the panel).

4.1. Electricity Production

The electricity production of the system is available in the dataset as raw data. EN2020
and ES2020 tabs represent the PV panel’s electricity production in the north and south
direction, respectively. Figure 5 illustrates each PV panel’s electricity production during a
sunny day of each month from February 2020 to November 2020. The presented data in
this figure can also be found in the dataset. The associated data of each day is available
in the tab entitled to the investigated date. The selected days of each month are chosen to
illustrate the system’s performance and irradiation on the system in different months of
the year. When it comes to the ground reflection, it is worth mentioning that there was not
any snowfall during the monitoring period. Therefore, the ground reflection was always
from a grey cement floor.
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Figure 5. Electricity production of each PV panel on a sunny day of each month (February–November).

The geometry of the location, building and walls around the site resulted in cuts in
irradiation and electricity production figures. That is why a 3D model is presented to
comprehend the system performance and investigate the boundary conditions better.

As can be seen from the dataset, the total electricity production of the south-facing
panel and the north-facing panel is equal to 51.78 and 10.51 kWh, respectively.

4.2. Solar Radiation

The solar incident radiation on the panels is available in the dataset as well as raw
data. GN2020 and GS2020 tabs describe the solar incident radiation on the PV panel in
the north and south direction, respectively. Figure 6 shows the solar incident radiation on
the PV panels during a sunny day of each month from June 2020 to November 2020. The
presented data in this figure can also be found in the dataset. The associated data of each
day is available in the tab entitled to the investigated date.
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Figure 6. Solar incident radiation on each PV panel on a sunny day of each month (June–November).

As can be seen from Figures 5 and 6, on 9 November 2020, the generated power for
the south-facing panel was zero even though solar incident radiation of over 600 W/m2

was recorded. The reason lies behind the geometry of the site and surrounded objectives.
The incident solar radiation hits the very upper part of the south-facing panel, where the
pyranometer is installed (because of a very low solar altitude). Since there is no radiation on
the remaining area of the south-facing panel (because of shading), the electricity production
was zero.

On the other hand, since there was reflected radiation on the entire area of the north-
facing panel, it produced electricity.

5. Discussion (Secondary Data)

Figure 7 illustrates the PV panels’ average operational efficiency as a secondary source
of data on discussed days and while there is no shading on the south-facing panel.
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Figure 7. The average efficiency of the PV panels in a clear sky condition.

As can be seen from Figure 7, the efficiency of the north façade panel is always more
than 2% less than the efficiency of the south façade panel on sunny days. The efficiency of
the south-facing panel is between 13% to 15%. However, the efficiency of the north-facing
panel is between 8% to 12% (on sunny days of the year). This gap becomes even more
significant on cloudy days or overcast days.

The gap can be explained by the spectral response of the silicon-based PV cells to the
incident solar radiation and the fact that the main radiation on the south-facing panel is
direct radiation. In contrast, the main radiation on the north-facing panel is the reflected
and diffuse radiation. That is why the south-facing panel’s efficiency is closer to the
standard efficiency of the panel compared to the north-facing panel.

Figure 8 depicts the peak production of each month of panels.

Figure 8. Recorded peak power production of each panel during the monitoring time.
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The most interesting observation to emerge from the data comparison in Figure 8 is
that the peak power production of the south-facing panel on sunny days in winter is more
than its production on sunny days in summer, which is because of two reasons.

The first reason is the angle of solar radiation. In winter, the sun is more inclined
towards the horizon and therefore, the solar altitude is smaller. Therefore, the incident radi-
ation to a vertical south-faced panel is close to perpendicular, resulting in higher efficiency.

The second reason is the effect of temperature. The cold weather in winter contributes
to a better performance of PV panels.

This also leads to a helpful match between electricity production and consumption
in Scandinavian countries. Clear sky days in winter are generally the coldest days in
these countries. Therefore, the energy consumption is high exactly when the PV system is
producing at maximum power.

From the data in Figure 8, it is also apparent that the production of the north-facing
panel follows the opposite trend of the south-facing panel, and its peak power production
in summer is more than its peak power production in winter. The reason is the reflected
radiation. In summer and because of higher solar altitude, the reflected radiation from
the south façade on the north-facing panel is greater. However, in winter and because of
the lower solar altitude and boundary condition of the site, the contribution of reflected
radiation is less.

6. Conclusions

This project provided an important opportunity to advance the understanding of the
performance of vertical BIPV/BAPV panels in urban areas of Scandinavian countries by
presenting the performance of polycrystalline silicon PV panels in a dense urban area with
the north- and south-facing orientations.

The results showed that the south-facing panel has its best performance in winter,
while the north-facing panel presents its best performance in summer. Moreover, the
efficiency of the south-facing panel is always more than the efficiency of the north-facing
panel (at least 2%).

The findings observed in this study mirror those of our previous study [13] that
have examined the effect of climate on the performance of different BIPV materials and
technologies. Therefore, the data are a suitable source to compare this technology’s per-
formance with other emerging technologies, such as perovskite and organic solar cells
as a building envelope material in cities, and investigate the impact of quality and quan-
tity of solar radiation components on the performance and efficiency of PV panels with
different orientations.

Finally, when it comes to the performance of PV systems in urban areas, more analyti-
cal work should be conducted to investigate it more in detail in various weather conditions,
such as cloudy and overcast skies.
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Abstract: The business model of building-integrated photovoltaics (BIPV) is developing expeditiously
and BIPV will soon be recognised as a building envelope material for the entire building skins, among
other alternatives such as brick, wood, stone, metals, etc. This paper investigates the effect of climate
on the solar radiation components on building skins and BIPV materials in the northern hemisphere.
The selected cities are Stavanger in Norway, Bern in Switzerland, Rome in Italy, and Dubai in the
UAE. The study showed that for all the studied climates, the average incident radiation on the
entire building skins is slightly more than the average incident radiation on the east or west facades,
regardless of the orientations of the building facades. Furthermore, the correlation between solar
radiation components and different BIPV technologies is discussed in this paper. It is also found that
when it comes to the efficiency of different BIPV cells, the impact of the climate on some of the BIPV
technologies (such as DSC and OSC) is much more significant than others (such as c-Si, mc-Si and
CIGS). The evidence from this study suggests that in climates with higher diffuse radiation-or with
more overcast days per year-the contribution of IR radiation decreases. Therefore, the efficiency of
BIPV materials that their spectral responses are dependent on the IR radiation (like Si and CIGS) in
such a climate would drop down meaningfully. On the other hand, the DSC and OSC solar cells
could be a good option for cloudy climates since they have more stable performance, even in such a
climate. Although, their efficiency compared to other BIPV materials such as Si-based BIPV solar
cells is still significantly less thus far.

Keywords: building skin; building envelope materials; climate change; solar radiation components;
building-integrated photovoltaics (BIPV)

1. Introduction

Renewable energy technologies in urban areas have been at the forefront of research
and development due to concerns related to the environment as well as energy indepen-
dence and high fossil fuel costs. Among the options, building-integrated photovoltaics
(BIPV) has attracted increasing interest in the past decade. BIPV refers to photovoltaic
materials that are used to substitute traditional building materials in parts of the building
skins, such as the facades, roofs, or skylights, to generate clean energy from sunshine [1].
Therefore, it must play a role in the building envelope that contains at least one additional
function in addition to electricity generation. The BIPV secondary function could be as
insulation or an exterior weather barrier [2,3]. The photovoltaic cells in the BIPV system
can be ventilated with active or passive ventilation [4–8], and the system can be in the
forms of tiles, foils, modules, or glazing [9,10].

During the past ten years, much more information has become available on the
feasibility of the BIPV roof as well as BIPV on the south, east, and west façade. Along with
this growth in the valuable insights into the feasibility of the BIPV system on building skins,
however, there is an increasing concern over the feasibility of the BIPV on the untraditional
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orientations of building skins for BIPV applications. It looks that there seems to have been
an assumption in which the northern façades (in the northern hemisphere) are economically
unfeasible because the radiation there is low [11–22].

On the other hand, recent studies depict that different BIPV technologies have a
different spectral response to the incident solar radiation and its components [23–25], and
therefore the climate plays a key role in the performance of BIPV systems. However, there is
a lack of studies investigating the effect of climates with different solar radiation spectrums
and components in the literature.

Therefore, this study set out with four aims:
First, assessing the incident solar radiation components on building skins considering

different climates;
Second, analysing the solar radiation potential of the entire building skins for the BIPV

application (if BIPV is seen as a building envelope material for the entire building skin);
Third, evaluating the effect of climates on the overall efficiencies of different BIPV

technologies and materials which are currently available in the market;
Fourth, investigating the effect of building orientation on the irradiance values of the

building skins and the contribution of each solar radiation component.
The selected cities for this study are Stavanger, Bern, Rome, and Dubai.
In Section 2, a brief introduction of solar radiation and the available measuring meth-

ods, as well as the location of the case studies, are presented. The analysis of radiation on the
building skins is discussed in Section 3. A correlation analysis between climate/radiation
and climate/technology is accomplished in detail in Sections 4 and 5. A sensitivity analysis
is accomplished in Section 6 in order to see the effect of orientations on incident solar
radiation on building skins. Finally, in Section 7, the conclusion is presented.

2. Materials and Methods

In this section, solar radiation components and spectrum are discussed. Then, different
methods of incident solar radiation measurement at the earth’s surface are introduced and
reviewed thoroughly. The selected city and their climates are briefly presented as well.

2.1. Solar Radiation Components

The incident radiation to a surface on earth has three components which are direct
radiation, diffuse radiation, and reflected radiation.

• Direct radiation is also called, “beam radiation” or “direct beam radiation”. It is used
to describe solar radiation coming on a straight line from the sun, down to the surface
of the earth. For sunny days with a clear sky, most of the solar radiation is direct
radiation. On overcast days, the sun is shadowed by clouds, and the beam radiation
is zero.

• Diffuse radiation is sunlight that has been dispersed or scattered by particles and
molecules in the atmosphere and still made its way down to the surface. Diffuse
radiation is commonly referred to as sky radiation because it comes from all regions of
the sky. The amount of diffuse radiation is up to 100% of the total radiation for cloudy
skies and 10% to 20% of the total radiation for clear skies.

• Reflected radiation is the reflection of direct and diffuse radiation on the ground. This
contribution is small unless the collector is tilted at a steep angle from the horizontal,
like a building façade.

2.2. Solar Radiation Spectrum

The radiation spectrum coming from the sun to the earth is subdivided into three
main groups of ultraviolet, visible light, and infrared.

• Ultraviolet (UV) is wavelengths from 250 nm to 380 nm. UV rays are invisible to the
human eyes and may be dangerous in the case of overexposure because they damage
surfaces, colours and age materials.
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• Visible light is wavelengths from 380 nm (violet) to 740 nm (red). Visible light rays are
detectable by the human eyes and enable the sight of shapes, relief and colours.

• Short wave infrared (IR) constitutes wavelengths from 740 nm to 2500 nm. IR is
invisible and is felt as heat. It constitutes most of the sun’s energy that hits the earth.

Figure 1 shows the solar irradiance outside (Airmass equal to 0) and inside (Airmass
equal to 1.5) of the atmosphere (Standard number ASTM G-173-03). The letters T and
D stand for total and direct incident radiation. In terms of solar radiation inside of the
atmosphere and at sea level, around 3% of solar radiation on earth is UV, around 42% is
visible light, and the rest (55%) is IR.
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Figure 1. The solar spectral irradiance outside and inside of the atmosphere.

2.3. Solar Radiation Measurement Methods at the Earth’s Surface

There are three methods to either measure or calculate the incident solar radiation on
a surface at the earth, which are as follows:

2.3.1. Radiation Measuring Devices

In this method, the incident radiation is measured by a high-quality sensor which,
thanks to the technology, is gaining greater accuracy nowadays. There are many sensors
available on the market for this purpose and, based on the type of measured radiation,
they fall into two subcategories of pyranometer and pyrheliometer. Sensor measurements
should fulfill some conditions to be useful, such as [26]:

• Only high-quality measurement sensors should be used.
• Measurements should be performed at a reasonable interval (at least every hour).
• Sensors should be calibrated and cleaned regularly.
• Data should be available for a long period.

Currently, the number of radiation measurement stations that fulfill all these criteria
is relatively low, and the stations are often spaced far apart. Therefore, this method is not a
suitable way to measure incident solar radiation globally.

2.3.2. Satellite-Based Irradiation Data

Calculating irradiation data on a surface at the earth using satellite data has become
more and more common currently. This method mostly uses data from geostationary
meteorological satellites. In this method, the incident radiation data is available for the
whole area covered by the satellite. For instance, the METEOSAT satellites cover Europe,
Africa, and most of Asia up to 60◦ N, with a resolution of a few kilometers [27]. The satellite
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data is usually available for a long time as well. The issue with this method is that the solar
radiation at ground level must be calculated using complicated mathematical algorithms
that use satellite data as well as data on aerosols (dust, particles), atmospheric water vapor,
and ozone. Some conditions (such as snow, which can be mistaken for clouds or dust
storms, which can be challenging to detect in the satellite images) can cause the calculations
to lose accuracy. Moreover, despite the perfect accuracy of satellite-based solar radiation
data, this method also does not cover the polar area. This method has been described in
some papers [27–29]. An example of satellite-based irradiation data is PVGIS-SARAH. This
data set has been calculated by the Satellite Application Facility on Climate Monitoring
(CM SAF) and the Photovoltaic Geographical Information System (PVGIS) team with a
spatial resolution of 31 km [26].

2.3.3. Climate Reanalysis Data

Another type of solar radiation estimate is from climate reanalysis data. Reanalysis
data are calculated by employing numerical weather forecast models, re-running the
models for the past, and making corrections by the known meteorological measurements.
The output is a large number of meteorological quantities, usually including incident solar
radiation at ground level. These data sets generally have global coverage (including the
polar areas) while the satellite methods do not. However, there are certain drawbacks
associated with the use of this method such as its low spatial resolution and low accuracy,
etc. The resolution of this method usually is one value every 30km or more and the accuracy
of the incident solar radiation is not as precise as the satellite-based solar irradiance data
over the areas covered by both data sets [30]. In this study, two reanalysis-based solar
radiation data sets have been employed, which are ECMWF ERA-5 [31] and COSMO-
REA [30].

2.4. Locations

Three locations within Europe are selected to analyse the satellite-based and climate
reanalysis-based irradiation data. The radiation status of Dubai in the UAE is analysed as
well because of its climate and perfect solar energy potential compared with other locations.
Therefore, the selected cities are Stavanger in Norway, Bern in Switzerland, Rome in Italy,
and Dubai in the UAE. Table 1 shows geographical information about the locations.

Table 1. The Geographical information of the selected cities.

City Country Latitude
(Degree)

Longitude
(Degree)

Altitude
(Degree)

Stavanger Norway 58.96 5.73 15
Bern Switzerland 46.94 7.45 542

Rome Italy 41.90 12.49 32
Dubai UAE 25.27 55.29 0

2.4.1. Stavanger

Stavanger is a city located on a peninsula on the southwest coast of Norway. Due to
the warmer temperature created by the gulf stream, the climate (warm and temperate) is
more pleasant compared to other cities at similar latitudes [32]. The city experiences an
oceanic climate with five months above 10 ◦C mean temperature and an annual average of
1428 mm of precipitation, which makes the city relatively wet. The city also has a small
continental climate influence, which creates subzero lows during winter [33].

2.4.2. Bern

Bern is the capital of Switzerland with a marine west coast climate. The climate is
mild, warm, and temperate with no dry season. The average temperature in Bern is 8.8 ◦C,
and the annual precipitation is 911 mm [34]. The city has 103.7 days of air frost, 22.3 ice
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days, 14.1 days of snowfall, 36.7 days of snow cover and the average amount of snow
measured per year is 52.6 cm for the period of 1981–2010 [32,35].

2.4.3. Rome

Rome is the capital city of Italy, with an annual average temperature of 16.7 ◦C.
According to Köppen and Geiger, its climate is classified as a Mediterranean climate with
cool, humid winters and warm, dry summers. The temperature in July averages 24.4 ◦C,
which is the warmest month of the year. In January, the average temperature is 7.7 ◦C,
which is the lowest average temperature of the whole year [32,36].

2.4.4. Dubai

Dubai is a city in the UAE with a desert climate, according to Köppen climate clas-
sification. There is almost no rainfall during the year in Dubai. The temperature there
averages 26.7 ◦C with annual precipitation of about 87 mm. The month of August has an
average temperature of 34.2 ◦C and January has an average temperature of 18.6 ◦C, they
are the warmest and coldest months of the whole year. [32,37].

3. Solar Radiation Analysis on Building Skins

In order to be able to compare the outcome of the databases, the year 2015 has been
selected, which is the most recent year that the incident radiation data for all selected
European cities are available.

Figure 2 shows the total annual radiation on one square meter of a flat roof of the
cities based on investigated databases. As can be seen from the figure, among the three
databases, the only available database for Dubai is the SARAH database. Moreover, there
is an insignificant variation between databases and, as mentioned earlier, the most accurate
database currently is the SARAH database, which is a satellite-based database. Therefore,
in order to elaborate solar radiation components on building skins of the cities, the SARAH
database is selected, and this study investigated the data belonging to this database for
more precise analysis.
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Figure 2. Annual incident solar radiation on a flat roof in the selected cities as per the databases.

