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Abstract

Research conducted over the years has established that the building industry is responsible for a
significant portion of the world's energy consumption, accounting for about 30% of the total
electricity used. Most of this power usage is directed towards regulating the temperature of
buildings, with the primary cause being the glazing systems employed in construction.

The main aim of this undertaking is to carry out a thorough analysis of the Cadmium Telluride (CdTe)
Solar Cells Semi-Transparent Photovoltaic (STPV) glazing systems. This research implemented
experimental testing procedures and numerical models to evaluate the system's optical, thermal,
and electrical performance to accomplish this. To perform this analysis, small samples of
commercially available thin-film modules that contain CdTe solar cells were utilised for indoor
testing. The primary objective of this testing is to quantify the relevant optical, thermal, and
electrical parameters that affect the system's performance.

This work includes a thorough literature review, which investigates the work that has been done by
other researchers and is divided into two main sections. The first section covers the research done
on silicon-based solar cells STPV glazing systems. The second section covers the research that has
been done on STPV glazing systems with integrated CdTe solar cells.

The literature review chapter was followed by a characteristics process that quantifies the optical,
thermal, and electrical attributes. This approach was based on a set of experimental tests, these
experiments were developed to be carried out in a controlled lab setting and implemented on six
different CdTe STPV glazing samples, as well as two clear double-glazing samples and a clear single-
glazing sample. To carry out these tests, a scaled-down testbed was built based on Guarded Hot Box
and Mobile Window Thermal Test, in addition to the utilising of a heat flux sensor and thermostats
that measure the temperatures on both sides of the glazing surfaces, this kit was used to calculate
the Heat Transfer Coefficient (U-value). As for the Solar Heat Gain Coefficient (SHGC) and optical
characteristics a spectrometer was used.

A solar simulator was developed, to carry out the electrical characterisation tests. To achieve
constant solar irradiance (1000 W/m?) while maintaining a similar movement, the developed solar
simulator was split into two components. First, the sun simulator, which is the stationary part,
consists of nine halogen lamps bolted into a frame and the illuminations of these lamps are
controlled by a transformer. The second part is the movement simulator, which is a flat plate that
moves in two axes. The movement is powered by two DC motors, an Electrical linear actuator that
moves vertically, helped by a spherical ball joint installed below the flat plate, and a Geared DC
motor which operates in an angular manner. A control unit operated by the data logger has been
installed. This unit contains two DC-Motor Drivers with an internal DC power supply and multiple
potentiometers to control the speed of both motors in case the unit is operated manually.

These outcomes were later used in building the required simulation profiles to evaluate the overall
energy consumption of the buildings when utilising semi-transparent photovoltaic glazing systems.
The overall energy assessment will be conducted in two stages, the first stage was conducted
through a numerical model developed by the EnergyPlus software tool embedded within



Designbuilder software. In the second stage, a load flow analysis on a grid level was carried out
employing PowerFactory (DIgSILENT) software.

The evaluation process has indicated that utilising Argon filled double-glazing system would be the
most efficient glazing system from the overall energy consumption point of view. As the Argon-filled
double-glazing system has an overall energy consumption of 6477.34 kW, 6590.8 kW, and 8521.04
kW when covering 30%, 60%, and 100% of the wall area respectively. This result is caused by the
fact that the heating load is the dominant load in the location of the simulation.
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CHAPTER 1
INTRODUCTION



1. Introduction

1.1. Motivation

As the population of humankind increases, the demand for energy sources in general and electrical
ones in specific increases, where most of this demand is diverted towards the building sector. The
buildings sector contributes significantly to the global economy, estimated at around 20% of the
total worldwide Gross Domestic Product (GDP). On the contrary, this sector [1] brings several
challenges related to energy supply and resources, the environment, and the climate crisis. As a
result, the movement to understand how to reduce energy consumption levels and utilise
renewable energy resources has gained momentum. Many studies have indicated that the building
sector consumes around 30% of the generated electricity globally. Most of the consumption is
concentrated on satisfying the heating and cooling demands of the buildings. This consumption is
caused mainly by the glazing systems, i.e., in the United States, around 61% of the energy consumed
in commercial buildings is directed toward fulfilling heating and cooling demands. These demands
are caused by the glazing systems. In 2010, more than 40% of the energy that has been generated
in the United States was consumed by the building sector, and again, around half of that energy was
aimed at satisfying the heating and cooling demands [2]-[5].

Establishing effective policies to tackle these problems could not occur without analysing the
energy consumption sources and causes. Many researchers have identified the glazing systems as
an area that could be improved since glazing systems play a crucial role in the heat transfer process
that goes through the building structure and their fundamental impact on the thermal performance
of any building [5], [6].

1.2.  Research Background

A keen interest in photovoltaic technologies has been growing driven by the flexibility that this
technology possesses; this flexibility is shown in the ability to be utilised inside the cities and the
urban areas or by the method of installation, whether that was as an added feature on the roofs of
the buildings or as a part of the building structure, especially after the advancement that has been
achieved in the field of the used materials that the photovoltaic technologies are built from, which
is represented by the innovation of the thin film technologies and their ability to be integrated into
the glazing systems [7]-[10].

As stated above, glazing systems enormously affect overall energy consumption, and conventional
glazing systems tend to be poor insulation tools. Therefore, integrating solar cells into the glazing
systems is a possible solution to improve the overall energy consumption of the whole building.
However, although the benefits of integrating solar cells into the glazing systems or using semi-
transparent photovoltaic (STPV) glazing systems extend beyond the ability to generate electricity
and improve the thermal performance of the building but before utilising this technology, multiple
factors need to be taken into consideration such as the climate profile of the building location and
the shading that is generated from the surrounding buildings [11]-[17].



Employing STPV glazing systems requires deep analysis to conclude the optimal design that will be
implemented into the building. Furthermore, due to the existence of solar cells, the amount of solar
radiation that enters the building is limited or at least less than the conventional glazing systems,
resulting in a reduction in the natural daylight and the outdoor view and leading to an effect on the
lighting demand and the thermal performance inside the building [17], [18].

Finally, utilising such technology requires an in-depth analysis to highlight the thermal, electrical,
and optical characterisation and impact to reach an optimal case study that can be transferred to a
real-world application. This knowledge will allow the PV and glazing industries to provide the
necessary database to design high-performance STPV systems.

1.3.  Research Aim and Objectives
This work aims to implement an in-depth analysis while developing an experimental testing
procedure and numerical models to characterise the optical, thermal, and electrical performance of
the CdTe STPV glazing systems. Small samples of unique CdTe solar cells commercially available thin-
film modules are used for indoor testing to quantify the relevant optical, thermal, and electrical
parameters affecting their performance.

Until now, there has been considerable research on the thermal and electrical performance of STPV
glazing systems. However, the individual study cannot provide optimal integration since their
thermal, electrical, and daylighting performance influence each other. Furthermore, in this
research, more attention is focused on the overall energy performance of STPV glazing through
monitoring actual integrated prototypes. The concentration of the current work lies in establishing
a clear comparison of different STPV technologies and conventional double-glazing systems under
the exact boundaries and conditions. The energy performance of STPV glazing systems is related to
many variables, and comparative studies indicate which STPV technology performs better and
investigate their applicability in heat-dominating load climate locations like the United Kingdom.

