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ABSTRACT

The performance of Building Integrated Photovoltaic (BIPV) semi-transparent windows on
facades for office building has been investigated in Tanzania’s tropical climate. Integrating
semi-transparent BIPV with windows permits multifunctional performance improvements as
energy generation and allowing light natural to enter the building, hence total energy
efficiency enhancement. The aim of this study was to investigate the performance of the
semi-transparent BIPV on office buildings applications. An experiment was set up at the
Innovation Technological and Energy Center (iTEC), Nelson Mandela African Institution of
Science and Technology (NM-AIST), Arusha, Tanzania. Measurement of weather
parameters, which are solar irradiance, outdoor air temperature, relative humidity and wind
speed, was taken based on various conditions, cloudy, normal and clear sky days on the
assessment of the performance of the system. The experimental set-up consisted of building
integrated silicon mono crystalline semi-transparent PV rated at 50 W. The electrical and
optical properties were evaluated for the performance of the window glazing system. The
experimental 1-V and P-V curves were measured at different irradiances. Throughout the
experiment, the observed module temperature was between 20 °C - 51 °C and air temperature
17 °C - 33 °C while humidity was recorded at a range 23% - 63%. Module electrical
efficiency was observed to vary from 4% to 9% while the visible light transmission from
11% to 19%. It was concluded that at high temperature regardless of irradiance increase,
there were observed output power and efficiency drops caused by high heat losses.
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CHAPTER ONE
INTRODUCTION
1.1 Background of the problem

Energy plays a significant part in economic and human development. Access to clean, cheap,
and reliable technologies is considered as a means to achieve sustainable development goals
(Agrawal & Tiwari, 2010; Kichonge, 2018). An energy deprivation in terms of quantity along
with quality causes poor development thereby poverty and increased human sufferings
(Nussbaumer, Bazilian & Modi, 2012). About 1.2 billion people in the world are
approximated to live without access to energy, commonly from rural areas in Africa and Asia
(Azadian & Radzi, 2013). This situation also affects Tanzania as only 24% of people have
access to energy (NBS, 2016). The historical world dependency on fossil fuels at
approximately 80% has added significantly to the climate change, and thus increases the poor
communities suffering (Boden, Marland & Andres, 2009; Pavlovi¢, Radonji¢, Milosavljevi¢
& Panti¢, 2012; Shukla, Rangnekar & Sudhakar, 2015). Climate change being an impending
crisis is expected to intensify the challenges facing the poor. Moreover, the cost of producing
electricity using fossil-based sources is expected to progressively increase owing to rapid
population and economic growth thus leading to depletion of existing proven fossil fuels
reserves (Kichonge, 2018). The global energy consumption increases at about 8-10%
annually, and expectations will reach 40% in the year 2040 as depicted in Fig. 1. The fast-
economic development in developing countries is expected to increase global energy demand
by the year 2040, hence renewable energy is projected to be the fastest growing energy

source providing 14% of the primary energy in the year 2040 (Peng et al., 2016).

Generally, industry, transportation and buildings and building construction are the primary
energy consuming sectors. When these are joined, they are accountable for approximately
36% of worldwide final energy consumption and thus contributing closely to 40% of the total
carbon dioxide related emissions (Joseph, Pogrebnaya & Kichonge, 2019). Energy demand is
projected to continue to increase, attributed to enhanced global economy and therefore access
to energy in developing countries, increased proprietorship and use of energy-consuming
appliances coupled with the quick global buildings growth in floor area, at approximately 3%
per year (Biyik et al., 2017).
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Figure 1: World energy consumption for 1970 — 2040 (Bishoge, Zhang & Mushi, 2018).

Due to projected rapid inhabitants increase and economic development in energy
consumption, energy is required as alternative sources to be gradually included in the future
global mix (Nepal, 2012; Radmehr, Willis & Kenechi, 2014). Varieties of solar technologies
are widely recognized as clean with minimal greenhouse gas releases and thus contribute to
the efforts towards climate change mitigation through a direct reduction in CO, emissions
(Kichonge, 2018). Solar energy is radiant energy which is harvested using a range of
advanced technologies such as building integrated photovoltaic (BIPV) and solar heating
(Shukla, Sudhakar & Baredar, 2016). The BIPV are basically photovoltaic systems forming
an integral part of the building envelope. Photovoltaic is currently the fastest-growing and
among elegant technologies available for harnessing energy in buildings (Debbarma,
Sudhakar & Baredar, 2017a; Shukla, Sudhakar & Baredar, 2017). The technology is
increasing and becoming one of the efficient approaches in harvesting renewable energy for
buildings in the quest to minimize energy crisis through over-dependence on fossil fuels and
other un-clean energies (Ban-Weiss et al., 2013; Shukla, Sudhakar, Baredar & Mamat, 2018).
The conversion of solar radiation into energy is achieved through PV solar cells such as
monocrystalline silicon, polycrystalline silicon, and amorphous silicon (dos Santos & Riither,
2012; Azadian & Radzi, 2013).

With 30% to 40% of the world’s total end-use energy consumption delivered for commercial
and residential buildings applications, energy-efficient buildings become very attractive at
reducing lighting, cooling, and heating-related energy consumption (Peron, Rat-Fischer,
Lalot, Nagle & Bovet, 2011; Chae, Kim, Park & Shin, 2014). The use of BIPV to replace the
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conventional materials in the building offers a combination of properties which not only
preserve energy but also generate electricity through the efficient conversion of solar
radiation (Agathokleous, Kalogirou & Karellas, 2018). The BIPV technology addresses the
goals that intend to achieve ‘building net-zero energy’ consumption through transformations
of building from energy consumer to sustainable energy producer (Kim, Kim & Kim, 2015;
Sorgato, Schneider & Rither, 2018). A sustainable building is capable to minimize energy
consumption, while at the similar period supply its own energy demand through self-
generation (Joseph, Pogrebnaya & Kichonge, 2019).

Applications of BIPV technology enables the photovoltaic modules to serve several purposes
such as roof, facade, thermal insulators, and noise protection and as weather protectors
(Sorgato, Schneider & Ruther, 2018). The BIPV technology development and the
corresponding utilization in building construction provide aesthetical, economic and technical
solutions in solving environmental challenges, and daylight harvesting for the provision of
the natural light during the day (Peng et al., 2016). The BIPV is rapidly emerging
attractive option for research and application as a result of technology developments,
continual decreasing in PV materials cost, and the rise in renewable energy technologies
promotions among important players (Petrichenko, Urge-Vorsatz & Cabeza, 2019). Among
BIPVs technologies, semi-transparent integrated PV is the most used in facades, windows,
and greenhouses because it generates good environment by allowing natural light to enter
into the building while generating energy and thus the most favorable future energy system in
the urban environment. Available performance data as reported by manufacturers are
normally established under laboratory conditions which are solar irradiance of 1000 W/m?
the temperature of 25 °C, and air mass value of 1.5 (El Tayyan, 2011; Shukla, Sudhakar &
Baredar, 2017). The information established under laboratory conditions in most cases does
not represent actual conditions established at specific locations and therefore leading to
significant differences output values (Blicher, 1997). Also the cost analysis and energy
payback time in most cases are not considered for the BIPV basing on local conditions.
However, there is still a lack of studies in tropical regions regarding multi-functional
performance of semitransparent BIPV as compared with conventional PV technologies.
Much of research on the multi-functional effect of semi-transparent BIPV has attempted
utilization of theoretical modeling for the semi-transparent BIPV modules which might not
truly reflect the ones currently available in the market (Ahmed, Hamada & Salih, 2019;
Halme & Makinen, 2019). Tanzania being in tropical regions is normally characterized with
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hot and humid climate conditions almost whole year-round resulting in its buildings being
cooling-load dominated. Therefore, with this drawback, the study aims at investigating the
electrical and optical performance of the semitransparent BIPV for office building
applications mostly suitable for tropical conditions.