The business model of BIPV is transitioning to a new business model with three
players, which are BIPV manufacturers, installers and the main contractors [2]. Therefore,
the BIPV is going towards the direction that soon it will be seen as a building envelope
material option for building skins among other options like brick, wood, aluminum, etc. To
see the annual solar irradiance on the building skins, incident solar radiation on building
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skins (BS) has been introduced. The annual solar irradiance on BS is calculated by the
average of incident radiation on different orientations of the building envelope, which here
is south, east, west, north façade, and roof area. This parameter could be used to evaluate
the feasibility of the BIPV as a building envelope material for building skins.

Figure 3 depicts the annual incident solar radiation on one square meter of different
orientations of building skins, and also BS for the selected cities as well as their components.
The data illustrates that the difference between radiation on the south façade and the roof
in the urban area becomes more and more significant when moving from cities with higher
latitudes to lower latitudes. The northern façade has the lowest incident radiation while, in
terms of Stavanger, the radiation there is significant when comparing western or eastern
façade. The radiation on the eastern and western façade, which is sometimes also called
morning and evening façade, is also quite the same for all cities. As can be predicted
from the climate and latitude, the incident solar radiation on building skins in Dubai is
significantly higher than in other European cities. The values of BS vary from 570 kWh/m2

in Stavanger to 1280 kWh/m2 in Dubai. There is also a clear correlation between solar
irradiance on the east/west façade and BS, regardless of climate. As a general conclusion, it
can be said that the average radiation on the building skins with the defined configuration
in this study is always a little more than the incident solar radiation on the east/west skin
of the building.
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Figure 3. Incident solar radiation components on building skins of the cities.

In order to investigate the data in more detail, the contribution of each component
together with the total radiation of each orientation is mentioned in Table 2. Except for
the north façade, the major component of radiation on building skins for Bern, Rome and
Dubai is direct radiation, which is because of the climate condition there.
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Table 2. Annual incident solar radiation on building skins with the contribution of each component.

City Orientation
Total

Radiation
(kWh/m2)

Direct Radiation
Contribution (%)

Diffuse
Radiation

Contribution
(%)

Reflected
Radiation

Contribution (%)

Stavanger

South 751 47% 42% 11%
East 535 39% 48% 13%
West 513 38% 49% 13%

North 254 6% 74% 21%
Roof 831 40% 60% 0%
BS 577 38% 52% 9%

Bern

South 1138 56% 32% 11%
East 816 50% 38% 12%
West 763 49% 39% 12%

North 296 8% 71% 21%
Roof 1334 58% 42% 0%
BS 869 51% 40% 9%

Rome

South 1340 59% 29% 12%
East 959 53% 35% 12%
West 927 52% 36% 12%

North 315 10% 70% 20%
Roof 1676 65% 35% 0%
BS 1043 56% 36% 9%

Dubai

South 1344 52% 32% 16%
East 1182 51% 36% 13%
West 1154 51% 36% 13%

North 433 11% 67% 22%
Roof 2311 68% 32% 0%
BS 1285 55% 36% 9%

The average number of sunny hours in the cities is mentioned in Table 3 [38,39]. As
the table shows, Stavanger has the least average annual hours of sunshine among the cases.
Hence, the contribution of diffuse radiation on building skins for Stavanger is significantly
higher and even more than the direct radiation in some facades. The incident radiation
on the northern façade is different from other areas of the building. As can be seen from
Table 2, the contribution of direct radiation in the northern façade is significantly low and,
instead of direct radiation, diffuse radiation plays an important role in this orientation.
Diffuse radiation constitutes around 70% of the total radiation of the northern façade.

Table 3. Average annual hours of sunshine [38,39].

City Number of Hours

Stavanger 1538
Bern 1639

Rome 2516
Dubai 3570

By moving from higher latitudes to lower latitudes, the contribution of the south
façade is becoming less while the contribution of the roof is becoming bigger, which makes
sense when considering the location of the sun in the sky as depicted in Figure 4. Moreover,
the contributions of the morning and evening façades are around 36% no matter which
climate or latitude the building is in. The contribution of the northern façade is also around
6%, except Stavanger because of higher diffuse radiation on building skins, the incident
radiation there is around 9%.
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4. Climate and Radiation

On a sunny day, the solar spectral irradiance of different hours of a day is as shown in
Figure 5. (Standard number ASTM G-173-03).
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Figure 5. Solar spectral irradiance of different hours of a clear day.

What is interesting in this data is that it seems what changes in daytime hours is the
power of the wavelengths with a specific ratio or proportion. For example, it appears that
the values of spectral irradiance at 11:00 are twice as big as the spectral irradiance at 09:00
on every wavelength.

A normalisation procedure would be a useful asset to evaluate the spectral character-
istics of the solar spectra measured at various times and climates. The spectral irradiance
has been normalised with respect to the intensity value measured at 560 nm at the same
location and in the same spectrum (because environmental conditions have the least effect



Energies 2021, 14, 1847 9 of 15

on the intensity at this wavelength). The normalised spectra during the day, during the
year, and for an overcast day have been presented in Figure 6 [40].
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The most striking result to emerge from Figure 6 is that, in a cloudy sky or on an
overcast day, a significant portion of IR radiation is absorbed by the clouds and the
normalised amounts of UV and visible light spectrum during both weather conditions is
almost the same. In other words, it could be perceived that the sky attempts to eliminate IR
radiation in overcast days while the normalised spectral irradiance of the UV and visible
light spectrum is following the same pattern.

The normalised spectral irradiance for different hours of a sunny day, regardless of
the season, is following the same patterns. It means that the effect of solar altitude on the
spectral irradiance of different wavelengths is uniform.

Interestingly, there are differences in the normalised spectral irradiance of UV and
IR radiation during a sunny day in winter and summer while the normalised spectral
irradiance of the visible light spectrum during the winter and summer is almost the same.
Therefore, the effect of the seasonal declination on the spectral irradiance of different
wavelengths is as follows: for the UV spectrum, the normalised spectral irradiance during
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a sunny day in summer is more than winter; in terms of IR radiation, the normalised
spectral irradiance during a sunny day in winter is more than in summer; finally, in
terms of the visible light spectrum, the normalised spectral irradiance is not dependent on
seasonal declination.

The relation between solar spectral irradiance and climates is interesting and important
because the intensity of solar radiation components and, more specifically, direct and
diffuse radiations, is closely linked to the climate. In overcast days or a climate with several
cloudy days, a significant portion of the incident solar radiation on building skins is diffuse
radiation (Table 2) and the sky absorbs a significant portion of IR irradiance (Figure 6f).
Therefore, it could be concluded that the contribution of the IR radiation to diffuse radiation
is less than its contribution to beam radiation on building skins.

5. Climate and Technology

The energy of each photon is inversely proportional to the wavelength of the associated
wave and the BIPV materials are ionised by photons with energies higher than their
bandgap. In other words, the BIPV materials are ionised by wavelengths lower than the
wavelength corresponding to their bandgap. Figure 7 shows the absorption wavelengths
of crystalline Silicon and Germanium as an example on the solar spectrum.
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Figure 7. The absorption wavelengths of Si and Ge.

Since Ge can absorb most of the solar spectrum, it might lead to creating only Ge
cells. However, what is essential in BIPV materials is their efficiency and not their ability
to absorb a wider band. Ge cells produce much more current per square centimeters than
Si cells do, but their generated voltage is much smaller. Therefore, the output power per
area unit and the efficiency of Ge would be lower than Si. Figure 8 illustrates all these
explanations by Si and Ge Current-Voltage and Power-Voltage curves.
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Figure 9 represents the spectral responses of a variety of BIPV technologies. They can
be divided into three categories based on their spectral responses.
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The dye-sensitised solar cell (DSC) and organic solar cell (OSC) are placed in the
first group. The spectral responses of this group are almost adjusted to the visible light
spectrum. It means that the efficiencies of these technologies are only correlated to the
visible light spectrum. As mentioned earlier, the contribution of the visible light spectrum
to the beam or diffuse radiation is almost the same. Therefore, it can be concluded that
the efficiencies of DSC and OSC technologies are almost constant in different climates and
radiation conditions, such as either low radiation or clear sky condition.

The second group includes Copper Indium Gallium Selenide (CIGS), monocrystalline
Silicon (c-Si), and multi-crystalline Silicon (mc-Si). Their spectral responses cover wave-
lengths less than 1200 nm, but with different efficiencies. This means that the efficiencies of



Energies 2021, 14, 1847 12 of 15

these technologies would drop down in a climate with several overcast days due to their
significant dependency on IR radiation.

Two remaining technology, Gallium Arsenide (GaAs) and Cadmium Telluride (CdTe)
constitute the third group. These materials are sensitive to UV, visible, and IR radiation
of less than 900 nm. It means that their efficiency is neither completely dependent on the
visible light (like the first group) nor that much dependent on the IR radiation (like the
second group). The efficiency of this group will be degraded in a climate such as Stavanger
but not as much as the second group.

All in all, it can be concluded that-in terms of efficiency-the performance of the first
group would be the most stable option in different climates and radiation conditions.
Furthermore, a significant reduction in the efficiency of the second group in a climate with
a high contribution of beam radiation compared to a climate with a high contribution
of diffuse radiation is predictable. It is worth mentioning also that, in terms of climates
like the one in Dubai with several sunny days during the year, there is great potential of
gaining solar energy using technologies that are based on concentration, like concentrated
photovoltaics technology. On the other hand, for climates with several overcast sky days
like Stavanger, solar technology based on the concentration idea is not a suitable choice
because of low annual beam radiation in this climate.

6. Sensitivity Analysis of Solar Irradiance and Building Orientation

A sensitivity analysis is done for one of the case studies (Stavanger) in order to
evaluate the effect of orientations of the building facades on the quantity of BS as well
as the contribution of the solar radiation components. The building is rotated clockwise
by the angle of rotations of 10, 20, 30, 40 and 45 degrees and the result is presented in
Figure 10. The most interesting aspect of Figure 10 is that the values of BS are almost
constant, regardless of the building orientation. Since the radiation on the roof is constant
as well, it can be concluded that the total radiation on the building facades is always a
constant value that is spread between different facades with different orientations.
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Figure 10. The correlation of radiation on the building skins and the building orientation in Stavanger.

The correlation between the contribution of the solar radiation components on build-
ing skins and building orientation is the same as the correlation of BS and the building
orientation. The contribution of solar radiation components to the BS in Stavanger is always
38%, 53% and 9% for the beam, diffuse and reflected radiation, respectively, regardless of
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the building orientation. The results of this sensitivity analysis for Stavanger is consistent
with other case studies.

7. Conclusions

This study has gone some way towards enhancing our understanding of solar ra-
diation components on building skins with different orientations in different climates.
Although the current study is based on four case studies, the findings suggest that the
solar radiation potential of BIPV material as a building envelope material for the whole
building skins is significant (576, 869, 1043, 1284 kWh per square meters for Stavanger,
Bern, Rome, and Dubai). The BS values are slightly more than the morning and evening
façade potentials of the case study.

It is also concluded that the climate is a significant factor when it comes to the con-
tribution of incident solar radiation components on a surface. In other words, in order to
choose the suitable solar technology to produce energy from incident solar radiation, the
climate of the location needs to be studied precisely.

The evidence from this study suggests that in climates with higher diffuse radiation,
the contribution of IR radiation decreases. Therefore, the efficiency of BIPV materials that
their spectral responses are dependent on the IR radiation (like Si and CIGS) in such a
climate would drop down meaningfully. On the other hand, organic and dye-sensitised
solar cells could be a good option for a cloudy climate since they have a more stable
performance even in such a climate. Although, their efficiency compared to other BIPV
materials, such as Si-based BIPV solar cells, is still significantly less until now.

Finally, when it comes to the impact of the climate on the BIPV system, BIPV per-
formance is also very much dependent on temperature and it should also be considered
simultaneously with other factors mentioned in this study. In fact, the effect of some of the
parameters being considered in this study (spectral response vs. type of solar radiation
availability) may be of the same order of magnitude as those coming from temperature.
Soiling and snowfall are, of course, other very important issues in some of the climates
considered. These are important issues for future research and a further study with more
focus on the mentioned parameters is therefore suggested.
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Abbreviations

◦C Degree Celsius IV Current-Voltage
AM Air mass kWh Kilowatt hour
BIPV Building integrated photovoltaics LiDAR Light detection and ranging
BS Building skin mc-Si Multi-crystalline Silicon
CdTe Cadmium Telluride nm Nano meter
CIGS Copper Indium Gallium Selenide OSC Organic solar cell
CM SAF Satellite application facility on climate monitoring PVGIS Photovoltaic geographical information system
c-Si Monocrystalline Silicon PV Power-Voltage
D Direct incident radiation Si Silicon
DSC Dye-sensitized solar cell m2 Square meter
GaAs Gallium Arsenide T Total incident radiation
Ge Germanium UAE United Arab Emirates
GIS Geographic information system UV Ultraviolet Radiation
IR Short wave infrared radiation W Watt
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a b s t r a c t 

Recent trends and future objectives in sustainable buildings are to reduce energy consumption, and 

simultaneously try to supply their energy demand within the building employing an environmentally 

friendly energy resource which leads to a nearly zero energy building (nZEB). Building integrated photo- 

voltaics (BIPV), which is one of the fastest growing industries worldwide currently, refers to photovoltaic 

cells that are integrated into the building envelope such as facade or roof to generate clean energy from 

sunshine and is the most remarkable technology to contribute to nZEB purposes. In this paper, an inno- 

vative approach of BIPV economic analysis is presented. The proposed method is to quantify the societal 

and environmental advantages of a BIPV system as much as possible and import these values to the eco- 

nomic analysis in order to see their effects in a lifecycle cost analysis (LCCA). In order to compare the 

results with the current LCCA, four case studies from Brazil, Italy, China, and Bahrain were chosen, be- 

cause they were the most recent BIPV system LCCA, and the suggested method was applied on them. The 

economic analysis showed that with the societal and environmental benefits of the implemented system, 

replacing conventional façades and roof building materials with BIPV modules will become economically 

more feasible. As a result, the presented strategy could not only expectantly guide the end user to decide 

more conscious about the implementation of BIPV systems but also steer governments or decision-makers 

to support the technology by rational subsidies and incentives. 

© 2019 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 

1. Introduction 

The energy demand of the world is increasing and the building 

sector, which includes residential, commercial and public build- 

ings, is currently responsible for%31 of the world’s energy demand 

[1] . On the other hand, fossil fuels, which are currently used as 

the world’s primary energy source, are encountering serious issues 

such as those of energy shortages, environmental damage, and cli- 

mate change [2,3] . Therefore, the need for alternative energy re- 

sources, which are renewable and non-polluting, is increasing. 

As the world’s demand and focus on renewable and clean en- 

ergy are escalating, zero energy, plus energy, and zero emission 

buildings are rapidly drawing attention, because such buildings 

conform to the earlier mentioned criteria. To become a zero en- 

ergy or zero emission building, it needs to harvest energy from 

its surroundings, where solar energy is one of the obvious choices. 

In this regard, Building integrated photovoltaics (BIPV), which refer 

∗ Corresponding author. 

E-mail addresses: hassan.gholami@uis.no (H. Gholami), harald.n.rostvik@uis.no 

(H.N. Røstvik), daniela.mueller-eie@uis.no (D. Müller-Eie). 

to photovoltaic cells that are integrated into the building envelope 

such as facade or roof, is a technology that generates electrical en- 

ergy by exploiting the incident solar radiation to the building skin. 

In this technology, solar cells are considered as building envelope 

materials like tiles, foils, modules or windows. The system retains 

current building skin materials’ specifications like weather protec- 

tion, privacy, noise protection, heat insulation, and simultaneously 

generates electrical energy for the building [4] . The BIPV lifetime is 

currently estimated around 30 years [5] , while new studies show it 

could be as long as 50 years [6,7] . BIPV can be employed to either 

new buildings or renovated ones [8] . The size of the BIPV system 

can vary from a few kilowatt (kW) for a residential building to sev- 

eral megawatt (MW) for a commercial application [9] . 