Annual energy-saving potential deriving from the building integration of the STPV systems will be
investigated through dynamic modeling. It is evident that non-validated models or assuming
physical properties have been used in many studies in the field. In addition, this work also aims to
develop and validate appropriate models (thermal, electrical) that will be used to investigate the
effect of the STPV and critical design parameters (WWR, transparency, etc.) on the annual energy
demand of a reference building. A variety of selection criteria are taken into consideration to
propose the optimal integration of each STPV technology. In this way, this research will serve as a
guide for the optimal integration of STPV technologies to provide maximum energy efficiency
according to the characteristics and the use of the building itself. The methodology should be easily
extended to other emerging PV technologies and building typologies to provide a new strategy for
energy-efficient building design.

1.4. Research Questions
This research intends to address through experimental and simulation work the following issues:



R/

+* Preparation of several semi-transparent STPV glazing systems using a CdTe thin-film module
and a suitable experimental test procedure to determine their thermal, optical, and
electrical performance.

¢ The impact of various glazing parameters (optical, thermal) combined with STPV technology
on the temperature profile and solar energy yield performance of the STPV windows.

¢ Development of a numerical simulation model to determine the impact of such technologies

on the building energy performance and the grid as a whole.

1.5.  Contribution to Knowledge
This research’s contribution to knowledge could be summarised as follows:

e Further research and analysis of the possible impact that CdTe semi-transparent
photovoltaics glazing systems would have if integrated within the building structure.

e Introducing a lab-based approach to assess the electrical, thermal, and optical characteristics
of semi-transparent photovoltaic materials. Comparing results with single-glazing, clear
double-glazing, and Argon-filled double-glazing samples.

e The overall energy assessment of the CdTe semi-transparent photovoltaics glazing systems
at a location where the heating load is the biggest need to be addressed. This energy
assessment was carried out on two different scale building settings, and different Window
to Wall Ratios (WWRs) case studies.

¢ Investigating the impact of integrating semi-transparent photovoltaic glazing on the load
flow and the stability of the whole electrical system.

1.6.  Research Approach
The research approach can be divided into three main phases, as shown in Figure 1.1. These phases
are the characterisation phase, simulation profiles building, and finally, the simulation phase. The
characterisation phase was based on experiments utilising different measurement equipment to
find the thermal, optical, and electrical properties of the existing CdTe STPV samples. Experimental
tests and setups used by previous studies were reviewed to select the one that best fits the aim and
objectives of the research, and as a result, a testbed has been constructed as an indoor test
enclosure, and the results from different experimental tests were used to build the simulations
profiles. As for the simulation’s profiles phase, the required measurement equipment was identified
and calibrated for precise data collection. The collected data from this set of equipment included
solar irradiance, STPV glazing samples' generated power, and the Peltier units' power. The collected
data were used to evaluate the thermal and energy performance of CdTe thin film-based semi-
transparent photovoltaic glazing. STPV glazing performance was compared to conventional double
and single glazing for a better physical interpretation of the results. The thermal performance was
assessed by calculating the glazing under study's overall heat transfer coefficient (U-value) and solar
heat gain coefficient (SHGC). The simulation phase aims to provide an overall energy assessment.
This phase can be split into two parts. The first is an overall energy performance on a building level
through a numerical model developed by the EnergyPlus software tool embedded within
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Designbuilder software. In the second part of this phase, a load flow analysis on a grid level was
carried out employing PowerFactory (DIgSILENT) software.

Experimental tests
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FIGURE 1.1 RESEARCH GENERAL APPROACH

1.7. Thesis Structure

The thesis follows the manuscript-based format consisting of six chapters, four main chapters, an

introduction chapter, and a conclusion chapter. In the list below, a brief explanation for each
chapter:

e Chapter 1: The motivation behind this research and its aim and objectives have been
reviewed. Furthermore, the research approach and methodology have been briefly
highlighted. Finally, the expected contribution to the field has been cited.

e Chapter 2: An in-depth literature review has been conducted in this chapter. The literature
review started by looking into building energy consumption and investigating the different
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renewable energy sources integrated and adapted into the building sector. Furthermore, a
detailed study of the STPV technology has been carried out, and that review is constructed
based on the solar cell materials used in this STPV. At the end of this chapter, a review
regarding the integration of PV and STPV on the grid level has been shown.

Chapter 3: The methodology of the research has been described, starting from the different
equipment used in the practical set-up to collect the thermal, electrical, and optical data of
the STPV glazing samples. A description of the numerical model follows this utilised to
investigate the overall energy consumption by providing data from a Single glazing sample.
Chapter 4: Analytical results from the thermal, electrical, and optical practical tests are
discussed in detail. These results aim to characterise the CdTe STPV glazing samples, which
would be employed in the numerical model developed by the Energyplus software to
investigate the overall energy performance of these samples, which is discussed in detail in
Chapter 5.

Chapter 5: Numerical models have been developed to investigate the overall energy
consumption of the practical set-up has been designed. This numerical model is then scaled
up. In phase one, the experimental set-up is an office setting, and the results of STPV glazing
systems are discussed and compared against reference glazing systems. Similarly, in the
second phase, the office setting is scaled up into a whole building, and the overall energy
consumption is investigated. The impact of integrating STPV glazing systems will be
examined on a Grid level by tracking the load flow. An electrical system will be numerically
simulated when a set of buildings utilising conventional Double-glazing systems and then
when the same set using the optimal design reached in Chapter 5 is implemented.

Chapter 6: A cumulative conclusion for the work described within the research and highlights
potential further work in specific areas required for effective commercial implementation of
the proposal.



CHAPTER 2
LITERATURE REVIEW



2. Literature Review

A profound literature review is essential to support the aim and objectives of the research. In this
chapter, contributed studies and knowledge related to the research approach have been reviewed
and classified into five sections:

e Building energy consumption 2.1.

e Glazing impact on the overall energy consumption 2.2.

e Renewable energy integration within buildings 2.3.

e Semi-transparent photovoltaic technology 2.4 and in this section, an in-depth analysis of the
latest development of STPV glazing technologies and their effects, through experimental and
simulation studies, are highlighted based on the solar cell’s integrated material.

2.1.  Building Energy Consumption
As mentioned above, the overall energy consumed by the building sector has increased immensely
in the last decades. This consumption is estimated to be in the range of (30-40) % of the overall
energy consumed globally [19]. Many attributes of the glazing systems can be identified as critical
factors in the overall energy performance of the building sector, including but not limited to the
glazing cover ratio of the wall (WWR) and the orientation of the glazing system, resulting in many
researchers investigating these factors.

Many researchers have focused on the impact of the glazing system orientation, such as the
research of Eljojo [20], which was based on developing a numerical model to investigate the effect
of the glazing systems WWR and orientation on the overall energy performance. The outcomes
indicated that the overall energy consumption could be reduced by 40%, and the emitted emission,
especially CO,, would be reduced by 30% when installing the glazing system in the optimal position.
Similarly, Pai and Siddhartha's [21] research has found a correlation between the orientation of the
glazing system and the potential to reduce the overall energy performance.

However, the glazing cover ratio of the wall or window-to-wall ratio (WWR) is the most impactful
factor on the heating and cooling demand, which in part represents the bull of the overall energy
consumption of the building sector. Youssef et al. [22] and Cannavale et al. [23] concluded that when
the glazing systems cover smaller areas of the wall, the heating and cooling demands tend to
decrease. Saridar and ElKadi's research [24] investigated the annual overall energy consumption
when the glazing systems cover different areas of the wall, as well as when the glazing systems are
installed in different orientations. The results have shown that the WWR is the most influential
factor in the overall energy performance of the building.