1.2 Statement of the problem

Energy consumption is still increasing daily in Tanzania. This is due to improvement of life
standard, economic expansion and socio-economic growth (Bishoge, Zhang & Mushi, 2018). In
this situation, renewable energy sources are required, but it also requires going for more energy
efficiency. Solar energy is one of the greatest ways of harvesting renewable energy for buildings
to overcome this problem. Normally, for solar installation in buildings, photovoltaic panels are
integrated to a second layer part of the building’s construction. Semi-transparent integrated PVs
produce energy, and are used as building material, and create a pleasant environment allowing
natural light to enter into the building Different studies show that semi-transparent BIPV
technologies have been commercially implemented in various countries around the world and
the technology has proved to be more successful than building-added photovoltaic (Kumar,
Sudhakar & Samykano, 2019). Therefore this study targets to evaluate electrical and optical

characteristics of the semi-transparent BIPV panel in Arusha tropics.
1.3 Rationale of the study

The study considered only semitransparent BIPV; however there are other types of the BIPV that
may give more energy performance. Therefore due to time limit only one type of BIPV was used.
Also, this study was conducted for only three months the results may be different with others.
Even though majority of the data was verified and corrected, some of it still may have errors in it.
Also, shading devices are assumed not existed as semi-transparent provides a certain level of
shading. However, if indoor shading is used in some particular circumstances, these shading

devices could lead to significant impact on energy performance.
1.4 Objectives
1.4.1 General objective

The general objective of the study is to evaluate experimentally energy performance of semi-

transparent BIPV in Arusha tropics, Tanzania.



1.4.2 Specific objectives
i. To analyze the electrical performance of the semi-transparent BIPV system.
Ii. To analyze the optical characteristics of the BIPV system.
1.5 Research questions
i. What are the electrical properties of the semi-transparent BIPV system?
ii. What are the optical properties of the BIPV system?
1.6 Significance of the study

This study will add knowledge in broad understanding of the performance of BIPVs in the
tropics that concentrates on alternative energy sources and making building and greenhouse
systems as energy efficient as possible. When semi-transparent BIPV is used in buildings,
they provide effective day lighting which reduces the need of artificial lighting energy
consumption during the daytime and reduce the heat gain in a building by blocking the

incoming solar radiation
1.7 Delineanation of the study

Semi-transparent BIPV technology is becoming commonly used in most modern buildings
worldwide, but not yet exploited in Tanzania. Solar PV is available but not integrated. On the
other hand, office buildings are mostly suitable for BIPV semi-transparent technology
because they devour energy primarily in daytime, as solar energy are converted into
electricity, therefore energy storage can be avoided with the cost associated (Joseph,
Pogrebnaya & Kichonge, 2019). The use of solar energy is often more effective way of
improving energy outcomes in office buildings than increasing generation capacity.
Therefore, there is a need to conduct a study of this semi-transparent photovoltaic technology

basing on local conditions.



CHAPTER TWO
LITERATURE REVIEW
2.1 Photovoltaic potential in Tanzania

Photovoltaic technology is the one that uses cells to convert sunlight into electricity. PV cells
consist of one or two layers of a semi conducting material, usually silicon. Tanzania has
sunshine hours per year which range between 2800 and 3500 with solar irradiation of 4-7
kWh/m? per day (NBS, 2016). According to Tanzanian energy sector under the universal
principles of the Energy Charter, the annual per capita consumption of electricity is around
133 kWh, which is still extremely low compared to the world average of 2500 kWh. The
electricity connection level target was 33% by 2015, during which the expected installed
capacity for power generation was guaranteed access to 3000 MW. The government set an
electricity access target of 50% by 2025, 75% in 2030 and 100% by 2040 according to
Ministry of Energy and Minerals (MEM) (NBS, 2016). Due to good solar resources of
Tanzania, the photovoltaic can be used to minimize the energy scarce. Up to 2017, about 5.3
MW of photovoltaic solar energy have already installed in Tanzania, this shows how PV is
growing in the country (TAREA, 2017). However, the photovoltaic installations have not
been integrated with windows for power generation and controlling the light entering the
building. This is because of the level of awareness of the application of the BIPV product and

lack of expert on these solar modules.
2.2 Types of photovoltaic system installation

The photo-voltaic technologies subdivide into three types; building added PV (BAPV),
building-integrated PV (BIPV or BIPVT) and open rack-mounted PV (ORMPV). The BAPV
are added to the building and do not add anything to the system besides producing the
electricity. The ORMPYV are PV systems which are mounted on rooftops, normally with a few
inches gap and parallel to the surface of the roof. And, besides, they can be ground mounted
and produce energy, also be used as a canopy for shading purposes. In ORMPYV systems, the
main factor is to increase energy generation; hence PV panels face to the optimal azimuth and
tilt angles. These systems are only intended to generate electricity. The BIPV are PVs

installed in either roofs or other parts of the building such as facades, windows or balcony.
The BIPVT is a building integrated photovoltaic-thermal system, which is used for the
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simultaneous conversion of the solar energy into thermal energy and electricity (Debbarma,
Sudhakar & Baredar, 2017a; Kant, Pitchumani, Shukla & Sharma, 2019). The system
contains a PV panel for the conversion of solar energy into energy due to the photovoltaic
effect and into thermal energy through the absorption process (Agathokleous, Kalogirou &
Karellas, 2018). The BIPV system applied as thermal insulation to the building envelope in
hot and humid climates showed the significance of insulation on energy use in residential and
commercial buildings. Figures 2-4 show different PV installations to the building on a roof
and walls with BAPV, BIPV, and ORMPV.

Figure 2: Projects installation with building-applied PV in Tanzania.

Figure 3: BIPV installation: Framed in-roof system: Less homogenous appeal is due to the
contrast of the aluminum frame and PV panels (Skaaland, Ricke, Wallevik &
Strandberg, 2011).

The building-integrated photovoltaic means PV system is part of the building which is
integrated into building design (Caamafio-Martin et al., 2008). That means, PV panel is the
part of construction material like tiles, facade ornaments and glass of pane and replaces these

materials during design phase in order to get the highest saving in construction and energy
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saving cost as well as daylight harvest. Figure 3 shows installation with semi-transparent
BIPV.

Figure 4: ORPV installation: Photovoltaic system in open rack installation configuration
(Kumar, Reddy & Praveen, 2017).

2.3 Photovoltaic cells categories

There are different Photovoltaic (PV) cells categories such as silicon-based, non-silicon based
and nanomaterial cells as new concept devises and future technology. Also, different solar
cell modules made from crystallines such as mono, poly, and ribbon will further be reviewed.
Figure 5 shows the PV solar cell categorization regarding technology to summarize this

section.