Based on the location of the installation in the building, it can 

be divided into two subgroups of BIPV roof and BIPV façade. Cur- 

rently, BIPV rooftops are the most pleasant place for integrating 

solar PV modules [10] . Generally, there is less shading at a rooftop 

system than at a façade system. Rooftops regularly give a signifi- 

cant unused surface to BIPV application and the annual solar in- 

cident radiation per square meter on the rooftop area is usually 

more than facades. From the market point of view, more than 

80% of the BIPV systems are rooftop mounted and the rest belong 

https://doi.org/10.1016/j.enbuild.2019.109461 
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Nomenclature 

BAPV Building attached photovoltaic 

BIPV Building integrated photovoltaics 

BIPV np BIPV system nominal power 

CdTe Cadmium Telluride 

CI Bash inflows 

C N Electricity tariff

CO Cash outflows 

C PD Power delivery cost 

CSCCs Country-level contributions to the SCC 

DPP Discounted payback period 

DR Discount rate 

EEMC Eequivalent envelope material cost 

E grid Annual amount of inputting electricity to the grid 

EPBT Energy payback time 

FiT Feed-in tariff

GPBT Greenhouse-gas payback 

GSCC Global societal cost of carbon 

IC Initial cost 

IRC Inverter replacement cost 

kW Kilowatt 

kWh Kilowatt-hour 

kW p Peak power of BIPV system 

LCCA Lifecycle cost analysis 

MW Megawatt 

NC t Net cash flow 

NPV Net present value 

nZEB Nearly zero energy building 

O&M Operation and maintenance 

P The lifespan of PV 

PB Projected benefit 

PIC Project investment cost 

S Initial investment 

SCC Societal cost of carbon 

t Number of the year 

T LL Transmission line loss percentage 

USD US Dollar 

ZEB Zero energy buildings 

to the façade mounted systems [11] . Moreover, most of the BIPV 

products for facades are less widespread [12] . Studying the scien- 

tific literature, BIPV facades are still a challenging option to employ 

in comparison to BIPV roofs because of several issues involved with 

this application [11] . Urban obstacles, shading from neighbouring 

buildings, openings and other architectural elements, are some of 

the issues which can significantly affect the BIPV facade potential 

[13] . However, the contribution of BIPV facades in retrofit interven- 

tion should not be neglected. 

The possibility to achieve zero energy buildings (ZEB) or even 

plus energy building goals [14] , using different facades and orien- 

tations of a building to spread the energy production throughout 

a day [15] , and the contribution of the system to enhance energy 

performance of the envelopes [16] are some advantages of renovat- 

ing the façades of an existing building with a multi-functional BIPV 

system. Moreover, a recent research study conducted by Sánchez- 

Pantoja et al. [17] reveals that photovoltaic integration in build- 

ing facades are aesthetically accepted by society. BIPV technology 

is also valued more positively than building attached photovoltaic 

(BAPV), which are PV systems added on the building without a di- 

rect contact with the structure. 

Research conducted by Azadian and Radzi [6] classified the 

barriers of using BIPV system in building industries into four 

main groups of institutional barriers, public acceptance, economic 

barriers and technical barrier. Concerning BIPV technical analy- 

sis, many studies have been carried out to illustrate the various 

types of technology as well as their specifications and applications 

[3,6,11,18–25] . It should be noted that by dealing with the eco- 

nomic barrier and solving this problem, we can easier tackle pub- 

lic acceptance issues. From recent studies and market surveys, it 

can be concluded that the high capital cost of the BIPV system is 

the most significant barrier to use this technology in the building 

sector [9] . Therefore, while photovoltaic integration in building fa- 

cades are aesthetically accepted by the society, high capital cost 

and low electrical efficiency of the BIPV system are some of the 

barriers that need to be tackled in order to increase the public ac- 

ceptance. 

When it comes to the BIPV economic analysis, many studies 

have conducted an economic analysis of a BIPV system or the vari- 

ous policies which affect the analysis, but very few have quantified 

or monetised the impact of BIPV systems on the community (so- 

ciety) and environment. [3,5,9,12,26–28] In other words, there is a 

lack of knowledge of lifecycle cost related to BIPV systems to allow 

clients and end users to make more informed decisions on the use 

of BIPV products. Since this issue has not been addressed in recent 

research studies, our focus in this paper is on this challenge. 

Lifecycle cost analysis (LCCA) is a technique that allows the as- 

sessment of BIPV alternatives for final selection, based on the two 

factors of initial costs and the monitoring of costs throughout the 

life of a project, to reach the minimum cost as well as highest 

profit. A Comprehensive analysis is an analysis that allows the end 

users to choose the source of energy for their building consider- 

ing all consequences of their decision. This type of analysis should 

investigate various available options such as different BIPV systems 

considering their societal and environmental advantages, as well as 

their role in building material offset, because of their dual function 

as building envelope and power generator. 

Sorgato et al. [14] , in 2018 evaluated the feasibility of employing 

thin-film Cadmium telluride (CdTe) BIPV system technically and 

economically for the same building in six Brazilian cities. The re- 

sults illustrated that it is feasible to meet the net annual energy 

consumption of the studied building with a BIPV system using 

building rooftops and façades. The research also confirmed that cli- 

mate plays an essential role in the net annual energy consumption 

of the building, as well as the energy generated by BIPV systems. 

However, the study did not elaborate on the societal and environ- 

mental economic effects of the BIPV system. The economic eval- 

uation of the system could have been more comprehensive if the 

study had considered the benefits of the BIPV system as quantifi- 

able as possible. 

Aste et al. [29] evaluated the first Italian BIPV project after 13 

years of continuous operation to elaborate its technical and eco- 

nomic performances and, through this, predict its lifetime perfor- 

mance. They found that during the 13 years of operation, the sys- 

tem did not show a significant decrease in performance. The per- 

formance decay measured was equal to 0.37% per year, which is 

less than the usually considered degradation in multi-crystalline 

Silicon system which is approximately 0.5% per year [30] . More- 

over, Infrared Spectroscopy and visual inspection revealed that no 

PV module was damaged. This could be because of skillful sys- 

tem design, rear side ventilation of the modules and also high- 

quality components. The results confirmed that BIPV systems can 

work productively during its lifetime, ensuring good energy and 

economic performances. Like the Sorgato et al. [14] , this research 

did not take into account the societal and environmental benefits 

of the BIPV system in order to carry out the LCCA. 

Wang et al. [31] carried out a study for environmental assess- 

ments and economic performance of BIPV system by analysing the 

net present values (NPV) and the payback period of the BIPV sys- 

tem of a building in Shanghai over its lifecycle. The payback time 
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of the initial cost considering the feed-in tariff (FiT) of renewable 

energy in the residential sector was obtained in 6.52 years. More- 

over, the energy payback time (EPBT) and the greenhouse-gas pay- 

back time (GPBT) of the BIPV system was calculated to be 3.1 and 

0.4 years, respectively. However, by considering the societal and 

environmental benefits of the BIPV system the result might be 

more promising. These factors were not taken into consideration 

for this case study. 

Alnaser [32] evaluated the performance of an 8.6 kW BIPV sys- 

tem with polycrystalline PV cells in Bahrain Petroleum Company at 

Awali Town, Kingdom of Bahrain. This is a country in an arid zone 

with high annual solar radiation. The results showed that the pay- 

back time of the system reached about 624 years, which is due to 

the low cost of the electricity in Bahrain (8 cent for consumption 

up to 30 0 0 kWh per month). The electricity tariffs in Bahrain is 

subsidized while it is mainly produced by cheap oil. The research 

states that if the feed-in tariff were set to purchase each one kWh 

solar electricity for 1 US dollar, then the payback would be five 

years. By assuming the emission of one kg CO 2 per one kWh of 

electricity, the study concluded that the system decreased the CO 2 

emission by nine tons, annually. However, the study did not quan- 

tify this carbon emission cost to see its effect on the payback time. 

In this current paper, an innovative approach for LCCA of the 

BIPV systems is proposed. The suggested method is applied to the 

recent studies, which was economically analysed the system but 

without taking into consideration of societal and environmental 

consequences of BIPV technology. In other words, the recent case 

studies are re-analysed by the suggested LCCA. Therefore, the tra- 

ditional LCCA and the suggested LCCA for the same case studies 

can be easily compared. 

In section two, the methodology and assumption are discussed 

in details. Then, in section three, the societal and environmental 

advantages of BIPV systems are quantified as much as possible in 

order to see their effects on payback time as well as net present 

value. In section four, the results are depicted and discussed and 

finally, in section five, the conclusion is presented. 

2. Methodology 

2.1. Case studies 

Four case studies are selected in order to apply the suggested 

method and evaluate the effect of societal and environmental fac- 

tors on the economic feasibility of a system. The locations are Mi- 

lan [29] , six cities in Brazil [14] , Shanghai [31] , and Awali [32] . 

2.1.1. Milan [29] 

The study evaluated the pilot BIPV plant at the Politecnico di 

Milano, which underwent 13 years of continuous operation. The re- 

sults obtained indicated that the BIPV plant analysed did not show 

a significant decrease in long-term performance. The measured PR 

(performance ratio) decay is equal to 0.37%/year. In addition, visual 

inspection and IR analysis (infrared spectroscopy) showed that no 

BIPV modules are affected by serious damage. The paper claimed 

that this result was due to the good system design during the pre- 

liminary stage, high-quality components and also the rear venti- 

lation of the modules, which avoids overheating in the warmer 

days of the year. Finally, an economic analysis was carried out and 

showed that the DPP time of the BIPV system is 13 years. 

2.1.2. Six cities in Brazil [14] 

The paper evaluated a technical and economic potential of in- 

tegrating state-of-the-art, frameless, glass thin-film cadmium tel- 

luride (CdTe) BIPV modules on a commercial building façade and 

roof, and analyzed the economic feasibility of replacing conven- 

tional façade materials like aluminum composite and architectural 

glass material with BIPV modules in six Brazilian cities. The tech- 

nical analysis consisted in assessing the energy performance of a 

four-storey office building for each of the six cities. The technical 

analysis indicated that it is possible to fully meet the energy de- 

mand of the office building with BIPV integration in six evaluated 

Brazilian cities. The study also showed that while the local climate 

has a remarkable impact on energy consumption, BIPV energy pro- 

duction follows the same trend. Moreover, the economic analysis 

indicated that with the declining costs of BIPV systems, replacing 

traditional façade building materials with BIPV modules is not only 

an innovative approach but also of economic benefit. The DPP of 

the BIPV system for six cities considering different inflation rates 

were calculated which was between six years to up to 16 years. 

2.1.3. Shanghai [31] 

This study evaluated two systems in Shanghai. A building at- 

tached photovoltaic (BAPV) system of 3 kW p and a building inte- 

grated photovoltaic (BIPV) system of 10 kW. The monthly system 

efficiencies, output yields and monthly performance ratio (PR) of 

the two systems were recorded. In order to analyze the system 

benefits, NPV and DPP method were employed. PV SOL software 

was used to simulate these two systems. The simulation results 

including economic and performance states were illustrated in this 

study. Moreover, energy payback time (EPBT) and the greenhouse- 

gas payback time (GPBT) were employed to evaluate environmen- 

tal impacts. EPBT of the two systems was 4.2 years and 3.1 years. 

The results for GPBT were 1.3 years and 0.4 years, respectively. The 

DPP of the BIPV system considering the government incentive was 

11 years, which is because of the significant subsidy that China al- 

locates to the owners of renewable energy systems. 

2.1.4. Awali [32] 

The study reported the performance of 1.5 years of 8.64 kW 

smart BIPV system integrated into a building at Awali, which is a 

town in the kingdom of Bahrain located in the middle of a desert 

area. The BIPV system covers a roof area of 59 m 

2 (36 BIPV pan- 

els). The data showed that the annual produced solar electricity 

from the BIPV system was 8879 kWh while the expected energy 

set by the producer (Petra solar) was 11,990 kWh. The calculated 

DPP for the BIPV system was 624 years, which was because of the 

low electricity tariff for domestic use (in 2015). The electricity tar- 

iff for domestic use was only 3 fils (¢ 0.80) for the first 30 0 0 kWh, 

9 fils (¢2.34) for consumption from 3001 to 50 0 0 kWh and 16 fils 

¢4.16 for consumption from 5001 kWh and more. 

2.2. Economic analysis tools 

In order to compare the economic feasibility of the case studies 

after considering the societal and environmental factors, two finan- 

cial tools which were used by the examined case studies have been 

employed, which are the Net present value (NPV) and discounted 

payback period (DPP). The NPV is a tool to show the net difference 

between the profits and costs of the system in present or annual 

values. It is calculated by the difference between the present value 

of profits and the present value of costs [33] . The DPP period is the 

minimum time it takes to recoup investment costs [33] . 

2.3. Input parameters 

Several parameters and factors need to be taken into consider- 

ation in order to develop the economic analyses. The most impor- 

tant of them are;façade and roof material costs, PV system invest- 

ment costs, electricity tariff, BIPV system lifecycle, BIPV electricity 

production during its lifetime, solar incident radiation of the loca- 

tion, operation and maintenance (O&M) costs, PV degradation rate, 
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Table 1 

some of input data from the case studies. 

City Belem Brasília Curitiba Florianopolis Rio de Janeiro Sao Paulo Milan Awali Shanghai 

Roof area (m2) 600 600 600 600 600 600 106 60 66 

Façade area (m2) 607.6 607.6 607.6 607.6 607.6 607.6 0 0 0 

BIPV np (kWp) 180 180 180 180 180 180 10.95 8.64 10 

E grid (MWh) 197.2 223.5 201.2 190.3 197.6 170.1 9.7 8.9 9.9 

C N ($) 0.22 0.17 0.19 0.19 0.24 0.17 0.22 0.06 0.082 

Investment ($) 231,152 25,000 43,000 19,474 

Application Roof / Facade Roof 

Technology Thin-film CdTe Poly Crystalline Si Mono Crystalline Si 

Table 2 

Discount rate of each case study. 

Country DR (%) 

Brazil 5.5 [14] 

China 3 [31] 

Italy 3 [29] 

Bahrain 4 [36] 

inverter replacement cost over BIPV system lifetime and BIPV sys- 

tem type based on its connection to the system (on-grid, off-grid 

or hybrid). The electricity costs depend on each analysed country 

and city according to the energy tariff charged by the local power 

distribution company. 

From the case studies, it can be found that the system type in 

all of them is the on-grid type which means they are directly con- 

nected to the network using a grid-connected inverter and the sys- 

tem is without any storage system. 

The costs due to the replacement of inverters represent 17% of 

the whole BIPV system’s initial cost [14] . Moreover, Grid-connected 

inverters usually have a ten to fifteen years warranty. Therefore, 

the replacement of the inverter was assumed to be required every 

ten years [34] . 

A study led by Jordan and Kurtz [30] gathered nearly 20 0 0 

degradation rates, measured on individual modules or entire sys- 

tems from the literature and found that the median degradation 

rate is 0.5% per year. Therefore, this ratio of energy losses per an- 

num has been adopted in this study. 

Annual operation and maintenance (O&M) costs of a BIPV sys- 

tem is assumed to be 1% of the initial cost of BIPV system per year 

[35] . 

Table 1 represents a brief overview of the case studies and their 

properties. 

In order to be able to calculate NPV and DPP, the discount rate 

(DR..) corresponding to each case study has to be defined. The dis- 

count rate is the rate of interest which a bank charges on its loans. 

The rate is a part of the calculation of NPV when doing a dis- 

counted cash flow analysis. This rate is different for each country. 

Table 2 shows the discount rate for each case study for 2018. 

Table 4 

The inflation rate of electricity tariff for each 

case study. 

Country Electricity tariff

Inflation Rate 

Brazil [14] 3 

China [31] 2 

Italy [29] 6 

Bahrain [38] 3 

It is worth mentioning that the feed-in tariff for residential 

BIPV in China is 0.1498 US dollar [31] , but the electricity tariff sup- 

plied by the network is 0.082 USD. In this paper, for electricity 

price, we always use the electricity price of the network without 

any subsidy or incentive in order to evaluate the real payback time 

of the BIPV systems. Moreover, the electricity tariff in Bahrain is 

extremely low, which results in unreasonable longer payback time 

if we do not consider any subsidy or incentive. 

The BIPV system lifecycle is considered 30 years; however re- 

cent studies showed that their life could reach to 50 years [6,7] . 

The solar incident radiation of the case studies can be extracted 

from PVGIS-SARAH. The Satellite Application Facility on Climate 

Monitoring (CM SAF) and the Photovoltaic Geographical Informa- 

tion System (PVGIS) team with a spatial resolution of 31 km has 

calculated this data set [37] . Table 3 shows the average daily in- 

cident radiation of roof and different facades for the case studies 

from 2005 to 2016. It is worth mentioning that all six Brazilian 

cities in this study are located on the southern hemisphere and 

the rest of case studies are located on the northern hemisphere. 

The electricity tariff inflation rate is different from country to 

country. These values have been extracted based on historical data 

of case studies and presented in Table 4 . 

The electricity inflation rate for Bahrain was not mentioned in 

their study. Up until recently, electricity tariffs in Bahrain were 

subsidized. Since 2016, new electricity tariffs have been applied to 

electricity consumers. The electricity tariffs will be gradually in- 

creased to meet the cost of power generation of 29 fils/kWh (0.08 

USD) by 2019. For years after 2019, we consider the price increas- 

ing rate is the same as the inflation rate which is 3% [38] . 

Table 3 

Average daily incident radiation of roof and different facades of each case study. 

Country City Roof South Facade East Façade West Façade North facade 

Brazil Belem 5.51 1.97 2.96 2.33 2.13 

Brasilia 5.35 2.06 2.65 2.46 2.69 

Curitiba 4.22 2.59 2.13 2.11 2.62 

Florianopolis 4.25 2.78 2.13 2.06 2.70 

Rio de Janeiro 4.81 2.77 2.41 2.34 2.79 

Sao Paulo 5.27 2.89 2.69 2.56 3.10 

China Shanghai 3.72 2.44 1.79 1.98 1.03 

Italy Milan 3.93 3.18 2.16 2.36 0.82 

Bahrain Awali 6.16 3.61 3.16 3.20 1.19 
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Table 5 

C TL , T LL and C N value of the case studies. 