In order to reduce the cooling and heating demands, shading devices were utilised, which led to
decreasing the heat loss and the heat gain through the glazing system, which would reduce the
heating and cooling demands. However, utilising such technology would reduce the amount of
natural light entering the indoor environment. This reduction in the amount of natural light would
lead to anincrease in the artificial lighting demand [25]. It is worth mentioning that the geographical
profile of the building location plays a major factor in the overall energy performance of the building.



The geographical profile is characterised by solar irradiance and ambient temperature impacting
the glazing system analysis [26].

In conclusion, the overall energy performance of the building is dependent on the thermal and
optical characteristics of the glazing systems. The thermal attributes tend to impact the heating and
cooling demands, whereas the optical properties impact the artificial daylight demands. As a result,
utilising a novel glazing system occurs after investigating the thermal, optical, and electrical
attributes alongside the impact of this novel glazing system on the overall energy performance.

2.2. Glazing Impact on The Overall Energy Consumption
Glazing systems are crucial components of the building structure, as they represent the link between
the inner environment of the building and the surroundings. The glazing systems’ importance is
amplified by enabling natural daylight into the indoor environment, which improves the building’s
indoor comfort levels. However, this ability of the glazing systems would lead to heat transfer
through it, resulting in heat gain and losses. The heat gain and losses, in part, would impact the
heating and cooling demand of the building and increase the overall energy consumption. The
heating and cooling demands represent most of the overall energy consumption in buildings, which
is mainly caused by the thermal insulation properties of the glazing systems, as stated in Jelle et al.
research [27].

In summary, utilising glazing systems would result in heat gain and losses, which in part would lead
to an increase in the cooling and heating demand. To overcome these obstacles and achieve an
optimal glazing system that ensures a satisfactory level of indoor comfort while minimising the
impact of heat transfer through it. Chow et al. [28] research has suggested that the optimal glazing
system should be able to fully transmit the solar irradiance when it is operating in the visible light
spectrum while fully reflecting the solar irradiance when it is operating in the infrared spectrum. In
practice, this model only occurs in fully transparent glazing systems, which will be discussed below.

2.2.1. Single Glazing

A single glazing system encompasses one layer of glass embedded within a frame, Figure 2.1 below
shows a Single Glazing sample. From an economic point of view, single-glazing systems tend to have
lower initial and maintenance costs than other glazing systems [29]. The optical characteristics of
the single-glazing systems lead to competent daylight performance due to their ability to transmit
around 90% of the solar irradiance in the visible spectrum. Furthermore, single-glazing systems tend
to decrease the heating demand due to their ability to transmit more than 80% of the solar
irradiance in the infrared spectrum [30]. As for the insulation characteristics of the single-glazing
systems, single-glazing systems tend to have a U-value around 6 W/(mZ2.K), allowing high heat gain
and losses, which results in increasing the heating and cooling demands. Thus, further research is
needed to develop a glazing system that maintains an adequate daylight performance while
improving the thermal attributes.



FIGURE 2.1: SINGLE GLAZING SAMPLE

2.2.2. Double Glazing

The double-glazing system encompasses two layers of glass separated by a gap filled with gas
embedded within a frame, as shown in Figure 2.2. many researchers opted to investigate the impact
that different gases tend to have on the insulation characteristics of the glazing. This interest was
driven by the fact that gases tend to have a low thermal conductivity. For example, stagnant air has
a thermal conductivity of 0.026 W/(m. K), Argon has a thermal conductivity of 0.016 W/(m. K),
Krypton has a thermal conductivity of 0.0095 W/(m. K), and Xenon has a thermal conductivity of
0.005 W/(m. K) [30], [31]. Likewise, gases that absorb the solar irradiance in the infrared solar
spectrum were utilised to improve the thermal characteristics of the glazing system by reducing the
heat transfer through it [32]-[34].

Another aspect of the double-glazing systems was investigated, which is the width of the gap. This
interest is driven by the fact that the distance between the two layers of glass affects the heat
transfer through the glazing. As the width of the gap increases, the thermal conductivity decreases,
leading to reducing the heat loss through the glazing. However, the gap width is dependent on the
glazing system’s geographical location of the building. However, an excessive increase in the gap
would expand the convective heat transfer. Thus, an increment in the heat losses [26], [35].
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FIGURE 2.2: DOUBLE GLAZING SAMPLE

2.3. Renewable Energy Integration within Buildings

Utilising single and double-glazing systems would not reduce the overall energy consumption of the
building sector, while glazing systems enormously affect overall energy consumption. The
development of solar cell materials technologies enabled the designing of more efficient PV systems
as well as the integration of solar cells into the building fenestration. These improvement facilities
utilise photovoltaic technologies either as a standalone system attached to the building (BAPV) or
integrated into the structure of the building (BIPV) [7]-[10]. BIPV technologies would be utilised as
a replacement for conventional building elements such as roof tiles and glazing systems with solar
cells that generate electrical energy [27], [36], as shown in Figure 2.3. Many researchers have been
intrigued by BIPV technologies due to the electrical energy generation aspect that could be added
to the building structure [37].
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FIGURE 2.3: BIPV EXAMPLES [38]

2.4. Semi-Transparent Photovoltaic Technology

As mentioned above, the glazing systems represent the weak link regarding the overall energy
consumption of the buildings, and many researchers have proposed methods to develop and
enhance the technologies that are utilised in the glazing systems. One of these methods was
integrating solar cells into the glazing systems due to the duality of benefits that this technology
possesses. Firstly, the ability to generate energy through the conversion of solar irradiance into
electricity and the ability to improve the thermal performance of the building. This improvement
occurs by reducing either the heating or cooling demand, depending on the embedded model.

Most researchers have opted toward investigating the effects that utilising STPV glazing systems has
on buildings. These effects were studied by implementing experimental measures, which led to
constructing testbeds and developing numerical models. Depending on the solar cells employed in
the STPV glazing systems, the review of this research can be broken down accordingly. Most of the
conducted research was based on integrating silicon solar cells, whether these cells were Crystalline
Silicon (c-Si), or Amorphous Silicon (a-Si), or Cadmium Telluride (CdTe) solar cells. It is worth
mentioning that there are huge efforts to make a breakthrough in utilising synthesis material [39] Is
in solar cell technology, and the work of P. Selvaraj et al. [39] is a prime example. P. Selvaraj et al.
were based on developing a dye-sensitised solar cells (DSSC) glazing system in the laboratory and
then conducting several tests to identify the thermal, electrical, and optical characteristics of the
DSSC glazing system.

The methodology used in the below literature can be classified into two distinctive methods. The
first method would be based on constructing a testbed to collect data, then analysing this data, and
drawing a conclusion based on the analysis. The other method would be developing a numerical
model using a software tool and validating this model by comparing it with an experimental
measurement of the STPV glazing system.