Solar electricity

Silicon- based Non-silicon based New concept devices
Crystalline-silicon Amorphous CdT CIS&C Orzanic based

Quantum cells

Monocrystalline

DS5Cs

Polycrystalline

| Ribbon-cast

Figure 5: PV cells technologies categorization (Debbarma, Sudhakar & Baredar, 2017a).



In studies carried out by Yoo and Manz (2011) and Green et al. (2019), the technologies
discussed were crystalline silicon wafer-based cells (c-Si) and thin films such as amorphous
(a-Si), organic PV (OPV), DSSCs, and CIGS. Recently, the efficiency of the solar panels in
the market is rating as high as 26% (Green et al., 2018) which are monocrystalline and
polycrystalline, whereas 11% —17% efficiency range is for the majority of the solar panels.

Table 1 shows different PV modules with their efficiencies at Standard Test Condition (STC).

Table 1: Efficiency values of different PV modules.

Type of PV module Module efficiency at STC (%)
Mono crystalline silicon (mo-c-Si) 15-26
Poly crystalline silicon (po-c-Si) 11-22.3
Copper indium gallium selenide (CIGS) 10-19.2
Cadmium telluride (CdTe) 9-22.1
Amorphous silicon (a-Si) 5-11.9
Heterojunction (HIT) 18-20
Dye-sensitized solar cell (DSSC) 2.9-11.9
Organic photovoltaic (OPV) 4-11.2

Green et al. (2019) and Biyik et al. (2017).

In the study by Lee and Ebong (2017), different PV cells were discussed such as crystalline
silicon PV, thin film PV cells and 3™ generation technologies (OPV and DSSCs). The report
showed advantages of the crystalline silicon PV as silicon is simple to fabricate and available
in the market as well as cheap. The report demonstrates good opportunities for the organic
PV and DSSCs as they are opaque film that is integral to semi-transparent and transparent
part for the tinted glasses. These are used for architectural decoration of doors and windows

for the penetration of the daylight in office and residential buildings.

Debbarma, Sudhakar and Baredar (2017a) studied monocrystalline Si PV cells which refer to
modules made by integrating cells of large crystals of pure silicon ingots, and cylindrical in
shape. They are formed by melting pure silicon with few percentages of impurities in a
crucible at 1425 °C. During the melting process, silicon is being doped by group V (for n-
type semiconductor) or group Ill dopant (for p-type semiconductor); for the latter, boron is
the most preferred dopant (Shukla, Sudhakar, Baredar & Mamat, 2018). Most of the studies
show monocrystalline solar cells have an efficiency range of 11-16% (Shukla, Sudhakar,
9



Baredar & Mamat, 2017). They are chemically stable and can last for a very long time if
properly protected. In sub-Sahara Africa, these solar panels are not mostly used and installed
because they are expensive and affected by temperature. Fig. 6 shows mono-crystalline and

multi-crystalline Si solar cells which have different colors.

Figure 6: Mono-crystalline silicon solar cells (Debbarma, Sudhakar & Baredar, 2017b).

According to Ibn-Mohammed et al. (2017), multijunction solar cells were reported as the
highest-efficiency solar cells of about 18-20%. Therefore photons are absorbed and converted
that have energies greater than the band gap of lower layer and less than the band gap of the
higher layer (Nasr, 2013; Green et al., 2017).

Kato, Wu, Hirai, Sugimoto and Bermudez (2018) discussed the polycrystalline cells which
are made by integrating cells from many of silicon wafers. They are very similar to
monocrystalline modules except for the fabrication process. Different studies show their
efficiency is between 9-13% (Deng et al., 2016). The polycrystalline cells are fabricated from
pure molten Si in a square-like tank, in order to determine the distribution of impurities and
the grain size, cooling down is an essential step. Polycrystalline cells are blue in color
because of the missing absorption of higher energy photons. They are mostly used in Sub-
Sahara countries because are not expensive and have a long life with no degradation over
time but easily affected by temperature (Shukla, Sudhakar & Baredar, 2017). Figure 7 shows
the polycrystalline panels which appear to be blue in color.
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Figure 7: Polycrystalline solar panels (Kato, Wu, Hirai, Sugimoto & Bermudez, 2018).

From Oulmi, Bouloufa, Benhaya and Mayouche (2019), non-crystalline PV cells properties
were reported and are in the second generation. They are fabricated using the vapor-
deposition process which deposits a photovoltaic substance onto a solid surface like glass or
metal to create a thin layer of silicon material of about 1 pm thickness. Solid black
appearances were identified to a thin film panel. This paper concludes that non-crystalline PV
solar cell has an advantage as has the possibility of depositing amorphous silicon at very low
temperature; they are also lower cost with a high absorption coefficient. Figure 8 shows the

thin film solar cell and its structure.

@ Light

Front window: Glass

TCO: Transparent oxide conductor

a-SiH, Eg~1.7eV

a-5iGeH, 1<Eg<1.6eV

pe-SiH, Eg~1.1eV

Rear contact

Figure 8: Thin film solar cell (Dharmadasa, 2018).
2.4 Comparison of building-integrated and building-added photovoltaics

The comparison of BIPV and BAPV can be detailed in terms of market penetration,
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classification, function/power generation, heat and light harvesting. The PV system is used
mainly on buildings due to its resourcefulness and nonstop growth. However, PV installed
prioritizes only energy generation while ignoring aesthetic considerations (Heinstein, Ballif
& Perret-Aebi, 2013; Kumar, Sudhakar & Samykano, 2019). According to Zomer, Costa,
Nobre and Ruther (2013) BIPV and BAPV were differentiated, the key difference is that
BIPV has three functions which are electrical energy generation, light harvest to be used
during a day and replacing the conventional elements of construction (Hadavinia & Singh,
2019) . The current BAPV systems in buildings normally focus only in power generation
maximization with nothing added while the energy generated is regarded as a design
parameter (dos Santos & Ruther, 2012; Zomer, Costa, Nobre & Ruther, 2013).

According to Kumar, Sudhakar and Samykano (2019) and Biyik et al. (2017), the BAPV
and BIPV are estimated in terms of volume and cost. There is limitation of the market
volume for BIPV compared to that of BAPV due to the small percentage of the residential
houses undergoes renovation of the roof. Only renovation essential for the limited
replacement with PV panels looks to be more economical and attractive. For any roof which
sun shines, BAPV are commonly used. For example, about 5.3 MW of photovoltaic solar
energy has already installed in Tanzania (NBS, 2016). Figure 9 shows the market share for

the four European PV markets of the BIPVs, ground mounted and BAPV.

GERMANY SPAIN ITALY FRANCE

EBAPV @BIPV & Ground mounted

Figure 9: Market share for the four European PV countries (Heinstein, Ballif & Perret-Aebi,
2013).