Country City C N (USD/kWh) T LL (%) [53] C TL (USD/kWh) 

Brazil [14] Belem 0.22 15.8 0.035 

Brasilia 0.17 15.8 0.027 

Curitiba 0.19 15.8 0.030 

Florianopolis 0.19 15.8 0.030 

Rio de Janeiro 0.24 15.8 0.038 

Sao Paulo 0.17 15.8 0.027 

China [31] Shanghai 0.082 5.5 0.005 

Italy [29] Milan 0.22 7 0.015 

Bahrain [32] Awali 0.06 4 0.001 

2.4. Societal and environmental factors 

While there are many research studies attempting to illustrate 

the societal and environmental effect of the renewable energies 

generally [2,39–44] and BIPV system specifically [3,5,9,31,45–49] , 

few research studies focused on quantifying these benefits and 

there was no study that applied the monetised value of these ben- 

efits to the economic analysis of the BIPV system. As a result, the 

presented strategy could not only expectantly guide the end user 

to decide more conscious about the implementation of BIPV sys- 

tem but also steer governments or decision-makers to support the 

technology by rational subsidies and incentives. The most impor- 

tant societal and environmental factors which will be affected by 

using BIPV system are listed below. 

2.4.1. Transmission line lost power 

Power plants, which are typically located a long distance from 

the cities because of the security and environmental considera- 

tions, supply energy to urban areas. Such a configuration needs 

transmission and distribution lines to deliver the energy to the end 

users, which results in electricity loss in the power grid. For in- 

stance, this value for Norway was around 6% in 2014 [50] . Based 

on the electricity tariff of $0.18/kWh [51] and considering the to- 

tal electricity production of 142TWh in 2014 for Norway [52] , the 

value of the lost energy is 1.54 billion US dollar. The value is com- 

paratively higher for countries such as the USA and Brazil, which 

have longer and larger power transmission lines compared to Nor- 

way. BIPV is a suitable solution to this problem because it removes 

the distance between the location of the electricity consumption 

and generation. The transmission and distribution lines loss value 

per each kWh for each country can be directly calculated as fol- 

lows: 

C TL = T LL ×C N (1) 

Which C TL , TLL, and C N represent the cost of transmission line loss, 

transmission line loss percentage, and electricity tariff, respectively. 

Table 5 depicts these values for the studied cases. 

2.4.2. Power delivery cost 

BIPV is also a great asset to reduce or even omit the capital ex- 

penditure required to expand the network infrastructure or main- 

tenance. On the contrary of the BIPV systems, some other forms 

of renewable energies like solar farms or wind farms might lead 

to the need of expanding the network infrastructure or even some 

slight changes in the climate of the exploited land. According to 

the International Energy Agency (IEA), World electricity demand 

increased by 4% in 2018 which is significantly higher than the to- 

tal increase in energy demand [54] . There are two possible solu- 

tions to manage this demand growth; upgrading the transmission 

and distribution lines throughout the world or producing electrical 

energy nearer the end users. BIPV technology is an excellent re- 

sponse to remove this distance and omit or at least postpone the 

considerable investments required to extend the transmission and 

Table 6 

CSCCs of each case study [61] . 

Country CSCCs (USD/ton) 

Brazil 41.217 

China 50.019 

Italy 4.751 

Bahrain 85.667 

distribution lines. Moreover, according to the USA Energy Infor- 

mation Administration (EIA) report of September 2017, electricity 

prices reflect rising delivery costs while the electricity generation 

cost is declining [55] . In terms of USA, delivery costs are responsi- 

ble for 36% of the total price of electricity for the end user. Many 

factors involved in the delivery cost such as transmission costs, ex- 

penses for distribution equipment which deals with lower voltages, 

charges for installing, operating, and maintaining meters and sen- 

sors [55] . Considering a depreciated estimate, generated electricity 

by a BIPV system can decrease the delivery cost of around 20% of 

the electricity t [56] . 

2.4.3. The societal cost of carbon (SCC) 

The societal cost of carbon (SCC) consists of the damage caused 

by carbon emission [57] . It is around $33 per ton for global effect 

and $2 per ton for domestic effect as per the US Department of 

Transport estimation [57] . However, the value calculated for SCC by 

organisations have a non-ignorable discrepancy, and most agencies 

decline to state a number as a line item on the cost-benefit bal- 

ance sheet and leave it as “non-monetized” benefits in the final 

calculation. The average SCC value for the electricity generation is 

around $0.048–0.097 per kWh [58] which is a noticeable amount. 

Some countries like Australia has started to enact national car- 

bon emission charge ($25.4 per ton) to increase the cost of electric- 

ity generation with conventional methods and simultaneously give 

up subsidies for electrical energy produced by renewable sources, 

which are carbon-free [59,60] . However, a recent study led by 

Ricke et al. [61] , found that the global societal cost of carbon 

(GSCC) is dramatically higher than previous estimates. In terms of 

USA as an example, it is probably between 177 USD and 805 USD 

per ton, most likely 418 USD. Table 6 shows the country-level con- 

tributions to the SCC (CSCCs) cost for the studied countries [61] . It 

should be noted again that since the global societal cost of car- 

bon, which is the sum of all country-level societal costs of car- 

bon, is around 418 USD per ton, effort s to reduce carbon emissions 

through the clean energy resources need to be accelerated. 

2.4.4. Material cost 

The conclusion of the previous research on this issue is not 

aligned. Some of them determined that the BIPV system imposes 

more cost on the building. For example, the research conducted by 

Hammond et al. [5] , revealed that the initial cost of BIPV roof tile 

would be 2% more than regular concrete roof tiles. However, some 

other studies claim that the additional cost of BIPV is equivalent 
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Table 7 

The cost of a general facade and roof of each case study per square 

meter. 

Country Location Cost (USD/m 

2 ) 

Brazil Roof [64] 45 

Facade [14] 21 

China Roof [65] 35 

Italy Roof [66] 45 

Bahrain Roof [67] 40 

to or even lower than traditional materials. Research conducted by 

Koinegg et al. [62] contended that the cost of BIPV glazing sys- 

tem could even be 20% less than polished stone facades and lead 

to saving in installation cost due to the issue involved with the 

weight of the stones as well. It should be noted that these val- 

ues are for the initial cost of the BIPV systems and its secondary 

function as an energy producer was not taken into consideration. 

In other words, the capital cost of a BIPV system should be split 

between its functions as a building envelope as well as electric- 

ity producer [63] which is what we took in consideration for this 

study. 

In order to evaluate the BIPV system economically, for each case 

study depending on the location of the BIPV system which could 

be roof or façade, we considered the additional cost that the BIPV 

system resulted in because of its function as a power generator. 

The average cost of an ordinary façade and roof for each case 

study is shown in Table 7 . 

It is worth mentioning that BIPV also results in a societal bene- 

fit through the reduction in land use required for the production of 

the electricity. This is because BIPV systems require no additional 

land in contrast with the traditional methods of electricity genera- 

tion [27] . 

2.5. Lifecycle cost analysis (LCCA) 

2.5.1. Methodology 

The common framework of LCCA was established in 1997 under 

the guidelines set by the International Organization for Standard- 

ization [68,69] . 

LCCA is a process to determine the aggregate of all the costs 

associated with an asset, including acquisition, operation, installa- 

tion, refurbishment, maintenance, and disposal. Accordingly, it is a 

key component of any asset management structure. 

The four key components of life cycle costing are as follow: 

- costs of owning and operating an asset 

- the lifespan of the asset 

- the discount and inflation rate 

- the benefits (quantitative and qualitative) of the asset during its 

lifespan. 

Decision making based on LCCA often involves a combination of 

both quantitative and qualitative assessments. The quantitative re- 

sults provide a baseline, but many other factors relevant to a deci- 

sion may not be quantifiable in terms of costs. These qualitative as- 

sessments support the results of the quantitative analysis and will 

be addressed in the development of a business. The focus of this 

study is to quantify all the advantages of using such a BIPV system 

as much as possible to see their effects in economic assessment. 

The developed LCCA model for BIPV generation system dis- 

tributed into two cost categories, which are cost and saving: 

The cost category includes cost for purchasing BIPV Panels and 

electrical apparatus, mounting structure and civil works, spare 

parts, operation and maintenance, and disposal cost. 

The saving category contains the saving in the transmission line 

loss, power delivery cost, societal cost of Carbon, and equivalent 

envelope material cost as well as the income from the electric- 

ity generation. Such a compehensive LCCA which quantify all these 

advantages has not been carried out as mentioned earlier. 

2.5.2. Formulation 

As mentioned earlier, an LCCA research that considers the 

multi-functional performance of BIPV system, as well as the so- 

cietal and environmental factors (against traditional LCCA analysis) 

is lacking. Therefore, the following assessment is presented. 

The basis of the suggested economic assessment model is NPV, 

which is used for financial appraisal [70] , and can be expressed as 

follows [31] : 

NPV = 

p ∑ 

t=0 
( CI −CO ) ( 1 + DR ) 

−t (2) 

Where CI is cash inflows, CO is cash outflows, DR is the discount 

rate, p is the lifespan of PV (years) and t is the number of the year. 

The initial investment S for PV systems is calculated by (3) : 

S = PIC − EEMC (3) 

Which PIC and EEMC stand for project investment cost and 

equivalent envelope material cost, respectively. 

The cash inflows of the connected grid system in year t can be 

shown as (4) : 

CI = C N × E grid + P B (4) 

Which C N , E grid and PB represent electricity tariff of the case 

study, the annual amount of inputting electricity to the grid and 

the projected benefit, respectively. The projected benefit can be 

calculated as follows: 

PB = C T L + C PD + SCC (5) 

Where C TL , C PD , and SCC are the cost of transmission line loss, 

power delivery cost, and societal cost of Carbon. 

The cash outflows of the connected grid system in year t can be 

shown as (6) : 

CO = O & M + IRC ( i f t = 10 , 20 ) (6) 

Which O&M and IRC stand for operation and maintenance and 

inverter replacement cost. It should be noted that as mentioned 

earlier, the replacement of the inverter is scheduled for once per 

ten years considering the manufacturers’ warranty. 

The net cash flow NC t in year t can be expressed as the follow- 

ing: 

N C t = CI −CO (7) 

Finally,the NPV of the BIPV system can be expressed as the fol- 

lowing formula: 

NPV = −S + 

N C 1 

( 1 + DR ) 
+ 

N C 2 

( 1 + DR ) 
2 

+ . . . + 

N C n 

( 1 + DR ) 
n 

= −S + 

p ∑ 

t=1 

N C t 

( 1 + DR ) 
t 

(8) 

And the discounted payback period (DPP) can be calculated as 

follows: 

−S + 

p ∑ 

t=1 

N C t 

( 1 + DR ) 
t 

= 0 (9) 

2.5.3. Limitations 

Since there was not any data regarding the cost of the carbon 

emissions during the manufacturing/transportation/disposal of the 

BIPV panels in referenced studies, these parameters were not taken 

into consideration. However, the BIPV modules and components 

contain glass, aluminum and semiconductor materials that can be 
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Fig. 1. NPV calculation considering the traditional method and suggested method. 

Fig. 2. DPP considering the traditional method and suggested method. 

successfully recovered and reused, either in new modules or other 

products. There have been recent suggestions on methods for end- 

of-life recovery of these materials. However, there is still a lack 

of reliable scientific or empirical data and established recycling 

strategies [70] . Moreover, it worth mentioning that the BIPV panels 

-as mentioned earlier- are a substitute of traditional building enve- 

lope materials which their manufacturing/transportation/disposal 

process also leads to the Carbon emissions and what is not im- 

ported to the suggested LCCA is the additional Carbon emission 

due to the use of BIPV system instead of traditional building en- 

velope materials (if any). 

3. Results and discussion 

The analysis was done in Excel software and the data together 

with the formulation and method is publicly available in Mendeley 

database. Figs. 1 and 2 illustrate the simulation results for the cu- 

mulative net present value (NPV) and discounted payback period 

(DPP) of the case studies. As can be seen from the pictures, the 

suggested method improves the economic feasibility of the BIPV 

system. For instance, the DPP for Belem, has been decreased from 

seven years to four years. Concerning the Awali case study, the 

system is still unfeasible considering a 30 year life cycle of the 

BIPV system, even when applying the suggested method. There are 

many reasons why the BIPV system in Bahrain is still unfeasible af- 

ter applying societal and environmental aspects. Fig. 3 depicts the 

BIPV price per watt peak, electricity tariff, CSCCs, transmission line 

loss of the case studies. As can be seen from Fig. 3 , Bahrain has 

the highest initial investment cost (more than twice of other case 

studies) as well as the lowest electricity tariff which, leads to the 

system being unfeasible or a DPP longer that its life cycle. 

For the Brazilian cities, the payback time with the traditional 

method is above six years for all cities except Sao Paulo, while with 

the suggested method, the payback time comes to less than five 
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Fig. 3. (A) BIPV price, (B) Electricity tariff, (C) CSCCs, and (D) Transmission line loss of the different countries. 

Fig. 4. Cumulative NPV of (A) CSCCs, (B) Equivalent building envelope cost (C) Transmission line cost (D) Transmission line loss of the case studies per watt peak. 

years for the mentioned case studies. Regarding Sao Paulo, because 

of low electricity tariff, the payback time by the traditional and 

suggested method is thirteen and six years, respectively. 

Regarding Italy, because of the low transmission line loss as 

well as SCC, the payback time of the traditional and suggested 

method is thirteen and six years, respectively. Among the studied 

countries, Italy with CSCCs of four USD/tons is the most environ- 

mentally friendly country and Bahrain with CSCCs of 85 USD/tons 

is the worst country. 

The effect of the suggested method on the economic feasibil- 

ity of the BIPV system in China is impressive. While the system is 

unfeasible considering the traditional method, the system is eco- 

nomically feasible by employing the suggested calculation, and its 

DPP would be 20 years. 

Fig. 4 depicts the cumulative net present value of four societal 

and environmental factors per watt peak. Because of low carbon 

emission per kWh of Italy and Brazil [71] , the NPV of SCC of these 

countries are much less than the two other countries. Moreover, 

because of high electricity tariff in Italy, the NPV value of saving in 

transmission line cost using BIPV system in this country is consid- 

erably higher than other case studies. Also, the NPV value of saving 

in transmission line cost using BIPV system in China and Bahrain 

is notably less than the other countries which is because of low 

electricity tariff in these countries. 

The NPV of saving in transmission line loss by BIPV systems for 

Italy and Brazil is much higher than two other countries which are 

because of their higher electricity tariff as well as higher transmis- 

sion line loss rate. 

Fig. 5 illustrates the NPV value of the societal and environmen- 

tal advantages of the BIPV system in different countries. The high- 

est NPV value belongs to Italy with 2.711 USD per watt peak which 

is because of its high electricity tariff as well as suitable solar inci- 

dent radiation. While Bahrain is number two after Italy with NPV 

value of 1.739 USD per watt peak, and as the results revealed, the 
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Fig. 5. The NPV of societal and environmental advantages of BIPV system in different countries. 

Fig. 6. Initial cost (PIC) and NPV of societal and environmental advantages of the BIPV system. 

BIPV system is still unfeasible there despite the highest solar radia- 

tion potential among case studies. The reason is, as mentioned ear- 

lier, low electricity tariff as well as the irrational initial cost for the 

implemented BIPV system. While the electricity tariff is quite low 

in China, because of high CSCCs as well as high carbon emission 

per kWh, the NPV of the societal and environmental advantages of 

BIPV system in China is 1.570 USD per watt peak. Moreover, Brazil 

with the NPV of 1.403 USD per watt peak is the last country which 

is because of its better situation in carbon emission in electricity 

generation and CSCCs rate. 

Fig. 6 compares the initial cost of BIPV system per watt peak 

with the NPV of the societal and environmental benefits of the sys- 

tem during its 30-year life cycle. The calculation showed that in 

Italy, the NPV of the societal and environmental advantages of the 

system could completely cover the required initial cost of the BIPV 

system installation. It means that after installation of the system 

and taking the societal and environmental advantages of the sys- 

tem into account, the BIPV owner has a generator on his/her build- 

ing envelope which produces electrical power without any initial 

cost. For China and Brazil, it covers a significant part of the capital 

expenditure, and for Bahrain, it covers 34% of the initial cost. 

4. Conclusions 

In this paper, an innovative approach is presented in order to 

calculate the NPV and DPP of BIPV systems in recent case stud- 

ies considering the environmental and societal consequences of the 

system. The considered factors in this study are the societal cost 

of carbon, the transmission line loss, the transmission line cost, 

and the equivalent material cost. The simulation showed that the 

NPV value of environmental and societal advantages for the stud- 

ied countries could vary from 1.403 USD per watt peak to even 

2.710 USD per watt peak depending on the values of the examined 

factors for each case study. This method can be applied to other 

countries in order to calculate the real NPV and DPP of the BIPV 

system. The suggested method showed the economic feasibility of 

all the case studies, but, the DPP of BIPV system in Bahrain was 

again more than its life cycle because of the low electricity tariff

and the high initial cost of BIPV system per watt peak. Moreover, 

the suggested method brought the DPP of BIPV system in China to 

20 years while it was more than the life cycle of the system by the 

traditional method. The NPV of societal and environmental advan- 

tages of the BIPV system has its highest value for Italy according 
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to the simulation, which was because of the high electricity tariff

in Italy. 