To simplify the process of the literature review, the review has been broken into two sections. The
first section will review the work that has been based on utilising the different types of silicon solar
cells. The second section will review the literature that has been based on utilising CdTe solar cells.
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2.4.1. Silicon Solar Cells

2.4.1.1. Crystalline Silicon Solar cells (c-Si)

Peng et al. work in [2] was based on constructing a testbed to investigate the effects of employing
a c-Si STPV glazing system. The investigated impacts were focused on the glazing systems' electrical,
thermal, and daylight performance. The results indicated that the generated energy would peak
when the glazing system faces the south and southwest orientations with a daily average electrical
production of (1.9-1.94) kWh. Furthermore, the daylight performance of the sample delivered
sufficient daylight for around 80% during the experiments. The results on the thermal performance
have indicated that utilising a conventional Low-E double-glazing system would be more efficient.
The effect of the surrounding shading has been recorded and would decrease the overall generated
energy. This decrement depends on the shape of the shading, whether horizontal or vertical. In
addition, the solar cells’ temperature is another factor that affects the generated energy.

Bambara and Athienitis's [40] work was based on simulating the effects of integrating a c-Si STPV
glazing system in an agricultural building. The study established a link between the economic return
of implementing such a system and the life cycle, thermal, electrical, and daylight parameters. The
results indicated that implementing the STPV glazing system would increase the lighting load by at
least 80%, saving around 40% of this load energy. Furthermore, the system would lead to a decrease
in the heating load by more than 10%. However, considering the life cycle, a 30% deterioration in
the performance would make it less feasible to implement.

Lu and Law [41] showcased the effects of implementing a c-Si STPV glazing system over the energy
overall consumption for the whole building. The experiments were conducted in Hong Kong, where
the cooling load is the dominating load. The cooling load, whether it was for cooling the water or as
a part of the HVAC system, has decreased by more than 60% as it mitigated the solar heat gain. The
optimal orientation was investigated, and the southeast has provided the most efficient overall
energy consumption.

Xu et al. [18] research was based on developing a numerical model to be validated using
experimental measures for the c-Si STPV glazing system. The aim was to find the optimal coverage
ratio levels (transparency levels, low coverage levels, high transparency, but it depends on the way
the solar cells are installed, not the structure of the material) for the STPV taken into consideration
(WWR), STPV samples orientation and simulated zone area (room depth). The results indicated that
as the coverage ratio of c-Si solar cells in the glazing system increases, the electrical conversion
ability of the glazing system decreases because of the increment of c-Si solar cells’ temperature
(although the increase in the coverage ratio means more active solar cells and as a result more
electricity). Furthermore, the lighting load increases with the decrement of the glazing transparency
capabilities; what is more, the daylight performance was affected more by the area depth than the
WWR the glazing system occupies. The heating and cooling load have an opposite trend when
compared with the lighting load driven by the geometrical profile of central China.

Yun et al. [42] have focused on investigating the effects of installing a passively ventilated double-
glazing c-Si STPV glazing system on various aspects of the building in the quest to find the optimal
glazing system that contains solar cells. The work was based on the Environmental System
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Performance for Research (ESP-r) software to compare the results in three different locations in the
continent: Madrid (Mediterranean climate), London (moderate climate), and Stockholm (cold
climate). The results indicated that the WWR in London is the biggest to achieve maximum
efficiency, whereas, in Madrid, the WWR tends to be lower to reduce the passive heating element
and reduce the cooling demand. However, in Stockholm, the integration of such a system does not
provide a sufficient improvement in overall energy consumption. Integrating the system in small
rooms tends to have a better energy consumption due to the lighting demands. To reach an optimal
design regarding this system, the addition of insulation materials is crucial, as indicated in the
results.

Refat and Sajjad’s [43] research has investigated the impact silicon-based STPV glazing systems
would have on building energy consumption by developing a numerical model. The results have
indicated that utilising STPV glazing systems with clear glazing being the inner surface material at
WWR%= 60% or more would increase overall energy consumption regardless of location.
Furthermore, using such a system at WWR% = 10% would reduce the overall energy performance
between (20-50) %, depending on the location. However, replacing the clear glazing with Low-e
material for the inner surface of the STPV glazing systems would reduce the overall energy
performance by (45-70) %, depending on the location.

Wu et al. [44] have developed a numerical model to investigate the effects shading sources have on
the electrical and thermal performance of the c-Si STPV glazing system. The results have shown that
as the shadow width increases, the generated energy and the heat gain decrease. April has the most
significant drop in the generated power by 15%. Furthermore, in August, the heat gain dropped by
1.2%, decreasing the cooling demand.

Xiong et al. [45] studied the effects on the electrical performance of the c-Si STPV glazing system
impacted by the inter-building while under shading conditions by developing a numerical model.
The results highlighted that the solar irradiance in December decreased by 36% and the generated
energy by 40%. Furthermore, the solar conversion ability of the c-Si STPV glazing system decreased
by 39%.

2.4.1.2. Poly-Crystallin Silicon Solar Cells (p-Si)
Ploy-crystallin silicon solar cell materials are similar to c-Si solar cells, but the structure process of
the solar cells is different [46]. The developed works that used p-Si STPV include the following.

Wong et al. [15] have introduced a novel way to integrate STPV solar cell materials into residential
building roofs and develop a numerical model. A correlation between the effectiveness of the
glazing system and the location’s geometrical profile has prevailed. The proposed system achieved
an overall annual heating saving but will result from increasing the cooling one. Efforts are spent to
develop an optimised model. With various weather conditions, their proposal revealed the energy-
saving potential for moderate and temperate climates. Fung and Yang [47] investigated the thermal
performance and, specifically, the heat gain aspect of the building model deploying a p-Si STPV
glazing system. The considered factors are the orientation of the glazing, the transparency (solar
cells coverage area), the electrical efficiency of the glazing system, and the structure of the system.
The p-Si STPV glazing system has the highest heat gain when the glazing is southwest, orienting the
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heat gain to about 230 kWh/m?2. The heat gain reduces when the transparency reduces with a
difference of 70% drop between the highest and lowest transparency, and the drop is caused by the
absorbance of the solar radiation by the solar cells. At the same time, the solar cells’ efficiency tends
to have a minor effect on the heat gain due to the structure of the glazing system. Also, the results
indicated that the difference between the thinnest and thickest glazing gives around a 15% drop in
heat gain. With that being said, the effect of the structure is marginal since increasing the thickness
of the glazing system will lead to an increase in thermal resistance.

Park et al. [48] investigated the electrical performance of an STPV glazing system, taking into
consideration the following aspects: solar radiation, the climate profile of the location, and the
glazing structure. The results revealed minor differences between transparent and coloured glazing.
A transparent outdoor surface and a bronze one are tested. It was expected that the indoor
temperature during the summer would be higher than in winter. However, the STPV glazing tends
to have the opposite results, reasoned by the models tend to have a variable amount of solar
radiation depending on the climate profile of the location, and the location tends to have seasonal
rains during the summer, which will reduce the solar radiation gain at its peak, furthermore, the
generated electricity in the cold seasons tend to be greater than the generated amount in the hot
seasons which is driven by the temperature of the solar cells and as the temperature of the solar
cells increases the generated energy decreases by (0.4-0.6)% for each 1°C surge.

Zhang et al. [49] research examined the electrical and thermal results of implementing p-Si PV-
Thermoelectric (PV-TEC) technology into the STPV glazing systems model by developing a
mathematical model. the results indicated that if the PV-TEC or the STPV-TEC glazing systems tends
to consume the same amount of energy, which is around 71.8 kWh.