In Fig. 9, the market growth is shown for the BIPV, BAPV, and ORPV for the four European
12



countries of Germany, Spain, Italy, and France. In Germany, about 82% were installed with
BAPV followed by 17% of ground mounted and only 1% was integrated into the building.
Ground-mounted installations in Spain have been very popular with 75% followed by 23% of
BAPVs and only 2% accounts for BIPV. In Italy, the market share for the BAPV and ORPV
are 35% followed by 30% of the BIPV, it means the level of awareness on both systems is
greater. In France, there is a greater increase of the BIPV as 59% increases followed by 30%
of ORPV and 11% of BAPV. We might suggest that the higher growth of BIPVs installation
in France is due to self-sufficiency, energy efficiency, and thermal insulation and level of

awareness among stakeholders.
2.5 Types of buiding-integrated photoviltac module products

The ranges of BIPV module technology are very wide, and are classified in different ways

as shown in Fig. 10.

BIPV system

Market names

1

Application type

PV Technology

Silicon based Roof —  Foils

Non-silicon based Facades | Tiles
— | Module
| Glazing

Figure 10: Categorization of BIPVs (Baljit, Chan & Sopian, 2016; Biyik et al., 2017).

As described in Zogou and Stapountzis (2012) and Biyik et al. (2017), BIPV are categorized
based on silicon-based PV and non-silicon based PV. The silicon-based are monocrystalline,
polycrystalline, amorphous and ribbon cast polycrystalline while the non-silicon-based PV
cells are composed of copper indium gallium selenide (CIGS), copper indium selenide (CIS)

and cadmium telluride (CdTe).

On the other hand (Joseph, Pogrebnaya & Kichonge, 2019), BIPVs are categorized based on

their application as a roof system and facades and can be semi-transparent, transparent or
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opaque. Roofing PV is an integrated part of the building that replaces conventional materials.
Transparent BIPV can be also part of energy efficient glazing, where they are used instead of
usual glass and also in storage houses for the provision of natural lighting during the day,
while opaque is used as a roof for energy generation (Basnet, 2012). Facades are part of the
fabric or as additional walls, and installation is affected by the geographical position of the
site namely weather parameters (solar irradiation and temperature), and also tilt angle.
Facades can be installed in windows or walls and greenhouses. Figures 11 and 12 show BIPV

applications as roof and facades.

Figure 11: (a) Facade with black micromorph and semi-transparent thin-film modules in
Germany and (b) Rooftop application of opaque photovoltaic modules in the
Netherlands (Kha, 2013).

Figure 12: (a) Semi-transparent PV modules integrated into a greenhouse roof; (b) Opaque
and semi-transparent PVs used as shading in the Energy Research Centre in
Northland (Basnet, 2012).
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The market names according to BIPV product are shown in Table 2. According to Jelle,
Breivik and Rakenes (2012), the BIPVs are categorized based on their market names as foil
products, tiles products, solar glazing products, and module products. In module products,
they are used with several types of roofing material and are similar to the conventional PV
materials. The solar glazing products are normally integrated into the facade, roof or in
windows products, and provide various aesthetic solutions. The foil products are lightweight
and flexible, and it is simple in installation. The tile products can cover the entire roof or just
parts of the roof. They are generally arranged in modules with the appearance and properties

of standard roof tiles and substitute a certain number of tiles (Mei et al., 2009).

Table 2: Market names according to the BIPV products.

Type of Description Examples
Product

Foil They are adhesively mounted, no
frame required, and low mounting
cost. They are good for large roof
expanses. The big advantage of
these is that they are flexible to any
shape as you need.

Tiles These are mostly PV product,
installed to the whole roof or part of

the roof. They can be installed by a

roofer with little training.
Glazing  These are used as shading devices,
product  windows, roofs, facades, and green
houses. Also, they have the ability to
transmit the day light for the options
of using natural lighting while
producing electricity.
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Type of Description Examples
Product

Module  These are the cheapest form of
integration; have improved
appearance over external frames.

They are normal PV modules. Most

are opaque PV used for roofing

purposes.

Jelle, Breivik and Rgkenes (2012), Debbarma, Sudhakar and Baredar (2017a) and Debbarma,
Sudhakar and Baredar (2017b).

2.6 Semi-transparent building-integrated photovoltaic and general energy performance

The semi-transparent BIPV facade is one of the building facades that have an effect on
energy performance and share some connections with the other kinds of buildings. Few
studies show the installation of the-semi-transparent BIPV have been performed basing on
the local condition, hence review of these taking into consideration on specific location is
very important (Saadon, Gaillard, Giroux-Julien & Ménézo, 2016). Electrical, thermal and
optical performance concerns the parameters such as current and voltage, power generation,
visible light transmittance, heat transfer coefficient, u-values solar heat gain coefficient or
when the module is exposed to different irradiance (geographical location) and other factors
such as air ventilation. Case studies from different locations are summarized in Table 3. Kha
(2013) experimentally investigated the performance of semi-transparent BIPV windows in
Singapore. The overall energy performance was evaluated by calculating net electrical
benefits (NEB) including the generation of electricity, the reductions of cooling energy and
artificial lighting energy, through parameters of thermal, electrical and optical properties. Six
semi-transparent BIPV modules were tested. The results showed the NEB of the BIPVs
depended on the WWR and when compared with other commonly used glazing systems,
semi-transparent BIPV windows were found to be the best in terms of overall energy saving
performance. In conclusion, the study demonstrated the good energy saving potential of the

semitransparent BIPVs windows to be used for the natural lighting.

Kapsis and Athienitis (2015) observed the effect of optical properties by simulation on semi-
transparent PV windows. The parameters evaluated were the orientation of facades, window-
16



to-wall ratio, and electrical lighting. It was reported that semi-transparent PV windows with
10% visible active transmittance had the best energy-saving potential. The study concluded
that to maximize the energy saving potential of semi-transparent PV windows, selection of
optical properties is necessary due to daylight and lighting controls applied to the building.
Didoné and Wagner (2013) conducted an evaluation of the potential energy saving and
energy generation of semi-transparent PV windows in two Brazilian cities of Fortaleza and
Florianopolis. The result shows that energy savings were 19% to 43% for these cities of
Fortaleza and Florianopolis, respectively. Also, in Fortaleza, energy of 493.6-798.6 kWh/year
was achieved in PV a window which was comparable to that of 591.8-750.3 kWh/year in
Florianopolis city. The study concluded that reduction of the energy consumption is possible
for artificial lighting and cooling utilizing suitable control frameworks and to generate more

energy using semi-transparent photovoltaic panels in windows.

Peng et al. (2016) developed a numerical simulation model using Energy Plus to predict the
overall energy performance of photovoltaic double-skin facade (PV-DSF). The energy saving
potential was compared with other technologies while sensitivity analyses of air gap depths
were conducted and the optimal air gap was obtained in Berkeley. In comparison to other
technologies, the natural ventilated saved electricity by PV-DSF per year was about 35%.
The PV-DSF method enabled to generate 65 kWh/year per unit area, while 50% of lighting
electricity to be saved in winter. The study concluded that thicknesses between 400 mm and
600 mm could be recommended as the optimal air gap range for a PV-DSF installation while
15% of the annual net electricity use could be saved and produced good thermal and

daylighting if an air gap depth of 600 mm was chosen.

In work by Vats and Tiwari (2012) evaluation of the energy performance of a semi-
transparent BIPVT integrated to the roof of a room was performed. Energy has been
compared for six different PV modules. It was observed that maximum annual electrical
energy was 810 kWh for hetero-junction PV over the crystalline silicon cell while that was
464 kWh for amorphous silicon panels. The study concluded that the heterojunction PV

module is more suitable for producing electrical power compared to amorphous silicon.