All in all, the presented strategy could not only expectantly 

guide the end user to decide more conscious about the conse- 

quences of BIPV system implementation but also steer govern- 

ments or decision-makers to support the technology by rational 

subsidies and incentives. In this manner, the paper accomplishes 

a detailed study of the societal and environmental consequences 

of BIPV systems in an urban area. 
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Abstract: Building integrated photovoltaics is one of the key technologies when it comes to electricity
generation in buildings, districts or urban areas. However, the potential of building façades for
the BIPV system, especially in urban areas, is often neglected. Façade-mounted building integrated
photovoltaics could contribute to supply the energy demand of buildings in dense urban areas with
economic feasibility where the availability of suitable rooftop areas is low. This paper deals with the
levelised cost of electricity (LCOE) of building integrated photovoltaic systems (BIPV) in the capitals
of all the European member state countries plus Norway and Switzerland and presents a metric to
investigate a proper subsidy or incentive for BIPV systems. The results showed that the average
LCOE of the BIPV system as a building envelope material for the entire outer skin of buildings in
Europe is equal to 0.09 Euro per kWh if its role as the power generator is considered in the economic
calculations. This value will be 0.15 Euro per kWh if the cost corresponding to its double function in
the building is taken into the economic analysis (while the average electricity price is 0.18 Euro per
kWh). The results indicate that the BIPV generation cost in most case studies has already reached grid
parity. Furthermore, the analysis reveals that on average in Europe, the BIPV system does not need a
feed-in tariff if the selling price to the grid is equal to the purchasing price from the grid. Various
incentive plans based on the buying/selling price of electricity from/to the main grid together with
LCOE of the BIPV systems is also investigated.

Keywords: building integrated photovoltaics; BIPV; levelised cost of electricity; LCOE; solar energy
potential; building skins; building envelope materials; net present value; NPV

1. Introduction

A transition from fossil-based electricity production towards renewable-based energy
production options is one of the critical metrics for reducing GHG emissions. Solar energy
has recently received considerable attention as a feasible solution to facilitate and accelerate
shifting toward such a goal. Solar energy could be harnessed by employing various
technologies and methods [1]. Among the options, photovoltaic (PV) technology is the
fastest-growing technology, leading to a sharp cost reduction and demand expansion of PV
systems [2]. Therefore, it is crucial to precisely calculate solar PV electricity production cost
and compare it with alternative energy sources. In this sense, the maximum power point
tracking issue is also prominent [3]. PV system can be categorised and classified based on
various approaches. One of them that has arisen significant attention recently is building
integrated PV (BIPV) systems.

A BIPV is a photovoltaic system performing as the outer skin of a building [4]. Such
a system keeps general specification of the building envelope materials, e.g., structural
strength, weather and noise protection, insulation, etc. [5,6]. They can be categorised based
on their type in the market, technology, connection to the grid and application [5,7]. Their
application is not limited to buildings, and they can be employed by ships as an example [8].
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By choosing the BIPV system for the building skins, the produced electricity by the system
would be a clean energy resource to be consumed by the end-users where and when it is
needed. This means less pressure on the development and expansion of the giant power
transmission lines, and consequently, less transmission line lost power.

Concerning building skins, buildings play a vital role in the energy efficiency of urban
areas since they are responsible for a significant percentage of the energy demand of such
areas [9,10]. The remarkable radiation potential on the building skins in different climates
is already explored [11]. In Europe, building energy use accounts for 41% of the total
energy consumption of the cities [12]. Therefore, a transition to self-energy consumption
buildings in cities is a prominent course of action toward nearly zero-energy cities. Urban
energy transition (UET) has been recently come about to intensifying the endeavour
towards promoting distributed generation (DG) and realign the energy production and
consumption of buildings [13]. One of the leading solutions which can be of great assistance
to reach such a goal is the energy prosumer notion [14]. Prosumers are consumers who can,
because of their energy production capacity and by virtue of the regulatory conditions of
the market and power systems, export their surpass energy to the distribution grid. BIPV is
a convenient approach to proceed toward changing buildings role from energy consumers
to energy prosumers.

Furthermore, the business model of building integrated photovoltaics (BIPV) is de-
veloping expeditiously. BIPV will soon be acknowledged as a building envelope material
for the entire building skins, among other alternatives brick, wood, stone, metals, etc. [5,7].
In the new business model and among other things, in order to keep the uniformity of
the building skin (similar to when the building skin is stone or glass), the BIPV could be
employed as a building envelope material for all orientations of building skins. Therefore,
the economic analysis will be carried out based on the average potential of the building
skin. More explanation and logic behind this hypothesis can be found in this study [5].

Levelised cost of electricity (LCOE) is an approach to formulate and calculate
the unit cost of electricity (kWh or MWh) over the economic life or full life of a project [15].
LCOE is a widely used metric among policymakers, investors, project managers, and
researchers to evaluate the competitiveness and feasibility of different technologies and
make decisions on whether to invest in specific renewable energy projects or not [16,17].
Furthermore, policymakers and authorities could set renewable energy policies by means
of the LCOE approach. Authorities generally rely on LCOE to delineate support plans
for renewable-based electricity generation technology against carbon-based electricity
generation technology [18].

When it comes to the economic feasibility of BIPV or rational subsidy and incentive
plans, LCOE is a great asset to evaluate the unit cost of electricity production by this
technology. LCOE is used here as a metric to compare alternative sources of energy [19,20].
If the LCOE of BIPV is lower than the grid price, the project investment is concluded to
be profitable and otherwise not. When the LCOE of BIPV is equal to the grid price, it is
often referred to as “grid parity”, which means the energy can be generated or delivered to
the grid at the same cost as it can be purchased.

The regulators and policymakers generally apply different approaches and plan to
promote the BIPV technology and encourage citizens to use the technology by helping
them to make the system financially viable. Some measures that the European countries
have taken to facilitate the transition from consumers to prosumers by means in cities are
listed here:

Net metering [21], where the prosumers get a bill based on their power generation and
consumption over a period (from days to years). Hence, the prosumer offsets its electricity
consumption with renewable energy resources over an entire billing period. It allows
the prosumers to use its generated power at a time other than when it is produced. In fact,
the prosumers are using the power grid as storage.
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Feed-in tariff (FiT) [22], where prosumers are paid a fixed price for the energy they
deliver to the power grid. Therefore, prosumers get paid at a rate called FiT for the surplus
energy produced at home via renewable energy resources and sent on to the grid.

Export price [23], where a utility and a prosumer will have a power purchase agree-
ment or PPA. It is usually based on a fixed price per kWh.

Network charge, where the prosumers will just pay the network charge for the power
they send to the grid and give it back from the grid later. For example, it could be the same
as the net metering approach except for paying a charge for using the grid as storage.

Tax exemption [24], where the prosumers will be exempted from energy taxes in
the retail price of energy.

Grant Schemes [6], where governments grant a portion of the investments for
the installed renewable energy resources to the owner.

When it comes to the literature review of the LCOE of BIPV systems, there is a lack
of research in this regard. Several studies have investigated the LCOE of photovoltaics
systems [25–30], but none of them investigated the BIPV systems. However, the economic
analysis of BIPV systems and their LCOE is different from the PV systems. This is among
other factors, because the BIPV system has dual functionality in the building and in addition
to its application as a power generator, it also serves as a building envelope material for
the building.

Two primary aims of this study are, therefore, to:

• Define, formulate, calculate, and present the LCOE of BIPV as a building envelope
material for the European countries.

• Present a metric to determine the rational amount of subsidy or incentive for the BIPV
system in the EU countries.

The paper is structured as follows: Section 2 deals with the input parameters of
the research. The formulation of the methodology is discussed in Section 3. In
Section 4, results are presented and analysed. An investigation is accomplished in Section
5 to evaluate the performance of non-optimal solutions. Finally, the conclusions are drawn
in Section 6.

2. Input Parameters

The input parameters and formulation are discussed in this section. The required
parameters to calculate LCOE of a BIPV system together with their values are listed here.
More explanation of the parameters can be found on [5,6].

• Operation and maintenance (O&M) cost: 0.5% of the initial investment in Europe.
• Inverter replacement cost: 10% of the initial investment, to be replaced every 15 years.
• BIPV degradation rate: 0.5%.
• BIPV Lifetime: 30 years.
• Building envelope material cost: 230 Euro per sq.m. for the façade and 130 Euro per

sq.m. for the roof.
• Transmission line lost power: see Table 1.
• Power delivery cost: 20% of the grid electricity tariff.
• Societal cost of carbon (SCC): 50 Euro per ton with a growth rate of 4%.
• GHG emission: Table 1, with a mitigation rate of 2.1%.
• Electricity tariff: Table 1, with a growth rate of 2%.
• Discount rate: 3%.
• BIPV efficiency: 16%.
• BIPV initial investment: 450 Euro per sq.m. for facades and 350 Euro per sq.m.

for roofs.

Table 1 presents the value of some of these parameters in 2020.
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Table 1. Electricity tariffs, GHG and electric power transmission and distribution losses of the
European countries.

No Country Capital
Transmission Line

Lost Power
(Percent) [31]

GHG Emission
(g/kWh) [32]

Electricity Tariff
(Euro/kWh) [33]

1 Austria Vienna 5% 156 0.20
2 Belgium Brussels 5% 233 0.29
3 Bulgaria Sofia 9% 585 0.10
4 Croatia Zagreb 13% 282 0.13
5 Cyprus Nikosia 4% 773 0.22
6 Czechia Prague 5% 587 0.16
7 Denmark Copenhagen 6% 386 0.31
8 Estonia Tallinn 7% 1152 0.14
9 Finland Helsinki 6% 209 0.17
10 France Paris 4% 92 0.18
11 Germany Berlin 4% 567 0.30
12 Greece Athens 4% 755 0.16
13 Hungary Budapest 12% 368 0.11
14 Ireland Dublin 8% 555 0.25
15 Italy Rome 7% 444 0.22
16 Latvia Riga 9% 185 0.15
17 Lithuania Vilnius 22% 262 0.11
18 Luxembourg Luxemburg 6% 283 0.17
19 Malta Valleta 5% 868 0.13
20 Netherlands Amsterdam 5% 582 0.17
21 Poland Warsaw 6% 929 0.14
22 Portugal Lisbon 10% 355 0.23
23 Romania Bucharest 11% 413 0.13
24 Slovakia Bratislava 2% 211 0.15
25 Slovenia Ljubljana 5% 351 0.16
26 Spain Madrid 10% 305 0.25
27 Sweden Stockholm 5% 25 0.20
28 UK London 8% 584 0.20
29 Norway Oslo 6% 19 0.19
30 Switzerland Bern 7% 37 0.17

3. Formulation

In this section, NPVI, NPVC and EG, which are BIPV net present value of incomes,
BIPV net present value of costs, and BIPV total electricity production, are discussed
and formulated.

3.1. System Income

The income and benefits of the system are, saving in building envelope material
cost, transmission line lost power, power delivery cost, societal cost of carbon and power
generation. The NPVI can, therefore, be calculated as Equation (1):

NPVI = IBM + ITR + IPD + ISCC + IEG (1)

IBM, ITR, IPD, ISCC, IEG represent the income from saving in building envelope material
cost, transmission line lost power, power delivery cost, societal cost of carbon and power
generation, respectively. The quantified value of the saving from transmission line lost
power can be calculated as presented in Equation (2):

ITR = EG1 × RTR × NP1/(1 + DR)
1 + EG2 × RTR × NP2/(1 + DR)

2 + . . .

+EGy × RTR × NPy/(1 + DR)
y =

y
∑

n=1
EGn × RTR × NPn/(1 + DR)

n (2)
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EG, RTR, NP, DR, n and y represent annual energy generation, the ratio of transmission
line lost power, power grid price, discount rate, the number of the year and BIPV lifespan,
respectively. The quantified value of the system due to the saving in the power delivery
cost is calculatable as follows in Equation (3):

IPD = EG1 × RPD × NP1/(1 + DR)
1 + EG2 × RPD × NP2/(1 + DR)

2 + . . .

+EGy × RPD × NPy/(1 + DR)
y =

y
∑

n=1
EGn × RPD × NPn/(1 + DR)

n (3)

RPD stands for the saving ratio in power delivery cost. The saving from carbon taxing
is also presented in Equation (4):

ISCC = EG1 × RGHG1 × CP1/(1 + DR)
1 + EG2 × RGHG2 × CP2/(1 + DR)

2 + . . .

+EGy × RGHGy × CPy/(1 + DR)
y =

y
∑

n=1
EGn × RGHGn × CPn/(1 + DR)

n (4)

RGHG and CP stand for the average GHG emission and societal cost of carbon, re-
spectively. The income from system electricity generation is formulated, as shown in
Equation (5):

IEG = EG1 × NP1/(1 + DR)
1 + EG2 × NP2/(1 + DR)

2 + . . .

+EGy × NPy/(1 + DR)
y =

y
∑

n=1
EGn × NPn/(1 + DR)

n (5)

The values of NP, CP, EG, and RGHG associated with the nth year of the BIPV system
is calculatable as presented in Equations (6)–(9):

NPn = NP1 × (1 + RNP)
n (6)

CPn = CP1 × (1 + RCP)
n (7)

EGn = EG1 × (1 − REG)
n (8)

RGHGn = RGHG1 × (1 − RGH)
n (9)

RNP, RCP, REG and RGH are abbreviations for electricity tariff growth ratio, societal
cost of carbon growth ratio, BIPV degradation ratio and GHG mitigation ratio, respectively.

Finally, the NPV of the incomes can be determined as shown in Equation (10):

NPVI = IBM

+
y
∑

n=1

(
EG1 × (1 − REG)

n)× RTR ×
((

NP1 × (1 + RNP)
n)/(1 + DR)

n)
+

y
∑

n=1

(
EG1 × (1 − REG)

n)× RPD ×
((

NP1 × (1 + RNP)
n)/(1 + DR)

n)
+

y
∑

n=1

(
EG1 × (1 − REG)

n)× (
RGHG1 × (1 − RGH)n)× ((

CP1 × (1 + RCP)
n)/(1 + DR)

n)
+

y
∑

n=1

(
EG1 × (1 − REG)

n)× ((
NP1 × (1 + RNP)

n)/(1 + DR)
n)

(10)

3.2. System Cost
The cost of the system is the investment, operation and maintenance and inverter replacement

cost. Therefore, NPVC can be formulated as Equation (11):

NPVC = CQ + CIR + COM (11)

CQ, CIR and COM stand for BIPV initial investment, inverter replacement cost, and operation and
maintenance cost, respectively. The inverter replacement cost can be easily calculated, as presented
in Equation (12):

CIR = CQ × 0.1 (12)
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The NPV of the operation and maintenance cost can be calculated as follows in Equation (13).

COMn = 0.005 × CQ × 30 (13)

Therefore, the NPV of the costs can be determined as shown Equation (14):

NPVC = CQ
+CQ × 0.1

+COMn = 0.005 × CQ × 30
(14)

3.3. System Energy Production
The electricity production of BIPV systems naturally degrades over time, and the decrease ratio

is called the BIPV degradation rate. Depending on the material, the BIPV degradation rate varies [34].
The total electricity production of the system over its lifespan can be calculated as indicated in
Equation (15):

EGT = EG1 × (1 − REG)
1 + EG1 × (1 − REG)

2 + . . .

+EG1 × (1 − REG)
y =

y
∑

n=1
EG1 × (1 − REG)

n (15)

where EG1 can be calculated as follows:

EG1 = GBS × BIPVEFF (16)

BIPVEFF represents the average efficiency of the BIPV system. GBS represents the average
incident solar radiation on the building skins of the capital of the investigated countries [5,35].

3.4. LCOE Formulation
LCOE, as mentioned in the introduction, is a term that stands for the cost of the power per kWh

produced by the BIPV systems over the lifetime of the system, which is 30 years in this study. It can
be calculated by Equation (17):

LCOE = NPVC/EGT (17)

NPVC, NPVI, and EGT represent net present value of the costs of the system over its lifetime,
net present value of the incomes of the system over its lifetime and total electricity generation over
its lifetime, respectively.

4. Results
The analysis was carried out using Microsoft Excel, and the dataset is publicly available and

attached to this paper as a supplementary file. The starting date for the system evaluation is
the beginning of 2020.

Figure 1 indicates the average incident solar radiation on the building skins (GBS) of the capital
of the countries. BS stands for building skin and is the average value of building orientations (south,
north, east, west and roof) for the discussed parameter. In other words, BS is a metric to evaluate
the feasibility and suitability of BIPV systems as a building envelope material for the entire building
skins in Europe. When it comes to appropriate feed-in tariff or subsidy for the BIPV system in Europe,
the economic analysis of the entire building skin as an average of skin orientations is a useful tool
to design and introduce rational incentives. The annual radiation on building skins varies from
631 kWh per sq.m. in Finland to 1138 kWh per sq.m. in Cyprus, with an average of 806 for the EU.

The primary raw data is taken from the Photovoltaic Geographical Information System (PVGIS)
database [35]. The analysis and calculated amounts are based on the average hourly incident radiation
data between 2005 and 2016 from the PVGIS (SARAH Solar Radiation Data) [35]. The secondary data
is based on the analysis as explained.