Karthich et al. [50], [51] studied the buildings’ overall energy performance when p-Si STPV glazing
systems were utilised within the roof structure by developing a numerical model. The results have
shown that the light demand of the building has decreased by (87-131) kWh annually, depending
on the transparency of the model [50]. Furthermore, integrating phase-changing materials (PCM)
would reduce the p-Si STPV glazing system surface temperature by 9°C. Furthermore, the electrical
conversion ability of the glazing would increase by 9.4% [51].

2.4.1.3. Amorphous Silicon Solar Cells (a-Si)

Cheng et al. [52] investigated the effects of installing an a-Si STPV glazing system on daylight
performance and overall energy consumption. The results have been interpreted considering the
WWR, the transparency levels of the glazing system, and the orientation of the glazing. The results
indicated that the daylight performance tends to improve as the transparency levels increase to a
certain level and peaked when the transparency was 60%, which is driven by the fact that the useful
daylight illuminances that meet the threshold have increased across the whole simulation setting.
Also, the increase in transparency levels increased the heat gain, which would have a positive impact
on the heating demand. However, the cooling load would increase, which is not an issue for cold-
climate locations. The outcomes indicated that the increase in the transparency levels tends to
increase the overall energy consumption by 23%. Achieving optimal design required transparency
in the range of (40-50) %, south-oriented, and the WWR would be in the range of (40-50) %.
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Peng et al. [5], [16], [53] used an a-Si STPV double-glazing system aiming to optimise air gap width
to maximise energy savings. The results have stated that utilising an optimised model would
generate around 65 kWh/m? annually and reduce the overall energy consumption by 50%. It has
been identified that a 400 mm air gap would lead to an overall energy consumption of 290 kWh
annually, which is a reduction of 58% compared with a conventional clear double-glazing system [5].
The other part of the research has focused on the effects that a suitable ventilation system
installation would have on the overall energy performance [16], [53]. The results indicated that
utilising a ventilation system would lead to enhancement of the temperature distribution across the
whole a-Si STPV glazing system, achieving a reduction of the solar heat gain by 20% while the energy
generation changed marginally by 3%. The reason behind this enhancement is the fact that utilising
a ventilation system would reduce the solar heat gain and, as a result, the cooling demand; however,
the surface temperature of a-Si solar cells is not affected significantly. Miyazaki et al. [6] found that
the daylight control mechanism has a catalyst effect on the overall performance. Without daylight
control, compensation in the transparency levels is needed. To increase the generation aspect of
the glazing system, the transparency levels would decline, and as a result, the heating and lighting
demand would increase due to the lack of the passive heating element against the natural light that
the indoor environment receives. However, if a daylight control algorithm were implemented, the
optimal design would deliver an overall energy saving of 55%. The delivered optimal model covered
50% of the wall area, and the transparency was 40%.

Weng et al. [8] work was also based on developing a validated numerical model that utilises an a-Si
STPV glazing system. The purpose was to identify the optimal structure that contains the a-Si STPV
as part of the insulation materials of the glazing system. The results have indicated that the air gap
depth tends to have a marginal effect due to the climate profile of the location where the
experiments took place. is found that a Low-E glass layer is required to achieve the optimal structure
that would achieve an overall energy saving of 25% compared to a single glazing system and 11% in
comparison with Low-E glazing.

Weng et al. [9] work was to determine the difference between the double skin fagade (DSF) STPV
(with a large air gap of 400 mm) and Insulation Glazing Unit (IGU) STPV (no big air gap). The results
of the thermal analysis of the models have shown that DSF-STPV will reduce the heat, gain which
leads to a reduction in the cooling load, while the STPV-IGU will increase the heating gain element
which consequently will reduce the heat load. Whereas, comparing both models with a conventional
glazing system would result in a reduction of around 30% for STPV-DSF and STPV-IGU. The research
has examined the effect of the ventilation system with STPV-DSF and compared it with STPV-IGU.
The results indicated that STPV-IGU is especially better when the louvers are open. Olivieri et al.
[13] work has been based on developing multiple numerical models utilising different a-Si STPV
glazing systems. This work aimed at exploring the outcomes of applying different STPV glazing
systems at different WWRs, to present the optimal energy-saving potential point of view. The results
have indicated that a-Si STPV glazing systems tend to have identical performance to the
conventional clear double-glazing system, or at best a decrement of around 6% in the energy
consumption levels when the glazing systems cover a small area of the wall (WWR < 30%). However,
when the STPV glazing system covers an intermediate area of the wall or covers most of the wall
(WWR > 30%), the energy-saving potential increases and ranges between (15-60) % compared with
a conventional clear double-glazing system. Regarding the indoor comfort levels, the glare
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phenomena only occurred when the weather profile was examining the indoor comfort levels at
midday, in winter conditions, and under clear skies situation.

Song et al. [10] investigated the effects of utilising an a-Si PV glazing system that is installed on the
roof of the building and compared it with a conventional double-glazing system while monitoring
the different incident angles. The results have indicated that installing the a-Si PV glazing system
with a 30° tilt angle south oriented south-oriented is the optimal state for the location of
experiments. Furthermore, the azimuth angle played a focal point regarding the output energy
generated which could be, around 22% improvement when it is 0° if compared with 90°.

Yoon et al. [54] research has investigated the effects of the surface thermal profile using a practical
testbed, including the evaluation of a conventional double-glazing system and a-Si STPV glazing
system at different tilt angles. The results indicated that the a-Si STPV glazing systems that are
installed flat (0 tilt angle) tend to have higher external surface temperatures when compared with
similar glazing systems but installed at different tilt angles (30 and 90°) during the cold weather
conditions (winter), whereas this trend is reversed in the hot weather conditions (summer). As for
the internal comfort levels, the results indicated that utilising an a-Si STPV glazing system would
lead to a lower ambient temperature during the day and a higher one during the night. These results
are driven by the fact that a-Si STPV glazing systems tend to have a lower heat gain coefficient, and
higher ability to execute thermal insulation when compared with the conventional double-glazing
systems.

He et al. [55] Research has analysed the electrical and thermal performances of a-Si STPV double-
glazing system and single-glazing system. This research was achieved through a heat balance
analysis that has been validated through a practical testbed. The results indicated that an a-Si STPV
double-glazing system reduces the solar heat gain and subsequently reduces the heat demand
driven by the fact that the air gap decreases the solar cell's surface temperature when compared
with a single-glazing system.

The results in [56] indicated that implementing an STPV double-glazing system would at least reduce
the overall consumption by 23% without any ventilation element and an extra 5% with it. The
ventilation element tends to reduce the solar heat gain of the indoor environment leading to reduce
the cooling load, but minimal impact on the efficiency of the solar cells.

Peng et al. [57] developed a numerical model that utilises a-Si STPV double-glazing ventilated system
and validated this model through a comparison with a practical testbed setup. The results indicated
that the numerical model predicted that the model m would generate electrical energy of 11.19
kWh in October 2012 and 13.96 kWh in January 2013, whereas the actual results were 11.46 kWh
and 13.56 kWh. These results indicate that the numerical model is accurate and can be used as a
stepping stone in the optimisation stage for future works.