According to Yang (2015) open-loop air-based BIPVT systems were experimentally
investigated. The experimental approaches in this study were indoor tests in the built

environment, outdoor test in specially designed test cells, and building size experiments and
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demonstrations. Experimental results confirmed that the two-inlet BIPVVT concept improved

thermal efficiency by 5% compared to a conventional single-inlet system. Comparisons of

prototypes were conducted on mono-crystalline opaque PV and semi-transparent mono-

crystalline PV modules. Results showed that applying semi-transparent PV modules with

80% module area covered by solar cells in BIPVT systems increased energy efficiency by up

to 7.6% compared to opaque ones.

Table 3: Electrical, optical and thermal properties of semi-transparent BIPVs: Case studies

from different locations.

Location

Description

Results

Reference

Brazil

California

Canada

Canada

Cameroon

The energy saving potential
PVs

windows was investigated.

of semitransparent

Energy performance of

photovoltaic  double-skin
(PV-DSF)

conducted.

facade was

Air-based
integrated
thermal (BIPVT) systems

building

photovoltaic-

were investigated.

Potential benefits of semi-
transparent ~ photovoltaic
windows were evaluated by

simulation.

Building integrated

30% of the total HVAC was
saved using daylight;

18%-59%

achieved.

of NEB was

19%-43% of

consumption was reduced.

energy

50% of lighting electricity were
saved in winter and 15% of the
net

annual electricity were

saved

Thermal efficiency was
improved by 5% compared to a
conventional single-inlet

system.

The STPV module with 10%
visible effective transmittance
resulted in the lower electricity

consumption of 5 kW h/m2 /yr.

The system area of 36.45 m?

Chae, Kim, Park
and Shin (2014)

Peng et al. (2016).

Yang (2015).

Kapsis and
Athienitis (2015).

Ekoe, Akata,

18



Location

Description

Results

Reference

Germany

India

India

India

Japan

Japan

Korea

semitransparent
photovoltaic thermal
(BISPVT)

simulated.

system were

Calculation of the thermal
impact on building
performance of an
integrated PV facade was
conducted.

Building  semitransparent
PVs thermal system was
integrated into the roof and
facades.

Energy performance of a
semi-transparent ~ BIPVT
integrated to the roof of a
room was performed.

The three semitransparent
BIPVs on power and
optical  properties  were
evaluated.

Evaluation of electrical and
solar heat using BIPVT
hybrid was done.

Semi-transparent BIPV was
evaluated by simulation.

Evaluation of electrical

can annually produce an
amount of thermal energy of
76.66 kWh at an

thermal efficiency of 56%.

overall

12% of heating energy was
saved.

Energy efficiency was 11- 18%
at the roof and 13-18% at the
facade.

Electrical efficiency at the roof
and facade were 85% and 72%
respectively.

The annual electrical energy
generated was 810 kWh for
heterojunction while annual
thermal energy was 464 kWh
for amorphous silicon.

The values of VLT for the three
PV modules were in the
7.09%-23.49% range, and
power generation and
efficiency increased by around
0.01-0.13%.

Thermal efficiencies for glazed
and unglazed systems were 20-
22% and 29- 36% respectively.

5.3% of heating and cooling
were reduced.
Net energy savings of 3.0-8.7%

were achieved.

In the cloudy day, energy

Njomo and
Agrawal (2015).

Infield, Eicker,
Fux, Mei and
Schumacher
(2006).

Shukla, A.,
Sudhakar, K. and
Baredar, P.
(2016).

Vats and Tiwari
(2012).

Liu, Young,
Horng, Shiue and
Lee (2016).

Nagano, Mochida,
Shimakura,
Murashita and
Takeda (2003).

Wong, Shimoda,
Nonaka, Inoue
and Mizuno
(2008).

19



Location

Description

Results

Reference

Spain

Singapore

Turkey

USA

thermal  energy  from
different conditions was
done, as sun shading
module was rated at 40
kWp, and the rooftop
modules were rated at 60

KWp

Energy Performance of
WWR of five STPV
elements was evaluated.

Performance  of  semi-
transparent BIPV windows
in a tropical climate was
conducted.

The energy of the
semitransparent a-Si solar
cells to the Tromble wall
was evaluated.

Semi-transparent BIPV
windows were studied for
the overall energy
commercial building in
various tropics.

generated was 40.8 kwWh while
solar irradiation was 2513
Wh/m?,

In a normal day, energy
generated was 69.8 kwWh while
solar irradiation was 4458
Wh/m?,

In sun day, energy generated
was 68 kWh while solar
irradiation was 6554 Wh/m?.

Energy saving potential ranges
between 18% and 59%
compared to the normal glass.

The NEBs vary from 1.79 to
23.26 KWh/m? /yr and increase
steadily with the increase in
WWR.

Average electrical efficiency
was 4.52% and thermal energy
was 27%.

The system can save 30% of
the total heating and ventilation
system energy compared with
the clear glass system.

Yoo, Lee and Lee
(1998).

Kha (2013).

Bishoge, Zhang
and Mushi
(2018).

Chae, Kim, Park
and Shin (2014).

2.7 Challenges and factors affecting

integrated photovoltaic

the performance of semi-transparent building-

The semitransparent BIPV are affected by different factors for its performance. According to
Kha (2013) and Shukla, Sudhakar and Baredar (2016), many researchers have been focused
on factors affecting the performance of the semitransparent BIPV PV cell technology,

ambient conditions and selection of required equipment and shading impact. From authors
(Shukla, Sudhakar & Baredar, 2017; Shukla, Sudhakar, Baredar & Mamat, 2018), studies

investigated and determined that small economies of scale, long payback period and high

initial capital costs of installation and limited information on market potential are the big
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challenges facing BIPVs development as summarized in Fig. 13.

[ Lack of Promotion ]

{ Weak Energy Policy ]

Market limitation
Lack of Incentives

[ Subsidized Electricity ]

[ Lack of Technology '

Lack of Expertise

[ Lack of enough Finance ]

\ BIPVs challenges

[ Lacking of Incentives }

Lack of Personnel

[ Long payback period ]

[ High installation cost }

Figure 13: Challenges of the semi-transparent BIPV (Shukla, Sudhakar, Baredar & Mamat,
2018).

BIPV challenges were discussed in details by authors (Mousa, 2014; Goh, Yap, Goh, Seow &
Toh, 2015; Baljit, Chan & Sopian, 2016) to include among others, technological limitations,
poor financial support, high initial investments, low acceptance level to the community and
level of awareness of the architect who lacks essential practical knowledge, and general
public awareness lack of government policy. Furthermore, challenges like aesthetical,
technical, economic and social have been determined to face PV cells operations as detailed
in (Defaix, Van Sark, Worrell & de Visser, 2012; Nasr, 2013; Sai et al., 2015). In aesthetical
aspect, the studies discussed that to install PV module to the existing structure of the building
many architectures make it very difficult in implementation by building stakeholders.
Technically, the PV modules need large space for installation and it is difficult to get a good
orientation. In economics, the study shows that the cost of installation and its implementation
is high rather than the normal PV system. In social, people are not familiar with the new
technology as a reliable source of energy, they do not know how efficiently solar energy can
be used in buildings for passive light and also generating electricity. Hence awareness to

stakeholders are required to be conducted in using BIPV systems.
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CHAPTER THREE
RESEARCH METHODOLOGY
3.1 Research frame work

The proposed performance energy evaluation procedure of the semi-transparent BIPV is
shown in Fig. 14, where the main objective is to evaluate the system energy performance.
This includes experimental investigations of the semi-transparent photovoltaic modules in the
window based on three local conditions of clear, cloudy and normal sky days conditions to
establish their performance parameters, and overall energy performance of building with

semi-transparent PV windows.