Figure 2 depicts the lifetime electricity production of the BIPV system (EGT) as a building
envelope material for the skins of the buildings in the EU countries. The total production is between
2819 kWh per sq.m. (in Finland) and 5084 kWh per sq.m. (in Cyprus). The average production for
the EU is 3601 kWh per sq.m.
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Figure 2. Lifetime electricity production of the BIPV system (EGT) as building envelope material.

Table 2 illustrates the results of the analysis for the LCOE calculation. The analysis
is carried out for the BIPV system as a building envelope material for the entire building
skins. As can be seen from Table 2, in average in Europe, from each square meter of BIPV
system as a building envelope material, 578 € income will be earned out of 3601 kWh
electricity production of the system while the total cost is equal to 535 €.

Figure 3 illustrates the breakdown of the average income and the average cost for
BIPV systems in the EU.

The LCOE analysis and allocated subsidy can be calculated and defined based on
different points of views and approaches. They are discussed here in detail based on
different scenarios.
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Table 2. System financial analysis in Europe.

Country IBM
(€/sq.m.)

ITR
(€/sq.m.)

IPD
(€/sq.m.)

ISCC
(€/sq.m.)

IEG
(€/sq.m.)

CQ
(€/sq.m.)

CIR
(€/sq.m.)

COM
(€/sq.m.)

NP
(€/kWh)

Austria 210 7 30 7 623 430 43 65 0.20
Belgium 210 10 39 9 821 430 43 65 0.29
Bulgaria 210 7 16 27 335 430 43 65 0.10
Croatia 210 13 20 12 429 430 43 65 0.13
Cyprus 210 9 46 47 971 430 43 65 0.22
Czechia 210 5 22 23 460 430 43 65 0.16

Denmark 210 12 41 15 866 430 43 65 0.31
Estonia 210 6 17 39 353 430 43 65 0.14
Finland 210 6 20 7 419 430 43 65 0.17
France 210 5 26 4 539 430 43 65 0.18

Germany 210 8 40 22 845 430 43 65 0.30
Greece 210 7 33 44 699 430 43 65 0.16

Hungary 210 10 17 16 367 430 43 65 0.11
Ireland 210 13 31 20 663 430 43 65 0.25

Italy 210 14 40 24 844 430 43 65 0.22
Latvia 210 8 19 7 392 430 43 65 0.15

Lithuania 210 15 13 9 281 430 43 65 0.11
Luxembourg 210 7 23 11 487 430 43 65 0.17

Malta 210 7 27 51 566 430 43 65 0.13
Netherlands 210 6 23 22 477 430 43 65 0.17

Norway 210 7 22 1 475 430 43 65 0.19
Poland 210 6 19 36 392 430 43 65 0.14

Portugal 210 23 45 20 959 430 43 65 0.23
Romania 210 12 21 19 448 430 43 65 0.13
Slovakia 210 2 22 9 459 430 43 65 0.15
Slovenia 210 6 23 14 495 430 43 65 0.16

Spain 210 25 51 18 1077 430 43 65 0.25
Sweden 210 6 25 1 521 430 43 65 0.20

Switzerland 210 9 25 2 530 430 43 65 0.17
UK 210 11 26 22 559 430 43 65 0.20

EUAV 210 9 27 19 578 430 43 65 0.18

4.1. Scenario 1

This scenario discusses the traditional approach of analysis, where the investment is
the net present value of the total cost (NPVC). Figure 4 illustrates the electricity price of
the grid and LCOE of BIPV as a building envelope material for the entire building.

As can be seen from the Figure 4, the LCOE in Bulgaria, Croatia, Czechia, Estonia,
Finland, Hungary, Latvia, Lithuania, Netherlands, Norway, Poland, Romania and Slovakia
is more than the network price in this scenario and in order to make the BIPV system
economically feasible, a FiT rate is required (generally equal to the difference of NP and
LCOE plus NP, in order to reach the grid parity). Furthermore, the analysis unfolds that
on average in Europe, the BIPV system does not need a feed-in tariff if the selling price to
the grid is equal to the purchasing price from the grid. This is investigated more later in
this section.

4.2. Scenario 2

The scenario deals with the LCOE related to the total cost of the system associ-
ated with the BIPV system functionality as a power generator and not as a building
envelope material. In other words, the hypothesis in this scenario is that the BIPV sys-
tem is a substitute for other building skins materials and the cost associated to this
application should not be taken into consideration when it comes to economic feasi-
bility (because such an approach is irrational for alternative building envelope mate-
rials such as stone, wood, glass etc.). Therefore, the cost of the BIPV system must
split between its applications on the building skins (as the building skin and the power
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generator). That fraction of the investment, which is related to the role of BIPV sys-
tems as a power generator, has been taken into consideration in the LCOE analysis
of this scenario. Figure 5 represents the LCOE of this scenario in comparison with
the grid price.
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The result indicates that LCOE of BIPV system as a building envelope material for
the entire outer skin of the buildings in all the locations is always less than the grid price if
the investment related to the power generation task is taken into the analysis. The average
LCOE for the EU (0.09 (€/kWh)) in this scenario is half of the average grid price in EU
(0.18 (€/kWh)).

Although BIPV technology has reached the grid parity in almost all of the investigated
countries, what is critical is the question that whether the local grid is willing to buy the
electricity at the same price that sells it to the end-user or not. The answer to this question
has a remarkable effect on the proper designing of subsidy for this technology. Answering
such a question results in three different situations:

• If the grid is obliged to buy the surplus generated electricity of the BIPV from end-user
at the same price that sells it to the end-user, then the technology is already mature in
EU as figure shows and there is no need for additional incentive.

• If the buying price of the grid is less than its selling price but still more than
the calculated LCOE, then the system is still profitable, and no subsidy is needed to
make the system economically viable.
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• If the buying price of the grid is even less than the calculated LCOE, then the end-user
needs to either consume all the generated power of the BIPV system or receive an
appropriate subsidy (normally equal to the difference between LCOE and buying
price of the grid) in order to make the investment profitable.

The amount of rational subsidy, therefore, depends on the network price, LCOE
and the price that the grid buy the surplus electricity generated by the BIPV system.
Another approach to grant incentives to the BIPV technology is to reimburse the quantified
environmental benefits of the system to the owner, which in this study are transmission
line lost power, power delivery cost and societal cost of carbon (SCC). This can be allocated
either in a FiT plan or a support package during the system implementation.

The levelised profit of environmental benefits (LPOE) of the BIPV system can be
calculated as follows:

LPOE = NPVE/E = (ITR + IPD + ISCC)/EGT (18)

Figures 6 and 7 illustrate the LPOE and NPVE for the investigated sites. As can be seen
from the figures, LPOE in the EU varies from 0.09 € per kWh in Slovakia to 0.022 € per kWh in
Germany and Estonia. The average value for the EU is 0.015 € per kWh.
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Figure 6. Levelised profit of environmental benefits (LPOE) of the BIPV system.

When it comes to NPVE in the EU, Norway with a net present value of 30 € per sq.m.
has the lowest amount, which is basically because of its low GHG emission in power
production (thanks to hydropower production potential) and a quite low lost rate in the
power transmission lines. The highest amount belongs to Cyprus because of its relatively
high electricity price and GHG emission of its power plants.
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Figure 7. BIPV net present value of environmental benefits.

5. Performance of Non-Optimal Solutions

Some studies from the literature claim a low performance or low efficiency of BIPV
systems [36,37]. The lifetime of inverters is also controversial. Although new models in the
market offer a warranted lifetime of 15 years, there are still many models in the market
with a warranted lifetime of only ten years. Therefore, this section has investigated a
scenario for a BIPV system with an efficiency of 10%, a lifetime of 25 years and an inverter
replacement requirement for every ten years. The result is depicted in Figure 8, where it
can be seen that the non-optimal performance of the BIPV system can significantly change
the LCOE analysis and increase it meaningfully. In this case, the average LCOE of BIPV in
Europe has been doubled (from 0.15 €/kWh to 0.3 €/kWh). This shows the importance of
system design, system component selection and system implementation.
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6. Conclusions

The findings from this study make several contributions to the current literature on
BIPV technology. First, the study is set out to present a method, calculate and report the
LCOE of BIPV systems for the EU countries and, more specifically, the LCOE for the BIPV
system as a building envelope material for the outer skin of buildings. Second, the study
presents a metric to the EU countries to investigate the current situation of the BIPV and
determine whether the technology needs any incentive and subsidy or not by employing
the discussed approach in this study.

The investigation revealed that the implementation of BIPV systems as a building
envelope material has already passed the grid parity in 29 out of 30 EU countries if the
corresponding cost to its role as a power generator is considered in the economic analysis.
The only country in which BIPV needs support schemes to reach grid parity is Lithuania.

Moreover, the results showed BIPV systems have passed grid parity in most countries
in the EU even when taking the total cost of the BIPV system as the investment into the
calculation. In this case, Bulgaria, Croatia, Czechia, Estonia, Finland, Hungary, Latvia,
Lithuania, Netherlands, Norway, Poland, Romania and Slovakia need support schemes to
help the technology reach grid parity.

The study also illustrated that a non-optimal design of BIPV systems could double
the LCOE, which highlights the importance of system design, system component selection,
and system implementation.

Although the current study is based on average values and assumptions, the finding
presents the underlying part and foundation of further studies regarding the LCOE of BIPV
in the EU and the reasonable amount of subsidies or incentives for this technology to drive
a faster rollout of BIPV in the EU.

Further work needs to be done to investigate and assess the impact of urban areas
(shading, reflection, etc.) and the effect of climate on the system efficiency considering
different technologies on the presented analysis.
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Abbreviations
Units

€ Euro -
BIPV Building integrated photovoltaics -
BIPVEFF Efficiency of the BIPV system %
BIPVT Building integrated photovoltaic thermal -
CIR inverter replacement cost (€/sq.m.)
COM operation and maintenance cost (€/sq.m.)

https://www.mdpi.com/article/10.3390/en14092531/s1
https://www.mdpi.com/article/10.3390/en14092531/s1


Energies 2021, 14, 2531 14 of 15

CP Societal cost of carbon (€/g)
CQ BIPV initial investment (€/sq.m.)
DG Distributed generation -
DR Discount rate %
EG BIPV total electricity production (kWh/sq.m.)
FiT Feed-in tariff (€/kWh)
GBS Average incident solar radiation on the building skins (kWh/sq.m.)
GHG Greenhaus gas -
IBM Income from saving in building envelope material cost (€/sq.m.)
IEG Income from power generation (€/sq.m.)
IPD Income from saving in power delivery cost (€/sq.m.)
ISCC Income from saving in societal cost of carbon (€/sq.m.)
ITR Income from saving transmission line lost power (€/sq.m.)
kWh Kilowatt-hour -
LCOE Levelised cost of electricity (€/kWh)
LPOE Levelised profit of environmental benefits (€/kWh)
MWh Megawatt-hour -
n The number of the year -
NP Power grid price (€/kWh)
NPVC BIPV net present value of cost (€/sq.m.)
NPVE BIPV net present value of environmental benefits (€/sq.m.)
NPVI BIPV net present value of incomes (€/sq.m.)
O&M Operation and maintenance -
RCP Societal cost of carbon growth ratio %
REG BIPV degradation ratio %
RGH GHG mitigation ratio %
RGHG Average GHG emission (g/kWh)
RNP Electricity tariff growth ratio %
RPD Saving ratio in power delivery cost %
RTR The ratio of transmission line lost power %
UET Urban energy transition -
y BIPV lifespan years
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Abstract  

The main purpose of this paper is to investigate the contribution of the building integrated 
photovoltaics system (BIPV) to the notion of nearly zero-energy cities in the capitals of all the 
European Union member states (EU), Norway and Switzerland. Moreover, an in-depth investigation 
to the barriers and challenges ahead of a widespread rollout of BIPV technology is accomplished. 
The study endeavours to investigate the scalability of the nearly zero-energy concept using BIPV 
technology and from buildings to cities. 

The study presents a metric to the architects and urban planners to grasp how much of the energy 
consumption of buildings in Europe could be supplied by BIPV systems as building envelope 
materials for the outer skin of buildings. 

The results illustrate that by 2030 when buildings in the EU become more energy-efficient and the 
efficiency of BIPV systems improves considerably, BIPV envelope materials will be a reasonable 
option for building skins to reach the notion of nearly zero-energy cities. The study reveals that in 
EU on average, by a building skin to building net surface area ratio of 0.78 and with a building skin 
glazing ratio of 30% in 2030, buildings could generate their electricity consumption by BIPV systems 
using their skins.  

Eighteen challenges and barriers to an extensive rollout of the BIPV system are recognised, classified 
and discussed in this study in detail as well. The challenges are categorised into five stages of 
decision, design, implementation, operation and maintenance, and end of life challenges. 

 Keywords building integrated photovoltaics (BIPV); nearly zero-energy cities (NZEB); building 
envelope material; Energy resources; sustainable urban energy planning; urban energy transition, 
positive energy district. 

1. Introduction 

"The coldest year in the future will be warmer than the hottest year in the past". This is an excerpt 
from the paper published in 2013 [1] by Camilo Mora et al. The research calculated that by 2047 plus 
or minus five years, the average temperatures in each year would be warmer in most locations of the 
globe than they had been at those parts in any year between 1860 and 2005 if no measure be taken. 
In other words, under the 'business-as-usual' scenario, the temperature of a given location on earth 
will shift to a state continuously out of the historical variability bounds. 
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Furthermore, the National Oceanic and Atmospheric Administration [2] reported that the average 
temperatures of the earth's surface just between 1880 and 2016 increased 0.95 degrees centigrade and 
that the rise has sped up in recent years. Finally, 159 countries signed the Paris Agreement in 2017 
[3] to take measures ceasing global warming at 1.5 degrees centigrade warmer than the average 
temperature of the earth prior to the industrial age (1870-2100). An investigation led by the  
International Monetary Fund [4] recently proclaimed halting global warming to the less than two 
degrees centigrade call for an expeditious course of action on a demanding scale, such as lifting the 
Carbon tax up to 75 USD per ton by 2030, which might give a tremendous shock to the economy of 
several countries. Hence, the countries must start to adapt themselves by taking such measures in a 
step by step concept. 

Cities and urban areas are key players in climate change. In terms of size, urban areas fill only 2% of 
the earth's land mass[5]. However, in terms of climate impact, urban areas leave an enormous 
footprint and consume more than two-thirds of the world's total energy need and are responsible for 
more than 70% of all global GHG emissions [6]. Moreover, by 2050, the world population will 
increase 30%, which 68% of it will be settled in urban areas [7, 8]. Therefore, structural shift and 
change from the consumption of fossil energy resources to the consumption of renewable energy 
resources as well as energy efficiency notions in urban areas is a must [9]. Thus, urban areas are 
where the concentration and focus need to be on it.  Cities are not only on the frontlines of the world 
climate change but also well-positioned to take the leadership role in driving global action to tackle 
climate change.  

Among renewable energy resources, solar energy could play a remarkable role, due to its uniformity 
in distribution on the global scale [10] and potential energy scale [11-13]. Solar energy in urban areas 
could also be harnessed using various methods and technologies [14-22]. The European Union (EU) 
therefore, and in accordance with the framework of the Paris agreement, emphasises the prominence 
of the role of cities in moving towards a low carbon economy [23]. However, each country and region 
of the world has its own drivers and challenges in this energy transition [24, 25].  

The buildings themselves play a vital role in the energy efficiency of urban areas since they are 
responsible for a  significant percentage of the energy demand of urban areas [26, 27]. In Europe, 
building energy use accounts for 41% of the total energy consumption of the cities [28]. 

Therefore, a transition to self-energy consumption buildings in cities is a prominent course of action 
toward nearly zero-energy cities. Urban energy transition (UET) has been recently come about to 
intensifying the endeavour towards promoting distributed generation (DG) and realign the energy 
production and consumption of buildings [9]. One of the leading solutions which can be of great 
assistance to reach such a goal is the energy prosumer notion [29]. Prosumers are consumers who 
can, because of their energy production capacity and by virtue of the regulatory conditions of the 
market and power systems, export their surpass energy to the distribution grid. The nearly zero-energy 
city concept is currently the frontier of energy self-consumption, which is based on the consumption 
of renewable energy resources in buildings [30, 31].  

The goal of this study is, therefore, to answer two questions as follows: 
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• whether it is possible to establish nearly zero-energy cities in Europe by changing 
the building role from energy consumers to energy prosumers using their skins for 
BIPV application. If yes, to what extent? 

• What are the challenges in the road for such a goal and which stakeholders are 
involved in those challenges? 

The paper is structured as follows. In section two, the methodology of the research is presented. 
Building integrated photovoltaic system (BIPV) and its potential in Europe is discussed in section 
three. The status of building energy consumption in Europe is presented in section four. In section 
five, the contribution of BIPV to the concept of nearly zero-energy cities is investigated. Challenges 
and barriers to an extent rollout of BIPV technology in urban areas are explored in section six. Finally, 
the conclusion is drawn in section seven.  

2. Methodology 

The research methodology of this study is depicted in Figure 1. Both general approaches in the 
research methodology are employed by this study, which are quantitative and qualitative approaches 
[32].  