Didoné and Wagner [58] used a-Si and organic STPV glazing system in South America (Brazil). The
research has compared the STPV glazing systems and traditional systems (single-glazing, double-
glazing, and Low-E). The results indicated a reduction in the overall energy consumption ranging
between (39-43)% depending on the geographical location. Also, the authors, concluded that
utilising Low-E glazing systems for the glazing that are orientated towards least the solar radiation
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while implementing STPV glazing systems on the other glazing would present the optimal model
regarding the energy performance.

Zhang et al. [59] research has focused on establishing the difference between utilising the STPV
glazing systems and the evolved glazing systems. These glazing systems (Double-glazing and Low-E)
tend to be more efficient from the point of view of overall energy performance. The comparison
was established with a numerical model that has shown the effects of utilising a-Si STPV glazing
system, double-glazing, and Low-E glazing systems. The results indicated that the STPV glazing
system achieved a decrease of 48% and 38% in the solar heat gain respectively. But on the downside,
the heating load and the daylight demand tend to increase because STPV glazing restricts the
amount the natural light and solar radiation that passively reduces the lighting load as well as the
heating load.

Chen et al. [60] research investigated the Solar Heat Gain Coefficient (SHGC) with different tilt angles
while a-Si STPV glazing system is connected to an electrical load. The results indicated that the SHGC
of the STPV double-glazing is lower than the STPV glazing system due to the existence of Low-E
materials in the STPV double-glazing system. It is found that if the tilt angle is less than 45°, then the
decrease in the SHGC is marginal, which is around 5%. However, if the angle is between 45°, and 70°
the decrement in the SHGC is around 20%. Furthermore, the electrical loads tend to have minimal
effect on the SHGC of (3-6) %.

Cuce et al. [61] work aimed toward identifying the thermal characteristics of the heat insulation
solar glass (HISG), which is a type of a-Si STPV glazing system. The results indicated that the U-value
of HISG is 1.1 W/(m?.K). Comparing the HISG with a conventional clear double-glazing system, the
HISG tends to represent a much better insulation tool.

Peng et al. [62] aimed to develop an accurate numerical model using SAPM software through
experimental tests based on a testbed utilising an a-Si STPV glazing system. The model results have
proven to be precise under clear sky conditions only with a margin of error of 3% compared with a
14% margin of error under overcast sky conditions.

Chae et al. [63] work based on developing three numerical models that use the different structures
of hydrogenated amorphous silicon (a-Si H) STPV glazing systems in six other locations. The results
indicated that the climate profile of the location represents a critical factor in the overall energy
performance of the model.

Wang et al. [64]studied the impact that a-SiGe DSF-STPV glazing system would have on the overall
energy consumption of the building by developing two test rigs to collect the data. The experimental
results have underlined that the electrical efficiency of the a-SiGe DSF-STPV glazing system is around
6%. Furthermore, the results indicated that the generated energy is inadequate to cover the testing
rig's electrical load. In addition, the UDI is reduced by 50%. On the other hand, the thermal
characteristics of a-SiGe DSF-STPV glazing system represent a better insulation tool when compared
with the conventional transparent double-glazing system.

Tian et al. [65]-[67] research has investigated the thermal and indoor environment comfort levels
utilising a-Si (DSF/IGU) STPV glazing system through a series of experimental tests [65], as well as
the saving potential in the overall energy consumption when utilising a-SiGe STPV glazing system
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[66]. The results have indicated that the electrical efficiency of the a-Si (DSF/IGU) STPV glazing
systems is around 5.5%. Furthermore, the ambient temperature of the indoor environment is lower
by 5°C compared with conventional transparent double-glazing [65]. As for the a-SiGe STPV glazing
system, the overall energy consumption would be reduced by 30% under clear sky conditions
compared to conventional transparent glazing [66]. Moreover, the a-SiGe STPV glazing systems led
to a decrease in the cooling demand during the summer period, which led to a reduction in overall
energy consumption by 29% [67].

Cheng et al. [68] studied an office setup's overall energy consumption and daylight performance
while utilising an a-Si STPV-DSF glazing system. The results highlighted that the annual energy
consumption of an optimised a-Si STPV-DSF glazing system is 33.9 kWh/m?, representing a reduction
of 9.4 kWh/m2 compared with a conventional transparent double-glazing system. Furthermore, the
N-daylit ratio of this system is around 57%.

2.4.1.4. Comparing the c-Si and a-Si solar cells

Few researchers have opted toward establishing a comparison between integrating c-Si and a-Si
solar cells into the glazing system. This section will go through a limited number of works in this
field.

In the research of Skandalos et al. [4], [69] an in-depth analysis in relation to the thermal
characteristics, alongside the optical performance, has been conducted. As for the electrical
performance, the analysis was dependent on tracking the cooling and heating demands. The results
were generated from multiple validated numerical models; these models were developed using
multiple software packages that identified the thermal, optical, and electrical characteristics and
then imported to the TRNsys software tool to do the heat balance analysis. The results have
indicated that utilising STPV glazing systems would lead to a reduction in the solar heat gain by
around 30%, which would lead to a decline in the cooling load. However, the lighting load, as well
as the heating, demand would increase. As for the optical, aspect applying STPV reduces the glare
by around 22% for the c-Si solar cells and, 27% for the a-Si solar cells. Finally, a-Si solar cells operate
efficiently in low solar radiant situations, while c-S is more effective in converting solar radiation
into electrical energy. Saber et al. [17] reviewed the different types of PV technologies, and an in-
depth analysis was conducted to evaluate their effects when these technologies are implemented.
The results have shown that p-Si solar cells tend to have a better electrical performance compared
with c-Si and a-Si solar cells. (This research has investigated PV units on the roof).

The research of Kapsis and Athienitis [70] has studied the outcomes of utilising different solar cells
(p-Si & a-Si) integrated into the glazing system and their effect on the overall energy performance.
The results have revealed that the orientation of the glazing system alongside the WWR and the
artificial light controlling mechanism are significant factors in the overall energy performance. The
optimal design has been able to present a low consumption ratio. The annual consumption ratio is
as low as 5 kWh/m?. It should be noted that the research geographical location tends to have a
dominant cooling load hence, the transparency levels were as low as 10%.
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Hwang et al. [71] investigated the optimal tilt angle and orientation where the integrated c-Si and
a-Si solar cells into the buildings would generate the most energy through a validated numerical
model. The research outcomes showed that the optimal tilt angle is in the range of (40°- 60°), as the
solar cells are oriented to the south. Moreover, the c-Si solar cells generated 6% of the needed
energy when installed. Furthermore, the most optimal design has reduced the overall energy
consumption by 5%.

Mesloub et al. [72] investigated the impact of a-Si and c-Si STPV glazing systems on the overall
energy consumption of a building through a numerical model. The results highlighted that the STPV
glazing systems would reduce the cooling load consumption by 75% compared with conventional
transparent double-glazing. Furthermore, the overall energy consumption would be reduced by
58%. On the other hand, the light demand consumption would increase by 20%.

2.4.2. CdTe Solar Cells
Cadmium telluride is a crystalline compound resulting from the combination of cadmium and
tellurium. It is composed of a cadmium atom with 48 protons in its nucleus and 2 valence electrons,
covalently linked to a telluride atom with 6 valence electrons. The direct bandgap of 1.4 — 1.5 eV
and a significant absorption coefficient make CdTe highly efficient. Based on the data presented in
the chart, this bandgap corresponds to photons with a wavelength of 825 nm, leading to a power
density of 1.25 kW/m?/nm [73].