Mea surement of weather parameters

[ S

Solarirradiance Temperatures Humidity Wind speed

]

BIPV: Data recording, collection and analyzing

¥ v

Electrical Optical

Figure 14: Conceptual framework of the proposed research approach.

3.2 Experimental set up
3.2.1 Layout of the experimental and installation

An experimental room containing in the building has many windows, and the PV glazing
was set upon one of the window facing the north. The building for experiment was
Innovation Technological and Energy Center (iTEC) in one part of the facade. The building
is located at Nelson Mandela African Institution of Science and Technology, commonly
known as incubation center. There were some trees nearby the experimental room facing

south; therefore, the tests in the evening could be influenced by shading effect that was
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considered. The experimental room is constructed with bricks and painted with white colors.

The semi-transparent window PV was fixed in one of the window facing north for the

replacement of the convectional material as shown in Fig. 15.

Figure 15: Fixing of the semi-transparent PV and already installed solar panel.
3.2.2 Selection of building-integrated photovoltaic modules

Double glazed monocrystalline silicon semi-transparent PV glazing module was selected and
studied in the test, and was fixed on the window for its performance. Monocrystalline has
been chosen over polycrystalline because it has higher efficiency; and the semi-transparent
PV module has a transparent area to allow the light for penetration to improve the energy
saving and occupant comfort as shown in Fig. 16. The properties of the PV glazing module,

which were provided by the respective manufacturer company, are listed in Table 4.
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Figure 16: Side view of in and out of the semi-transparent PV window glazing.

Table 4: Descriptions of the PV glazing considered.

Parameter

Description

PV glazing code

Manufacturer

PV solar cell type
Manufacturing date
Size of the solar cells

Layers of the glazing (external to internal)

Standard Test Condition (STC)
Open circuit voltage

Short circuit current

Voltage at maximum power (Vmp)
Current at maximum power (Imp)
Reference output power

Operating temperature

BSM50M

Bluesun solar energy tech.co Ltd
Mono 156

April 2019
620mm*620mm*40mm

6 mm super white semi-tempered glass
(low iron tempered glass)

1000 W/m?* A.M 1.5 and 25 °C
559V

9.63 A

4.38V

8.39A

50 W

-40 °Cto +85 °C
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3.3 Experimental measurement and arrangements
3.3.1 Measurement equipment and instruments

Measurement of different parameters was taken based on the local condition for good
performance of the double glazed semi-transparent BIPV panel. The parameters are solar
irradiance G, indoor and outdoor illuminance Ej, and Ei, air temperature T, module
temperature Tp, relative humidity Ry, and wind speed. The field experiment and data
collection were conducted for 10 hours a day from May to August 2019. The equipment
includes three temperature sensors, two lux meters, two solar power meters, and 3-cup
anemometer (Table 5). All data were recorded by the data logger automatically at the interval

of one minute and sent to the near-by computer for the storage by using bluetooth.

Table 5: Descriptions of measurement equipment for the study

Equipment Specification Description

Data logger ETO 400 CP Data acquisition system

3-cup anemometer AM-4836 Wind speed and directions
Fluke multimeter FLUKE 101 Mono 156

Temperature sensors LM35 Indoor and outdoor temperatures
Solar power meters TES123USB  SM-206 Solar irradiance

Lux meters UA-961 UA-962  Indoor and outdoor illuminance
Solar battery UNI12V/12Ah To power data acquisition system
Variable resistor For load variations

3.3.2 Designing data acquisition system circuit

The design of the data acquisition system involved different materials such as single sided
copper clad board which is coated with copper material. It involved different electronic
components such as current sensor, real time clock, microcontroller, relay, display and switch
with interconnection to the electrical circuit. Soldering of the interconnecting circuit were
made in the NM-AIST lab where layer of conducting material was printed on the surface of
an insulating board and inserted in a drill hole. Electrical connections between the circuit
components were completed by designing the circuit using Proteus 8.7 professional software.
Electronic components were inserted in drilled holes through appropriate locations and then
were soldered to make good contacts. The circuit was fixed in housing, the input function
codes were written and fed into data acquisition system to enable device to interpret the
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measured parameters. Figure 17 show the circuit layout of the data acquisition system.
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Figure 17: Circuit layout of the data acquisition system.
3.3.3 Arrangements and measurement of temperatures and humidity

The arrangement and measurements of the temperatures and humidity are shown in Fig. 18.
Three temperature sensors LM 35 were used to measure the temperatures on both inside and
outside surface of the PV glazing, the temperature of the module and the relative humidity.
One of the sensors was connected directly to the data logger for recording room temperature
(Ty) and relative humidity (Ry). The air temperature (T,) was recorded by another sensor
which was installed outside nearby the solar window glazing while the module temperature
(Tm) was connected by another sensor within the surface of the window glazing. Both sensors
readings were recorded and stored directly to the equipment and then downloaded to the

software.
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Figure 18: Arrangement and measurements of the temperatures and humidity.

3.3.4 Arrangement and measurement of solar irradiance and wind speed during a day

Two solar meters TES 132 USB and SM 206 and 3-cup anemometer were installed on each
of the nearby semitransparent PV and north facing facade-and were set at 90° to horizontal
plane (Fig. 18). One solar meter was installed nearby of the experimental room to the
semitransparent PV and another was connected directly to the computer and being recorded.
Both solar meters were used for consideration of the impact of the irradiance variation for
receiving same amount of the irradiance which was captured by the panel. The readouts were
taken and made comparisons for the reliability and sensitivity of the data obtained for
measuring the global irradiance. Another solar meter was connected to the data logger and
the exact solar irradiance data were calculated using the measured voltage. In the same days,
investigation result at different solar irradiance was plotted for the comparison of the outdoor
semi-transparent window glazing performance. The wind speed was measured by 3-cup
anemometer and connected directly by RS 232 cables to the computer. It was installed 1.9 m
from the ground and 2.5 m across the window. The data were recorded at the interval of one
minute and sent to the computer for storage. The total irradiance was recorded every one
minute for the period of more than three months. The measurement was done basing on three

weather conditions, cloudy sky, clear sky, and normal weather conditions.
3.3.5 Arrangements of the measuring of daylight

The measurements of illuminance were obtained by two lux meters manufactured in China.

One lux meter was fixed in the centre of the rear side of the semitransparent PV and at a
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height of 0.54 m, to record the indoor illuminance. Another lux meter was installed near by
the panel outside of the experimental room to determine the outdoor illuminance. The
artificial lighting sources were switched off during the daily tests, and the illuminance data
were recorded by lux meter once per minute. Day lighting was introduced indoors through
the semi-transparent BIPV window. The indoor and outdoor illuminance were plotted, and

results on the visible light transmittance were calculated and analyzed.
3.3.6 Arrangement and measurement of electrical performances

The semi-transparent PV was connected to a control unit consisting of an electric load
(variable resistor) and the data logger. According to Fara and Craciunescu (2017), the
physical arrangement of the elements of the PV cell as well as the electrical characteristics of
each element enable to develop accurate equivalent circuit expressions for a PV cell.