The designed quantitative and qualitative approaches are novel and have not been taken in the 
literature. The quantitative methodology is designed to reveal the potential of building to be shifted 
from energy consumer to energy prosumer by effective use of its skin, and in a bigger picture, the 
role of building skins in the energy transition of the cities. Furthermore, the proposed qualitative 
methodology is striving to analyse the hurdles ahead of actualising the discovered potential in the 
quantitative approach. 

 
Figure 1. Flowchart of the methodology 
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3. BIPV system 

Building integrated photovoltaic system (BIPV) consists of photovoltaic modules which can be 
integrated into the building skin, such as facade or roof, to generate electricity out of solar irradiation. 
Such a system provides two functions for the building. First, it operates as a skin for the building. 
Wherefore, BIPV should have the requirement of traditional building envelope materials such as but 
not limited to structural strength, heat insulation, weather protection, noise protection, etc. Second, 
BIPV runs as a power plant for the building and generate electricity[13, 33]. BIPV application is also 
not just limited to the building industry and it can also be utilised in other industries and functions. It 
can be, for example, employed in ships and contributes to the optimal operation and energy 
consumption of ships [34]. 

A BIPV system generates and supplies the energy where it is needed. Furthermore, with the aid of an 
energy storage system (ESS), it can provide energy when it is needed. This also addresses the recent 
debates and criticisms concerning the exploitation of lands for solar power plants and their effects on 
climate change [35, 36]. When it comes to the BIPV system, it is located as building skin on the 
building that use the energy. In other words, such a system is nature's neutral.  

Photovoltaic component integrated with the building's envelope (BIPV) interact with the building in 
many respects. Buildability, design, durability, environmental issues, maintenance, performance, 
safety, standards and regulation are the most important of them [37]. 

BIPV systems can be classified based on different methods, such as the utilised solar cell composition, 
application, their names in the market and connection type to the grid. A complete categorisation is 
presented in Figure 2.  

 

Figure 2. BIPV categorisation 

The BIPV cell efficiency has increased considerably since its appearance. The National Renewable 
Energy Laboratory (NREL) is one of the leading organisations that publish yearly report on Solar PV 
efficiency improvements by their technologies and materials. The latest report from NREL, presented 
in Figure 3 shows the development of PV efficiency from 1976 to 2020 [38]. 
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Figure 3. NREL Best Research-Cell Efficiency Chart 

It should be recalled that NREL assesses the PV cell efficiency in laboratory standards, meaning the 
best environmental conditions are applied to find out the maximum efficiency of the PV cells and not 
the PV modules or panels.  

The report suggests that the most efficient PV module available can reach up to 47% efficiency. 
However, the conventional PV cells that are available in the market for general applications are 
mostly mono-crystalline modules, shown in this chart with dark blue lines. The report indicates that 
mono-crystalline PVs can reach up to 27.6% efficiency in laboratory conditions (NREL, 2020). The 
slope of the chart demonstrates the changes in crystalline PVs over the past few decades. 

According to a study by Fraunhofer Institute for Solar Energy Systems, the best performing 
commercial modules are based on mono-crystalline silicon with 24.4% efficiency in the laboratory. 
However, in real-world conditions, several factors like thermal function, snow cover, cloud cover 
might affect the PV efficiencies. Hence, the average efficiency for commercial mono-crystalline PV 
system lies between 15 to 20% now in the market [39]. 

Recently and due to developments in the BIPV industry, new types of modules have emerged. The 
ones that are of interest in the current study are transparent and semi-transparent PV modules that can 
replace windows and let the light through while generating electricity. According to one of the 
manufactures, these PV modules can currently reach up to 7% efficiency [40]. 

There are different forecasts on how PV efficiencies are going to develop towards 2030. While [41] 
suggest that PV efficiency is expected to develop by 3-4% per decade, more optimistic predictions 
are expecting better improvements up to 8%.  

There are currently different methods to classofy and define solar energy potential [42-46] not the 
potential of BIPV system. Therefore, the aim of the next section is to define "BIPV potential" and 
present methodologies for BIPV potential assessment. 
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3.1.  BIPV theoretical potential 

BIPV theoretical potential is the solar incident radiation gained by a region (in a horizontal surface) 
without taking any geometrical or technical constraint into account. A solar incident radiation map 
that indicates global horizontal irradiance (GHI) falls in this set. GHI is total irradiation delivered 
from the sky to a horizontal surface on earth. The GHI map of Europe is presented in Figure 4. 

 
Figure 4. The theoretical potential map of solar incident radiation in Europe [47] 

3.2.  Geographical potential 

The exploitable or utilisable portion of BIPV theoretical potential is called BIPV geographical 
potential. The geographical potential is a portion of the BIPV theoretical potential, capable of being 
exploited as input for BIPV systems. BIPV geographical potential for a city is, therefore, the total 
solar incident radiation on the building skins of the city. 

Figure 5 depicts the average annual BIPV geographical potential of the investigated cities. The figures 
are based on the radiation data between 2005 and 2016 from the Photovoltaic Geographical 
Information System database [48].  
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 Figure 5. The average annual geographical potential of the BIPV system in Europe 

3.3.  BIPV technical potential 

BIPV technical potential is the output power of the system by taking the technology and efficiency 
into account. It can be calculated by having technical potential, technology and efficiency of the BIPV 
system. 

The efficiency of BIPV systems varies depending on the technology, climate of the site, 
configuration, ventilation and etc. [49, 50]. The average efficiency of BIPV panels in the market is 
18% [12]. This efficiency is the average efficiency of commercialised BIPV panels in the market and 
not the BIPV system. BIPV technical potential can, hence, be calculated by multiplying the efficiency 
of the BIPV panel by its geographical potential. The result is depicted in Figure 6. 

 

Figure 6. The average annual technical potential of the BIPV system in Europe 
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3.4.  BIPV economic potential 

The economic potential of BIPV is a fraction of the BIPV technical potential, which is economically 
exploitable. Such a figure generally needs more investigation because of various involved parameters, 
e.g. technology, energy tariffs, system degradation rate, market price, annual production, possible 
subsidies, etc.  

4. Building energy consumption in Europe  

The average annual specific consumption of European member states for all types of buildings was 
around 180 kWh per square meter in 2013. It varies among members: from 55 kWh/sq.m. in Malta 
and 70 kWh/sq.m. for Portugal or Cyprus, to 285 kWh/sq.m. in Latvia and Estonia or 300 kWh/sq.m. 
in Romania, which is significantly higher than the EU average. Nonetheless, even for countries with 
a similar climate, remarkable discrepancies exist. For example, the average annual specific 
consumption of Sweden is 200 kWh/sq.m.,  which is 18% lower than Finland. At the same time, both 
countries have a similar climate. Climatic conditions, a high share of space heating or air cooling, 
technical characteristics of dwellings and statistical definitions partly explain such differences [51]. 

The most crucial end-use in the residential sector is space heating which is responsible for 68% of 
the energy consumption. The share of space heating represents 60%-80% of the total energy 
consumption in European member state countries except for the Mediterranean countries. The share 
of space heating in Malta, Cyprus and Portugal is below 30%. This is less than 50% in Spain and 
Slovenia. Water heating ranks second with a quite stable contribution of 13%. Electrical appliances, 
cooking and lighting represent 12%, 5% and 2% of the total energy consumption, respectively [51]. 

Moreover, the Energy Performance of Buildings Directive (EPBD) regulation will soon come to the 
effect that requires all new buildings to be nearly zero-energy (nZEB) by the end of 2020 [52]. nZEB 
are houses that naturally reduce energy consumption and have an incredibly high energy performance. 
Their objective is also to produce as much energy as is consumed.  

Another concept that is worth to mention is passive houses. In terms of passive houses, energy 
production is not the primary goal. Passive houses concentrate significantly on energy reduction and 
then using renewable sources to fill the energy gap. A passive house in Europe, according to the 
definition [53], should consume 120 kWh/sq.m. per year. However, the Scandinavian partners of the 
project have demonstrated that such a criterion for their countries is unrealistic. In consequence, for 
the European member state countries with cold climates such as Northern Scandinavia, a more 
flexible definition of the passive house concept is needed. 

All in all, the average annual consumption per sq.m. for all types of buildings was around 200 kWh 
per sq.m in 2012. However, as mentioned earlier, the consumption varies significantly among EU 
countries: for instance, values for Sweden and Spain are respectively 5% larger and 25% lower than 
the EU average. 

The EU has committed itself to a 20% mitigation of energy consumption by 2020 compared to 
baseline projections (which is an average of 200 kWh per sq.m.), which is also known as the 20 % 
energy efficiency target. For 2030 the binding target is at least 32.5 % reduction [54]. The energy 
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consumption data for 2012 and expected development until 2030 is presented in Table 1, considering 
the EU expectation. 

Table 1. The EU Building energy consumption Baseline and trajectory by 2030 

5. The contribution of BIPV to the concept of nearly zero-energy cities 

In this section, the aim is to investigate the contribution of BIPV to nearly zero-energy cities by means 
of the technical potential of the BIPV system.  

The business model of BIPV is transiting to an updated business model with three players, which are 
BIPV manufacturers, installers and the main contractors [55]. Therefore, the BIPV is going toward 
the direction that soon it will be seen as a building envelope material option for the building skins, 
among other options like brick, wood, aluminium etc. Therefore, building skin (BS) potential is 
introduced here, which is the BIPV average potential on the building skins. BS potential could be 
calculated by the average of BIPV potential on different orientations of the building envelope, which 
is south, east, west, north façade and roof area. Table 2 depicts the average annual geographical and 
technical potential of BS for the BIPV system in Europe. 

No Country Capital 
BIPV geographical potential of 

BS 
(kWh/sq.m.) 

BIPV technical potential of 
BS 

(kWh/sq.m.) 
1 Austria Vienna 792 143 
2 Belgium Brussels 715 129 
3 Bulgaria Sofia 853 154 
4 Croatia Zagreb 830 149 
5 Cyprus Nikosia 1138 205 
6 Czechia Prague 742 134 
7 Denmark Copenhagen 709 128 
8 Estonia Tallinn 637 115 
9 Finland Helsinki 631 114 

10 France Paris 766 138 
11 Germany Berlin 720 130 
12 Greece Athens 1086 195 
13 Hungary Budapest 840 151 
14 Ireland Dublin 668 120 
15 Italy Rome 999 180 
16 Latvia Riga 664 120 
17 Lithuania Vilnius 656 118 
18 Luxembourg Luxemburg 736 132 
19 Malta Valleta 1108 199 
20 Netherlands Amsterdam 714 128 
21 Poland Warsaw 718 129 
22 Portugal Lisbon 1070 193 
23 Romania Bucharest 870 157 
24 Slovakia Bratislava 803 145 
25 Slovenia Ljubljana 773 139 
26 Spain Madrid 1112 200 

Year 2012 [kWh sq.m.year] 2020 [kWh/sq.m.year] 2030 [kWh/ sq.m.year] 

Building energy 
consumption 200 160 135 
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27 Sweden Stockholm 670 121 
28 UK London 706 127 
29 Norway Oslo 637 115 
30 Switzerland Bern 818 147 
-- Average -- 806 145 

Table 2. The average annual geographical and technical potential of BS for BIPV system in Europe 

A sensitivity analysis is also presented here for Stavanger in Norway, as an example, in order to 
evaluate the effect of orientations of the building facades on the BS potential. The building is rotated 
clockwise by the angle of rotations of 10,20,30,40 and 45 degrees and the result is presented in Figure 
7. The analysis reveals that the geographical potential of BS is constant, regardless of the building 
orientation. Since the radiation on the roof is constant as well, it can be concluded that the 
geographical irradiation potential of the building facades is always a constant value, which is spread 
between different facades with different orientations. 

 

Figure 7. The correlation of geographical irradiation potential of BS and the building orientation in Stavanger 

In the remainder of this section, the aim is to investigate the impact of the BIPV system as a building 
envelope material in shaping nearly zero-energy cities in different climate and countries in Europe. 
Different BIPV technologies (and their efficiency) are investigated to see if it is possible to find a 
relationship between the building energy consumption and required BS to supply the energy demand 
in European countries. 

Before proceeding any further, three more terminologies need to be defined and comprehended well, 
which are building gross area (BGA), building net area (BNA) and building skin glazing ratio 
(BSGR). Building gross area is the total area within the walls of a building structure, including 
unlivable space (such as interior walls, outer walls, and internal ducts) as well as the walls themselves. 
Building net area is the gross floor area of a building, excluding the area occupied by walls and 
partitions, the circulation area (where people walk), and the mechanical area (where there is 
mechanical equipment). The values of building energy consumption are associated with the building 
net area. Building skin glazing ratio is the proportion of the glazed surface to the total surface of the 
building skin.  
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Table 3 summarises the scenario settings for the years 2020 and 2030, which indicates the 
implementation year of the BIPV system. 

Year 2020 2030 

Building energy consumption ([kWh/sq.m.year] 160 135 

BIPV glass Efficiency 7% 13% 

BIPV panel efficiency 18% 25% 

Table 3. The setting of different scenarios 

Table 4 depicts the ratio of energy consumption of BNA (EBNA) to the energy production of BS 
(EBS) per square meter for the European capitals. In other words, the numbers illustrate how much 
of the building skin surface is required to supply the energy consumption of one square meter of the 
building net area. For example, the table shows that in terms of Vienna with BSGR equal to 30% and 
BIPV implementation date of 2030, the energy consumption of one square meter of a building net 
area could be supplied by 0.8 square meters of building skin. In other words, a building with a building 
skin to the building net area ratio of 0.8 in Vienna could be Zero-energy in 2030 building by 
employing BIPV technology.   

It is worth highlighting that the correlation between EBS and EBNA is linear. It means that in terms 
of the previous example, a building with a building skin to the building net area ratio of 0.6 could 
supply 80% of the energy consumption of the building considering all the mentioned assumptions. 
Moreover, there is a clear trend that by increasing the BSGR ratio, the value of EBNA to EBS rises 
as well which make sense because the more a building skin is glazed, the more surface area is covered 
by glass BIPV which has less efficiency compared to BIPV panel.  

The figure for Europe indicates that on average, by a building skin to the building net area ratio of 
0.78 and a BSGR 30% in 2030, the EU cities could be zero-energy urban areas. 

Such a table is a great asset for the architecture to investigate how much of the energy demand of the 
designed building could be supplied by its skin, not only in the current stage but also for the future 
and possible renovation etc. 

No Country Capital 

EBNA/EBS 
BSGR 30% BSGR 40% BSGR 50% 

2020 2030 2020 2030 2020 2030 

1 Austria Vienna 1.37 0.80 1.49 0.84 1.62 0.90 
2 Belgium Brussels 1.52 0.88 1.65 0.93 1.79 0.99 
3 Bulgaria Sofia 1.28 0.74 1.38 0.78 1.50 0.83 
4 Croatia Zagreb 1.31 0.76 1.42 0.81 1.54 0.86 
5 Cyprus Nikosia 0.96 0.55 1.03 0.59 1.12 0.62 
6 Czechia Prague 1.47 0.85 1.59 0.90 1.73 0.96 
7 Denmark Copenhagen 1.54 0.89 1.66 0.94 1.81 1.00 
8 Estonia Tallinn 1.71 0.99 1.85 1.05 2.01 1.12 
9 Finland Helsinki 1.72 1.00 1.86 1.06 2.03 1.13 
10 France Paris 1.42 0.82 1.54 0.87 1.67 0.93 
11 Germany Berlin 1.51 0.88 1.63 0.93 1.78 0.99 
12 Greece Athens 1.00 0.58 1.08 0.62 1.18 0.65 
13 Hungary Budapest 1.30 0.75 1.40 0.80 1.52 0.85 
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14 Ireland Dublin 1.63 0.94 1.76 1.00 1.92 1.06 
15 Italy Rome 1.09 0.63 1.18 0.67 1.28 0.71 
16 Latvia Riga 1.64 0.95 1.77 1.01 1.93 1.07 
17 Lithuania Vilnius 1.66 0.96 1.79 1.02 1.95 1.08 
18 Luxembourg Luxemburg 1.48 0.86 1.60 0.91 1.74 0.97 
19 Malta Valleta 0.98 0.57 1.06 0.60 1.16 0.64 
20 Netherlands Amsterdam 1.52 0.88 1.65 0.94 1.79 1.00 
21 Poland Warsaw 1.52 0.88 1.64 0.93 1.78 0.99 
22 Portugal Lisbon 1.02 0.59 1.10 0.62 1.20 0.66 
23 Romania Bucharest 1.25 0.73 1.35 0.77 1.47 0.82 
24 Slovakia Bratislava 1.36 0.79 1.47 0.83 1.59 0.88 
25 Slovenia Ljubljana 1.41 0.82 1.52 0.86 1.66 0.92 
26 Spain Madrid 0.98 0.57 1.06 0.60 1.15 0.64 
27 Sweden Stockholm 1.62 0.94 1.76 1.00 1.91 1.06 
28 UK London 1.54 0.89 1.67 0.95 1.81 1.01 
29 Norway Oslo 1.71 0.99 1.85 1.05 2.01 1.12 
30 Switzerland Bern 1.33 0.77 1.44 0.82 1.56 0.87 
-- Average -- 1.35 0.78 1.46 0.83 1.59 0.88 
Table 4. The ratio of energy consumption of BNA (EBNA) to the energy production of BS (EBS) per square meter for 

the European capitals 

6. Challenges and barriers 

Challenges to a wide rollout of the BIPV system are discussed in this chapter. Figure 8 depicts the 
challenges when it comes to the different stages as well as players who are involved in these 
challenges.  