Many researchers have focused on using CdTe solar cells because of their higher electrical efficiency
and unique thermal characteristics. Barman et al. [11] work was based on developing multiple
validated numerical models to employ different CdTe STPV glazing systems. The outcomes were
tested against transparency, orientation, and WWR. The results have indicated that the south
orientation leads to the highest energy generation, particularly with low transparencies. The cooling
and heating demands tend to be affected in a contrary manner when comparing the effect of the
WWR and the transparency levels. A reduction of 60% in the overall energy consumption levels
when compared with a conventional glazing system is achieved.

The results in [12] indicated that the STPV glazing system should cover more than 30% of the wall
area to influence the overall energy performance. Furthermore, when the STPV glazing system
covers 45% of the wall area or more, the amount of energy that is generated tends to increase,
especially when most of the glazing system is covered by solar cells. Their optimal design would
cover 75% of the wall area by glazing, with solar cells covering 80%. Regarding the indoor
environment comfort levels, employing STPV glazing systems tends to eradicate the glare
phenomena that usually occur when utilising conventional clear double-glazing systems.

Sabry [14] has developed a numerical model on MATLAB using Custom Neural Network (CNN). The
results have provided the electrical profile of the CdTe STPV units alongside the I-V curves. The
results have highlighted that the CdTe STPV glazing model would generate 22 W at an irradiance of
1000 W/m? while the temperature is at 45°C.

Alrashidi et al. [74] research has investigated the thermal characteristics of a CdTe STPV glazing
system through a practical setup. The results have indicated that the U-value of the CdTe STPV
glazing system is 2.7 W/(mZ2.K), which is lower than the conventional clear single glazing system by
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3 W/(m?.K). Moreover, utilising the CdTe STPV glazing system would reduce solar heat loss by 40%
when compared with a conventional clear glazing system.

Sun et al. [75] analysed the daylight performance of different STPV glazing systems (CdTe and c-Si)
under different levels of transparency and different WWRs. The outcomes of the research have
established that applying STPV glazing systems would reduce the probability of the over-illuminate
phenomena occurring, as well as limiting the possibility of the glare phenomenon happening,
compared with the conventional clear double-glazing systems as the transparency levels decline. In
[76], they explored the overall energy performance alongside the daylight performance, which was
conducted under different levels of transparency and different WWRs. The results indicated that
STPV glazing systems for WWR of 30% or less would not lead to any sensible lessening of the overall
energy consumption even if the whole glazing system has been replaced with a CdTe PV glazing. As
for the energy consumption, the optimal model would be a CdTe STPV glazing system that is 20%
transparent and covers 75% of the wall area. This model decreases the overall energy performance
by 73% or 1017 kWh annually compared to a clear double-glazing system.

Liu et al. [77] research has examined the effects of installing a CdTe glazing system into the fabric of
the building and specifically the daylight performance. Using CdTe STPV glazing systems is going to
increase the ratio of the useful and desirable illuminance, especially when the glazing is covering a
large area of the wall (WWR > 70%). Furthermore, the CdTe STPV glazing system would limit the
glare potential [77]. Additionally, the colour comfort analysis has been evaluated based on the
Correlated Colour Temperature (CCT) and Colour Rendering Index (CRI). The results indicated that
CdTe STPV glazing systems present an efficient method to control the amount of the CCT within the
transmitted light to the indoor environment. As for the CRI aspect, all of the CdTe STPV samples
obtained a CRI of > 97; however, the minimum comfort colour levels of the transmitted daylight
through glazing should be 90 or more (CRI > 90) [78].

By developing a numerical model, Preet et al. [79] investigated the overall energy performance of
CdTe STPV-DSF glazing systems under different ventilation models. The results indicated that
utilising the mechanical ventilation mechanism in the STPV-DSF glazing systems would reduce the
overall energy by 4% in June, 10% in October, and 14% in December. In addition to that, the
mechanical ventilation method reduced the gap temperature by 1.83°C on average.

Ghosh et al. [80] examined daylight performance and the indoor environment comfort levels while
integrating STPV glazing systems by developing a numerical model. The results indicate that the
visible light transmittance (VLT) needed to be between (50-70) % for the model to provide
acceptable indoor comfort levels. While in summer, the model with 70% VLT provided adequate
indoor comfort levels. However, the glare phenomena occurred midday.

2.5. Literature Review Summary
After analysing the literature, the following gaps can be identified:

e Further research and analysis are needed to determine the potential impact of integrating
CdTe semi-transparent photovoltaic glazing systems into building structures.

e A lab-based approach to assess the electrical, thermal, and optical characteristics of semi-
transparent photovoltaic materials.
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Investigating the overall energy assessment of the CdTe semi-transparent photovoltaics
glazing systems at a location where the heating load is the biggest need to be addressed.
Investigating the overall energy assessment of the CdTe semi-transparent photovoltaics
glazing systems on two different scale building settings while covering different Window-to-
Wall Ratios (WWRs).

Investigating the impact of integrating semi-transparent photovoltaic glazing on the load
flow and the stability of the whole electrical system.
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CHAPTER 3
EXPERIMENTAL APPROACH
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3. Experimental Approach

This chapter aims to establish the experimental methodology used to characterise the different
glazing samples examined in this research. The characterisation process can be categorised into
three distinctive classes which are thermal properties, optical properties, and electrical properties.

This chapter is going to discuss the physical properties of the samples that are used in this research
as well as details the experimental set-up that is used to get the different properties for these
samples.

3.1. Glazing Samples
In this research, six different CdTe STPV glazing samples, as well as two clear double-glazing samples
and a clear single-glazing sample, were utilised. Table 3.1 shows the glazing samples that are being
tested in this research, whereas Table 3.2 enlists the physical attributes of each sample.

TABLE 3.1: GLAZING SAMPLE'S PHYSICAL PROPERTIES

Sample Sample type  Solar cells materials

S1 STPV CdTe
S2 STPV CdTe
S3 STPV CdTe
sS4 STPV CdTe
S5 STPV CdTe
S20 STPV CdTe
S21 STPV CdTe
DG1 Double Glazing N/A
DG2 Double Glazing N/A
SG1 Single Glazing N/A

TABLE 3.2: THE PHYSICAL ATTRIBUTES OF THE GLAZING SAMPLES

Sample Dimensions Thickness Structure Gap (mm) Gap filled
(cm) (mm) material
S1 15*15 7 Glass-CdTe- N/A N/A
Glass
S2 15*15 7 Glass-CdTe- N/A N/A
Glass
S3 15*15 28 Glass-CdTe- 17 Air
Glass-Gap-Glass
S4 15*15 7 Glass-CdTe- N/A N/A
Glass
S5 15*15 7 Glass-CdTe- N/A N/A
Glass
S20 15*15 7 Glass-CdTe- N/A N/A
Glass
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S21 15*15 7 Glass-CdTe- N/A N/A
Glass

DG1 20*20 14 Glass- Gap - 6 Air
Glass

DG2 20*20 14 Glass-Gap - 6 Argon
Glass

SG1 30*30 6 Glass N/A N/A

The samples S1, S2, S3, S4, S5, S20, and S21 are the CdTe STPV glazing samples. Whereas the DG1,
which is a Clear air-filled double-glazing system, is going to represent the reference point similar to
what has been discussed in the literature review chapter. The SG1 is a clear single-glazing sample,
which is going to represent an example of the collected data from the practical setup, which is going
to be explained in this chapter.