The load resistance was connected purposely for semi-transparent PVs’ electrical
characteristics consideration with ammeter (A), and voltmeter (V) as shown in Figure 19 with
its simplified equivalent circuit. The performance was monitored at the solar irradiances of
650+10, 810410, 1000+10 and 1100+10 W/m? of the same day.

k_ panel _1

@
Ammeter
P LA Rl

strmg of load resistance —ﬂ

<V> Voltmeter

1

(@) (b)

Figure 19: Equivalent circuit diagram (a) and real circuit (b) for I-V and P-V plots

experimental measurements.
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The current-voltage (I-V) curves were measured by digital multimeters manually within 5
minutes at each solar irradiance. The I-V and power-voltage (P-V) curves were plotted to
provide important performance information about PV modules such as open circuit voltage
Voc, short circuit current ls., maximum rated power Pmay, current at the maximum power Iy,
voltage at the maximum power Vi, Then fill factor (FF) and power conversion efficiency n
were calculated from the formulas (1) — (2):

ImpVm
FF= _fmax — o )
VocXlIsc Voclsc

n=rpex (2)

Pin
Where: G is incident irradiance, W/m?, and A is window surface area, m>.
3.3.7 Arrangement and measurement of optical performances

Two lux meters were installed on each side of the semi-transparent PV and north facing
facade. One lux meter was fixed at the center of the rear side of the semi-transparent PV and
at a height of 0.54 m, to record the indoor illuminance. Another lux meter was installed near
the panel out of the experimental room to determine the outdoor illuminance. Both lux meters

were recording the transmitted and incident daylight.

Figure 20: Measurement of transmitted and incident illuminance.

To measure the Visible Light Transmittance (VLT) day lighting was introduced into the room
through the semi-transparent PV as shown in Fig. 20. The optical parameters measured were

illuminances, transmitted (Ey) inside the room and incident (Ej,). The VLTs were calculated
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from the formulas (3):

_ Etr
VLT =& (3)

n
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CHAPTER FOUR
RESULTS AND DISCUSSION

This chapter presents data obtained from experimental analysis. Section 4.1 presents weather
parameters results such as temperature variations, humidity and solar irradiations. Sections

4.2 — 4.4 present electrical and optical performance on the semi-transparent BIPV system.
4.1 Weather parameters results

Weather parameters are important factors for the performance of the solar PV window
glazing. These parameters are temperatures, humidity and irradiance. Figure 21 shows the
variation of the outdoor air and module temperatures on 10 July, 2019. The air and module
temperatures vary from 17 to 33 °C and 23-51 °C respectively while relative humidity varies
from 23 to 63% at different test conditions through the experimentations. As air temperature
increases, there is great increase of the module temperature that affects the performance of
the PV window glazing, the observation agrees by the author Shukla, Sudhakar and Baredar
(2016). Also, effect of solar irradiance on temperatures of air T, and the semi-transparent
window glazing T, and humidity Ry, is shown in Fig. 22 as measured on 18 June, 2019. Any
increase in temperatures is due to the increase of the solar irradiation, and module
temperature Tr, is higher than air temperature T, by 5 °C - 15 °C. The temperatures increase
gradually with increase in irradiation in the morning, but in the evening when the irradiation
decreases sharply the air temperature decreases slowly while module temperature remains
practically unchanged; these observation concurs to work by Selvaraj, Ghosh, Mallick and
Sundaram (2019). It was observed that any drop of relative humidity correlates with increase
of the irradiance; hence increase in power output where the observation agrees with data by
Hassanien, Li and Yin (2018).
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Figure 21: Variation of air temperature (T,) and module temperature (T,) measured on 10
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Figure 22: Variation of air temperature (T,), module temperature (Tn,) and relative humidity
(Ry) measured on 18 June, 2019.
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Figure 20. Variation of the wind speed at different test conditions.

Variation of the solar irradiation at different test conditions on 28 May, 2019, 10 June, 2019
and 18 July, 2019 respectively, is shown in Fig. 24. It has been observed that in clear sky the
total energy produced were 6 kWh/m?/ day. Also, in normal sky, the total energy produced
were 4 kWh/m? day while in cloudy sky, the total energy produced were only 2 KWh/m?/
day. The irradiance reduced sharply when the sun was covered by clouds and raised shortly
when cleared. The solar irradiance ranges were ~ 30-450 W/m?, 75-800 W/m?, and 130-1350
W/m?on a cloudy, normal and clear sky days respectively, throughout the experimentations.

The maximum solar irradiance at noon reached ~1350 W/m? for the whole experiment while

the minimum irradiance was obtained in the evening equivalent to ~32.5 W/m?. In the
evening the solar radiation drops abruptly from 5 pm to 6 pm due to the shadding effect. This
observation agrees with the author Cheng et al. (2018) in climatic region of China that

shading has an effect on power generation because during shading there is drop of the solar

irradiance. The fluctuations for monitored parameters might be due to change in

environmental conditions caused by either increased or decreased wind speed, un-prolonged
cloud cover, shading impact or irradiance fluctuations . Our study observed also that there is
no direct relationship on variation of the wind speed to the power generation and solar

irradiance as shown in Fig. 25. Hence location of the semi-transparent BIPV in building must
be considered thoroughly.
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Figure 21: Variation of the solar irradiation at different test conditions.

The effect of solar irradiance on the semi-transparent window glazing is shown in Fig. 25 as
measured on 18 June, 2019. Any increase in temperatures is due to the increase of the solar
irradiation because of availability of the sun, but high module temperature leads the power
output to decease. The temperature increases slowly with increase in irradiation and when the
irradiation decreases sharply there is slow decrease in temperatures as also concurs to
Selvaraj, Ghosh, Mallick and Sundaram (2019).
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4.2 Electrical performance

This section presents semi-transparent BIPV modules’ performance under a set of realistic
conditions. Figure 26 shows the electrical characteristics (I-V and P-V) curves measured at
different irradiations. From the curves, the open circuit voltage (Voc), short circuit current
(Isc), were obtained; the efficiency and fill factor were calculated from the formulas (1) and
(2); electrical performance parameters are summarized in Table 6. The maximum efficiency
obtained was 8.9% at irradiance of 1000 W/m? and temperature T, = 32 °C, which was
equivalent to the manufacturer’s efficiency, while at 1100 W/m? efficiency decreased to 5.8%
with increase the module temperature to 47 °C. The results agree with other studies of semi-
transparent BIPV performed in tropics of Spain and China, respectively, that with increasing
temperature Tp, the current I increases while the Vo, and Pmax decrease (Chemisana et al.,

2019). Figure 27 shows the correlation of fill factor and efficiency with solar irradiance.
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Table 6: Results of electrical measurements investigating effects of irradiance and

temperature.
. ircui Short circuit i - Module
Irradiance G Open circuit Maximum . Efficiency,
(W m?) voltage, V. current, Iy power, Fill Factor, N (%) temperature
V) (A) Prnax (W) FF (%) Tm (°0)
650 54 4.6 16.3 64.4 8.6 41.9
810 55 5.3 19.6 67.5 8.3 42.2
1000 6.2 6.5 25.9 63.2 8.9 32.2
1100 5.3 5.6 18.5 48.9 5.8 46.7
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Figure 23: The semi-transparent solar panel performance at different irradiances: 1-V curves
and P-V curves.