The main players of BIPV market who are also primary stakeholders with high impact and power 
with respect to BIPV technology are fallen into eight categories of politicians, administrations, 
manufacturers, architects, consultancies, power grid, BIPV contractors/installers and end-users. 
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Figure 8. BIPV barriers` classification and involved stakeholders who could contribute to a solution 

6.1. Decision Challenges 

This stage concerns mainly the challenges related to society's mindset. They can be divided into three 
groups of initial investment, alternative options for BIPV and the complicated market business model. 

5.1.1. Initial investment 

People in society are aware of the high capital cost required for the implementation of the system, but 
the long-term advantages of such a system. BIPV systems are integrated part of buildings and hence, 
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they are calculated into the total cost of the building or renovation while their price and revenue 
should be priced independently. In other words, the building owners and contractors generally tend 
only to calculate overall investment costs and do not consider the beneficial financial impact of 
earnings from electricity sales to third parties, substituted power purchases, government incentives 
and so on [56]. The literature about numeracy and literacy also supports this claim that many 
(specifically poorer or older individuals) are not versed in financial matters and avoid making 
investments about what they feel unqualified to make decisions [56-58]. 

5.1.2. Alternatives 

The cost of BIPV for the building owners and the contractors is evaluated against alternative building 
components, which may convey them a psychological disadvantage [56]. Such comparisons persuade 
clients to drop the idea of BIPV implementation in favour of the other alternatives. However, recent 
studies depicted that BIPV systems are economically much more feasible than other alternatives i. e., 
wood, glass, stone etc. [12, 13]. It has recently become crystal clear that the appreciation of BIPV as 
an unfeasible solution for the building envelope should be revised to one of BIPV materials as a 
solution for the entire building skins regardless of orientation or direction. In other words, when an 
architect is searching in the market for building envelope materials, BIPV should be acknowledged 
as a feasible and reasonable option with at least one privilege compared to the other choices, which 
is the dual functionality of the system. Such a specification makes the building envelope a source of 
income for the buildings. 

5.1.3. Market business model 

The current business model of the BIPV market is complicated with many players such as glass 
producer, PV producer, building element producer, building element installer, BIPV installer, 
contractor etc. Recent developments in the BIPV market have heightened the need for new innovative 
business models for BIPV, to come up with the possibility to survive as an individual industry even 
without subsidy or governmental support. One possibility could be to vertically combine the roles of 
stakeholders and define a new business model with three stakeholders who are BIPV producer, 
installers and contractors [55]. 

6.2. Design Challenges 

This stage mainly deals with challenges in the design stage related to either BIPV manufacturing 
procedure or architectural design process. Challenges related to standards and regulations, system 
choice and positioning, health and safety consideration, system weight and unit size are fallen in this 
category. 

5.2.1. Standards and regulations 

BIPV systems fulfil two functions in the building [12], and therefore, they must conform to both the 
design standards and codes on the electrical characteristics of PV systems as well as those on 
buildings that are in force in the country of use. The dual functionality of BIPV systems in this point 
of view, is acting act as an obstruction. Even something as simple as metric standards could 
complicate BIPV deployment. The PV industry employs Watt peak units for the system size (which 
measures electrical output) while the construction industry uses square meter for the system size 
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(which measure surface area). Moreover, the construction policy and regulations sometimes vary 
even between urban blocks of a city, which make the market more complicated. [21].  

Furthermore, countries like Australia and Canada had up until recently (or maybe still) challenges 
and issues with how the Building Codes should be applied for different BIPV technologies and types 
[59]. Architectural and building standards and regulations for protected historical buildings also lead 
to crucial technical hindrance in integrating PV systems, which calls for innovative and creative 
solutions for BIPV [60]. In Europe also, BIPV is yet not been independently dealt in any standard, 
regulation or guidelines which could serve as a European harmonised groundwork for a widespread 
use [61]. The BIPV manufacturers in Europe still demand and look for a plenary and comprehensive 
standard and regulation to promote BIPV [62].  Therefore transition towards developing accredited 
training programs and unified building regulations to promote and spread out BIPV application by 
the governments and other stakeholders seem crucial [63]. Such a transition calls for a close and 
intertwined collaboration between Politicians, Administrations, Architects and Power grid 
authorities. 

5.2.2. System choice, positioning and orientation 

Inappropriate component choice, positioning and orientation of the BIPV system is another barrier. 
Although architects Generally decide to use BIPV system for aesthetic reasons [56], it is crucial to 
investigate what kind of system and components the building needs or can support. Furthermore, the 
BIPV technology and materials have a key role when it comes to the inclination, orientation or 
shadows. Thanks to recent technological advances in BIPV technologies, there is a wide range of 
BIPV technologies in the market suitable for different climates and orientation. In terms of the system 
configuration, the inverter as an example is an important component in the BIPV system power 
production [59, 64-66].  

Moreover, Most of the times, the BIPV system is just designed and implemented based on the 
available space on the building skins or the building needs without any study prior to the installation 
to show the expected performance of the system. This would lead to inappropriate system design and 
nonoptimal performances as well [63]. 

The fact is that adopting appropriate components could be excessively technical for architectures and 
designers and the most efficient solution might be to get help from consultants to help in the BIPV 
system design process. Such a decision would also lead to the elimination of several technical issues 
at the early design stage [67].  

5.2.3. System weight 

In many cases, BIPV systems are employed for the building refurbishment or renovation while it has 
not been designed to support such an additional weight [59, 68, 69]. Such a configuration might lead 
to the collapse of buildings. New technologies such as thin-film cells  BIPV or organic cells BIPV 
systems has addressed this issue to a great extent. However, their efficiency is still low compared to 
their equivalent but heavier BIPV systems, such as crystalline silicon cells BIPV.  

In addition to the BIPV system weight, the system may cause other loads to the building from time 
to time, such as the snow, ice and wind [63], which might result in system deformation. This will lead 
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to various failures which might need repairs or replacement. Such a precaution also is required to be 
taken into account when it comes to defining design standards and code for BIPV system.  

5.2.4. health and safety consideration (heat transfer, fire protection...) 

So far there are no standards or building design codes regarding the BIPV system when it comes to 
the safety and health, to cover the wires failures cases, fire or electricity shortcut [63]. 

The BIPV system temperatures could go up through heat transfer from BIPV cells, especially when 
they are in the form of slate or tiled roof and therefore have some overlaps [59]. The solar radiation 
heats up the BIPV tile cells. Consequently, the heat transfers to roof space and cause an increase in 
the roof temperature [70]. Generally, nowhere is contrived on the roof for the heat to be emitted 
through the tiles. Therefore, it moves internally to the building [71].  Fortunately, several solutions 
to such an issue are proposed recently [59, 70-72] like creating airway at the back of tiles to ensure 
air can cool them down by passing through tiles. 

In terms of fire protection, there is still a lack of fire protection standards in building codes [73]. Fire 
tests and glass breakage tests of BIPV systems show that when they are exposed to a fire source 
initiated from outside of the building on which they are installed, there are high fire risks because of 
possible electrical arcs in the BIPV junction boxes or string connectors [59]. Furthermore, there is a 
lack of standard and building design code for noise protection by BIPV systems which increase the 
design challenges [59, 61, 73]. For example, while natural ventilation could operate passively with 
no noise, mechanical ventilation can be more effective to remove excess heat from the system by 
consuming energy. However, such a solution could lead to surplus noise by the system. 

5.2.5. System unit size 

The BIPV size varies from type to type. For a BIPV roof-mounted solution, the unit could be a very 
small roof tile, a traditional size BIPV panels or a large size BIPV foil. The unit size of BIPV solution 
could create a controversial dilemma. Although a smaller unite size of BIPV solution is more 
desirable for architectures and give them more flexibility for design purposes, it raises several issues. 
Such a solution needs much more small components for system implementation, larger labour cost, 
more electrical connections and leads to more operations and maintenance challenges because of 
numerous connectors. On the other hand, a bigger unit size of BIPV solution will create more 
constraints for the architectures but leads to less system complexity, less labour cost and less 
operations and maintenance expense. BIPV market currently is in a transition state from customised 
products to commercialised building envelope materials for building skins. In the current state, the 
different configurations and unit sizes are under investigation and in the near future, the market will 
find out which solution will survive. 

6.3. Construction, Installation and Commissioning Challenges 

The implementation stage and procedure related to it can also raise several challenges, which are 
listed here. System fixing, balance of system and system commissioning are placed in his stage. 

5.3.1. System fixing 
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BIPV systems fixing required to be accurately designed, engineered and installed depending on the 
type of BIPV panel. Recent studies point that the failure of the BIPV system fixings is a significant 
technical issue in this category [59, 70]. There are currently few options for BIPV mounting systems 
[74, 75]. Recent developments in BIPV mounting systems, fortunately, has varied the mounting 
system option and is going toward solving this issue correctly. Further endeavour and collaboration 
between manufacturers and architects can solve this issue tremendously. 

5.3.2. Balance of system (BOS)  

BIPV panels on the building skins are interconnected and linked back to inverters by wires and 
connectors to deliver power to the building and network. A portion of generated power by the BIPV 
cells get lost by this equipment. The lost power could be mitigated to a great extent by precise design 
and well installation[64, 75]. In other words, although the correct hiding and covering of the cables 
needs to be pondered during the design process, it is also the installers' task to ensure all wires and 
connectors are installed accurately [76]. 

5.3.3. system commissioning instruction 

The lack of guidelines addressing a full commissioning after system installation is another issue [64]. 
Such an instruction is accomplished by commissioning technicians to warrant the system is fully 
operational without any risk, danger or defect [71, 77]. Recently implemented BIPV projects have 
therefore heightened the need for a comprehensive commission process. A correct commissioning 
procedure also secures maximum output of the system as well as optimal performance and increases 
financial gain from the system. The system commissioning guideline must cover at least the following 
criteria [59, 78]: 

• Structural compliance, which means the system conforms to both the specific 
electrical standards and standard building codes. 

• Electrical safety, which warrants the system will not increase safety risks to the 
owner of the system. 

• System calibration to secure the forecasted system output is met (by the installers) 

6.4. Operation and maintenance challenges 

Although PV systems (and consequently BIPV system as a sub technology of PV system) have a low 
operational and maintenance cost, BIPV system in this step can encounter several challenges which 
need to be taken into consideration. Regular inspection and monitoring system, water penetration, 
energy production warranty, maintenance and replacement procedures, islanding and Feed-in tariff 
are such challenges and barriers, which are discussed here. 

5.4.1. Regular inspection and monitoring system 

One of the major issues with the BIPV system, when it starts to operate or even during the system 
commissioning (to ensure the system works as intended), is the lack of monitoring of system 
performance. A regular monitoring procedure is crucial in order to inform any failure and exert the 
required changes to the system setting to make sure the system operates in its maximum performance 
for a long time. [59, 63, 78, 79].  
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The lack of monitoring and fault alert systems with BIPV to ensure any fault throughout the system's 
lifespan is reported in an appropriate time can act as a drawback to a widespread rollout of the BIPV 
system and boosts the idea of system complexity [80]. 

5.4.2. Water penetration 

Another crucial issue is the wind-driven rain effects [59] which lead to water penetration. The 
accelerated raindrops are permeated through the BIPV construction at joints and overlaps [61]. Such 
a phenomenon cause water penetration and encounters BIPV systems technical problems which 
include condensation created by humidity and could lead to failure of BIPV systems overall function 
as well as damage to building interior components [69, 70]. Implementation of a ceaseless and 
seamless underlayer sheet on the top of the roof structure and below the system during construction 
might be a solution to this issue, when it comes to the roof-mounted BIPV system [81].  

5.4.3. Energy production warranty 

The BIPV projects could be more attractive to even conservative investors if the bidder warrants the 
specific annual energy production, i.e. ten years. However, there are few BIPV contractors willing to 
do so [59, 82]. A long-term energy production performance warranty is a tremendous driving factor 
for the building owners, which could result in a BIPV system rapid rollout in a short time. It is the 
responsibility of the manufacturers and consultants to warrant the system production performance 
considering the system location, orientation, components, climates etc. 

5.4.4. maintenance and replacement procedures 

Architects and designers generally do not take the maintenance and the practicability of replacement 
of a damaged BIPV module or part into consideration in the design step. There is often no appropriate 
access to wiring and external fixing. Thus, there are complicated issues when a BIPV module 
replacement is needed [63, 83]. Furthermore, BIPV systems as the skin of buildings need to be 
maintained often. System designers, therefore, should take the post-installation considerations (i. e. 
BIPV maintenance and replacement) of the systems into account in addition to their design 
considerations [74, 84-86].  

Moreover, the BIPV systems on the building skins require regular cleaning, which the frequency 
might change based on the climate, city, season etc. A BIPV system with a clean surface could result 
in better system performance as well as less degradation rate. 

5.4.5. Islanding 

Islanding is a state where a section of the utility system (BIPV in this study) that carries the load and 
distributed resources simultaneously, remains energised whilst isolated physically from the rest of 
the utility system [76]. Islanding could cause significant consequences to either BIPV systems (by 
resulting in major damages to the system) or the installers and maintenance workers (by even posing 
them to a death risk). 

Point of common coupling (PCC) is a crucial spot to understand better this issue. PCC [87] is the 
point where the producing facility's local electric power system (such as BIPV) bridges to the 
electrical company's electric system (such as the electric power revenue meter). It is also the location 
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of the equipment designated to disconnect, separate or interrupt the link between the electrical 
company and the generating facility.  

Conventional BIPV inverters function autonomously, delivering electricity while monitoring 
frequency and voltage at the PCC to check for disturbances. When it comes to a more extended level 
of production, this results in a significant generation that is complicated to be managed or controlled 
by the utility [59]. The utility needs to be able to either remotely shut down the distributed energy 
resources when required or apply power management functions of the Grid-Smart inverter 
(individually or as an aggregate). 

5.4.6. FiT (Feed-in Tariff) 

A feed-in tariff (FiT) is a course of action designed to accelerate investment in renewable energy 
technologies by purchasing generated power of renewable energy resources at a price which is 
generally higher than the selling price from the power grid. Some countries such as France and 
Germany have promoted solar energy to a great extent by taking such an action. However, there is 
still no FiT in many other European countries. In Norway, as an example, the FiT for the produced 
power by BIPV system is normally equal to the power production cost of power plants. While the 
selling price of the electricity to the end-users is the sum of the power production cost of the power 
plant, tax on the power production cost of the power plant, transmission cost, tax on the transmission 
cost and VAT on the total cost. The least measurement expected to be taken for facilitating a 
widespread rollout of the BIPV system in urban areas is that the FiT becomes equal to the finished 
electricity price sold by the power grid to the customers. However, many recent studies illustrated 
that the societal and environmental benefit of BIPV systems in urban areas is significant and its FiT 
should be even more than the network price [12, 13] 

6.5. End of life Challenges 

Once the BIPV system lifetime is over, the system needs to be dismantled and demolished. The BIPV 
system demolition, as well as possible material recovery procedure, is the challenge which is 
discussed in this stage.   

5.5.1. System demolition/ material recovery 

The End-of-life modelling is also another challenge and researchers have shown an increased interest 
in this issue recently. The studies exploring end-of-life benefits of BIPV systems are very limited and 
mostly in line with the conventional photovoltaics (PV). It is estimated that by 2030 the generated 
PV waste would be around 1.7 million tonnes and by 2050 it could even rise up to 60 million tonnes 
[88]. A recent study highlights that from a PV or BIPV module weighing 20 kg, approximately 19 kg 
of useful materials can be recovered. Although this potential is varied based on demanufacturing or 
recycling approaches used [89]. 

7. Conclusion 

The study has gone some way towards enhancing our understanding of the impact of BIPV systems 
in the energy transition of the cities and the notion of nearly zero-energy cities in Europe, by defining 
a metric to the architects and urban planners to grasp how much of the energy consumption of 
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buildings in Europe could be supplied by BIPV systems as building envelope materials for the whole 
building envelope surface areas. 

The results show how much different European countries can rely on BIPV technology in the energy 
transition journey in urban areas. Eighteen barriers and challenges ahead of the extensive rollout of 
BIPV system are categorised and discussed in detail.  

The results illustrated that BIPV technology could contribute to a great extent to supplying the energy 
demand of urban areas. Study of the capitals of all the European Union member states (EU) together 
with the capitals of Norway and Switzerland, depicted that on average, by a building skin to the 
building net area ratio of 0.78, BSGR 30%, BIPV glass and BIPV panel efficiency of 13% and 25%, 
building energy consumption of 135 kWh/sq.m.year in 2030, the EU cities could reach to the target 
of zero-energy urban areas. 

The presented study could not only help the end-users and architects to acknowledge the BIPV system 
as a suitable option for the building skins in Europe but also steer governments or decision-makers to 
promote BIPV systems by rational subsidies and incentives to expand the role of such a technology 
in the urban energy transition. 
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