The variation of power versus solar irradiation obtained through recording of voltage and
current operating during a day is shown in Fig. 27. The power generated apparently depends
on the solar irradiation, the higher the solar irradiations the higher the output power
depending also on other factors such as module temperature. From Table 6, the solar PV
glazing window produced more power from the irradiance 600 W/m? up to 1000 W/m? in a
day with normal module temperature between 25 — 33 °C as compared to that at STC from
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the manufacturer. With G increase the Py, increases, but up to some limit, until temperature
rise brings to drop in Py, as happened at G = 1100 Wm™ and T, = 47 °C; here inspite of
higher G, the Py, appeared lower than at G = 1000 Wm™? and T, = 32 °C; and that is
apparently the temperature impact overcomes that of G. When there is high temperature, with
no regardless of the high irradiance, the power drops due to high heating of the panel. This
was also verified by S&nchez-Palencia, Martin-Chivelet and Chenlo, (2019). Through the
regression analysis, the correlation coefficient (R?) was found to be 0.8243; this confirms a

direct mutual correlation between power generated and solar irradiance.
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Figure 24: Correlation between power generated and solar irradiance.
4.3 Optical performance

Optical measurements were performed to obtain the visible light transmittance (VLT)
through the semi-transparent BIPV modules. All readings obtained were recorded using data
logger. The VLT was calculated by dividing the readings with transmitted light (E) with the
the illuminated light (Ei,) using formula (3). To ensure the accuracy of measurement results,
recordings were performed on different days. The average values were then used for the VLT

calculation as shown in Table 7.
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Table 7: An example of daily measured optical parameters

[lluminance (kLux) VLT
Time Transmitted (Ey) Incident (Ein) Ew/ Ein
9:00 5.23 44.86 0.12
11:00 8.99 62.12 0.14
13:00 13.65 77.12 0.18
15:00 15.61 87.87 0.18

The visible light transmittance of the semitransparent window is the important parameter for
the passive daylight. Figure 28 (a) shows the plots of incident and transmitted daylight
illuminance through the semi-transparent PV as the daily profile measured in the clear sky on
26 July, 2019. The maximum daylight illuminance was 119 kLux while the corresponding
transmitted illuminance was 23 kLux. This represents maximum VLT of 19% whereas the
VLT range of the semi-transparent BIPV module is 11-19%. The values agree with results by
other researchers (Chae, Kim, Park & Shin, 2014; Meng, Jinging, Hongxing & Yimo, 2018),
where the VLT values for semi-transparent BIPVs were obtained 2% - 37% in the tropics of
China. The result shows that increase in illuminance is due to increase of the irradiance; the
illumination also is affected by other factors such as temperature and wind. Figure 28 (b)
shows the transmitted illuminance through the semi-transparent PV panel against the incident
daylight illuminance. In this plot there is good correlation coefficient (R?) of 0.9794. This
result shows that the VLT of the glazing window was approximately equal to 19%. Table 8
shows monthly VLT measurement results of semi-transparent BIPV modules for the

complete experiment.
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Table 8: Monthly VLT measurement results of semi-transparent BIPV module.

Date of the experiment: 21 May, 2019 — 20 August, 2019

Average Illuminance (kLux) in each month

Month Transmitted (Ey) Incident (Ein) Average VLT (%)
May 6.18 42.41 15
June 14.89 87.92 17
July 23.17 119.21 19
August 21.34 112.65 19
Overall VLT for the whole experiment 175
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS

This research study investigated semi-transparent BIPV applications for commercial
buildings in the tropics in two key phases: (1) Measuring of weather parameters in tropical
area and (2) Analyzing electrical and optical performance of semi-transparent BIPV system in
the area. In this chapter, the fundamental findings are summarized. Also, the
recommendations for future research are highlighted.

5.1 Conclusion

Semitransparent BIPV is a smart energy generation approach that integrates photovoltaic
technologies into buildings to harvest abundant solar energy in various forms. It is considered
to be among the promising renewable energy technologies of the future since its discoveries
in the 1970. The results of this study revealed the following important findings:

Electrical parameters analysis shows that performance efficiency of the semi-transparent PV
under real condition decreases with increasing of the module temperature. Maximum
efficiency obtained at irradiance of 1000 W/m?and the panel temperature of 32 °C was 8.9%,

which was equivalent to the manufacturer’s efficiency, while at 1100 W/m?

efficiency
decreased up to 5.8% with temperature rise to 47 °C. Therefore the electrical energy
efficiency of the semi-transparent PV panel increases with the increase in solar irradiation up

to reaching the highest point, but decreases at the high panel temperature.

Shading has impacts on the power production for the semi-transparent modules. Experiment
showed that every day at 5 pm there was great reduction of the power as well as the solar
irradiation due to shading. Hence proper location of the BIPV with consideration of shading
has to be considered to avoid this problem. However the shading affects slowly the fall of the

panel temperature-

Optical measurements were conducted to obtain the VLT of the semi-transparent modules.
The semi-transparent window glazing possesses the visible light transmittance of 11-19% and
produces good indoor environmental visual comfort for occupants. So semi-transparent

window glazing is recommended for the Arusha tropics and other sub-Sahara areas with the
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same conditions.
5.2 Recommendations

In various countries the BIPVs are widely implemented due to their advantages and also due
to government support and customers awareness, hence there is a great need for government
supports to get the industry started as it has been carried out with accomplishment in
European countries. However, in Tanzania and other tropical countries, the BIPVs are rarely
used up to now. Due to the large amount of solar radiation, semitransparent BIPV systems are
very well suited for energy generation as shown in chapter four and they will possibly play a
significant role in the future energy generation. New technologies under improvement will in
the future provide semi-transparent BIPVs with better efficiencies and decrease production
costs. Some of the new concepts relate to the third generation of organic-based PVs,
consisting of dye-sensitized and TiO, solar cells; and solution concerns also awareness of
stakeholders and growing the market share. The following are recommendations in few areas

of future research that could possibly be helpful on the way to the implementation of BIPV.

More studies have to be conducted for investigation of the impact of low visible light
transmission, low solar heat gain coefficient and high u-values of the semi-transparent
window glazing on the health of occupants and also their behavior and feelings towards
implementing renewable energy. Such studies can also consider occupants’ comfort such as

thermal comfort and glare.

This research has assumed that only semi-transparent photovoltaic modules are adopted to
replace traditional window glazing. Further research can consider transparent and opaque
BIPV modules of various transmittances to obtain the best energy result and occupants’

satisfaction.

An investigation of possible barriers and awareness to adoption of the BIPV from different
stakeholders such as architects, designers and engineers regarding design and implementation
of BIPV modules are also recommended to be conducted. These barriers and awareness to
adoption can affect the selection outcome and final costs of BIPV systems and guide the

future direction of BIPV architectural design.
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