3.2.  Characterisation Approach

To comprehend the impact that CdTe STPV glazing systems tend to have on the overall energy
performance of the building sector, an approach to identify the thermal, optical, and electrical
attributes is needed. It needs to be noted that the integration of such technology tends to be
influenced by the geographical and climate profile in which the building resides. As such, an
optimised module delivers a glazing system with an output that is balanced from the point of view
of transparency as well as efficiency. This module needs to extend both the electricity generation
and energy savings potential while keeping an adequate level of indoor comfort depending on the
building and how it is going to be utilised. To achieve this purpose, many researchers have
developed numerical models using different simulation tools that enable them to investigate the
impact of different parameters, including the glazing systems characteristics (Thermal, optical, and
electrical), the climate profile of the building location, as well as the building usage purposes and
even the possible impact that shading could have. These studies have been reviewed in-depth in
the 2" chapter of this thesis (Literature Review). To attain the objectives discussed above, which
aim to facilitate the transition of the building sector towards a more sustainable approach,
appropriate models should be developed and validated through experimental tests. After that, a
comparison between the existing CdTe STPV samples should be in detail.

The generated energy, as well as the thermal performance, contribute to the overall energy
performance of CdTe STPV glazing systems, which would be examined experimentally as well as
through developing numerical modules utilising software tools. Through the experimental tests, the
CdTe STPV sample’s thermal, optical, and electrical characteristics would be quantified, which is
essential to construct each sample’s unique profile. This profile is going to be computed into the
numerical model to calculate the overall energy performance and saving potential of each CdTe
STPV sample profile in comparison with the conventional transparent double-glazing systems.
Furthermore, essential parameters and data are collected to be used in the validation process of
the different numerical models.

3.2.1. CdTe STPV Electrical Characteristics
CdTe STPV samples consist of CdTe solar cells. These cells convert the absorbed solar radiation into
direct current (DC) energy, depending on their conversion efficiency [81]. The conversion efficiency
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(n) of the CdTe STPV samples solar cell is defined as the ratio of the maximum generated output
power (Pout) to the input power (Pin), which is shown Equation 3.1:

_ Pout EquaTiOon 3.1
"= pin

As for the value of input power (Pin), it is the result of the solar irradiance at the standard testing
conditions (STC), which is 1000 W/m? multiplied by the area of the CdTe sample. As for the
generated output power (Pout), which is the result of the multiplication of the output voltage (V)
and current (I) between the terminals of the CdTe STPV glazing samples. Whereas the maximum
generated output power (Pout) is needed to achieve maximum efficiency, which occurs at the
maximum power point (MPP) as shown in Equation 3.2. However, the temperature of solar cells and
the insolation levels need to be considered as they impact the output generated power.

Prax = Vinax * Imax EQUATION 3.2

The maximum power point rests between short-circuit and open-circuit conditions, as shown in part
(A) in Figure 3.1, which displays the generalised current and voltage characteristics for photovoltaic
solar cells. In short-circuit conditions, the PV unit is connected to a load that is too small and is
almost equal to zero. At that condition, all converted solar irradiance flows through the diode, and
the current reaches the peak value, which is short-circuit current (I.). In open-circuit conditions,
the PV unit is not connected to a load, which means that no current flows through the diode, which
means that the output voltage reaches a peak value, called open-circuit voltage (V). The maximum
output power is reached when the current and voltage are below these levels, at the MPP where
the current and voltage are noted as Iyp and Vj,p respectively. To compute the difference between
the output power at MPP and the maximum theoretical power that could be generated, the Fill-
Factor (FF) is calculated. The Fill Factor is the ratio between the maximum output generated power
at MPP to the product of the open-circuit voltage times the short-circuit current, as shown in
Equation 3.3. This ratio provides an indication of the quality of the solar cells, and the closer the Fill-
Factor is to unity, the output generated power increases, as shown in part (B) of Figure 3.1 below.

Poax EQUATION 3.3
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FIGURE 3.1: (A) GENERALISED ELECTRICAL CHARACTERISTICS FOR PV UNITE [82], (B) GENERALISED |-V CURVE AND
THE FF [83]

It is worth mentioning that the PV module’s Photons operate under specific parts of the solar
radiation spectrum. If the solar irradiance photons’ energy is below the bandgap, the photons are
going through the PV unit, while when the photon’s energy is beyond the bandgap, the PV unit
temperature is going to increase [84].

With that in mind, the solar cells act as a simple p—n junction diode when the solar irradiance is
lacking and as a result, the solar cells’ attributes adhere to the Shockley diode equation [85] shown
in Equation 3.4,

qv EQUATION 3.4
Ib =1, [‘”‘p (m) - 1]

Where:

I : The Diode current (Ampere).

I,: The diode current at saturation (Ampere).

q : The absolute value of the electron’s charge (1.602 * 1071 Coulombs).
V: The voltage of the solar cell (Voltage).

a: The ideality factor of the diode (unitless).

k: The Boltzmann’s constant (Joule /Kelvin).

And the ratio (kT /q) is known as the Thermal Voltage (V;) and measured in voltage. Under these
circumstances, the ideal solar cell can be presented as a Single-Diode model, as shown in Figure 3.2
below. Where I represent a current source, I the diode current and I is the total current all
measured in Ampere.
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FIGURE 3.2: SINGLE DiIoDE MODEL [86]

When the solar cells absorb part of the solar irradiance, Losses caused by the current flow and
electrode resistance occur, which can be translated to the equivalent circuit by incorporating
resistance in series (R). Furthermore, the increase in the solar cell’s temperature due to the
conversion process can be presented in the equivalent circuit by introducing a parallel resistance
(Rgp) to the model [87] as shown in Figure 3.3.

Rs ’

—

Y lsh

SZ Rsh
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FIGURE 3.3: PRACTICAL EQUIVALENT CIRCUIT DIAGRAM [82]

Five parameters needed to be identified to solve the equivalent model. These are the current source
(1), the diode saturation current (1,), the series resistance (R;), the parallel resistance (Rg,) and
the ideality factor (a). These parameters can be obtained from the datasheet and the provided
information from the solar cell manufacturer, as indicated by De Soto et al. [88]

28



3.2.2. CdTe STPV Optical Characteristics

After identifying the electrical characteristics of the integrated CdTe solar cells within the STPV
samples, the different CdTe STPV glazing system’s optical and thermal characteristics ought to be
examined. The optical characteristics observe the glazing interaction with the solar irradiance.
Under a conventional transparent glazing system, the glazing interaction with solar irradiance can
be classified into three outcomes; primarily transmitted through the glazing into the indoor
environment, a small fraction is absorbed within the fenestration of glazing layers as well and a small
fraction is reflected [89]. However, the utilised samples have integrated CdTe solar cells would
reduce the amount of the transmitted solar irradiance and increase the other two components [47].
In summary, the optical characteristics can be categorised into three distinctive values; these are
transmittance, absorbance, and reflectance. These values are dependent on the incident angle, and
the wavelength of solar irradiance [90]. These characteristics are obtained through experimental
tests utilising a spectrometer, and the summation of them should equal unity [81], as shown in
Equation 3.5 below.

p(4,0)+1(4,0)+a(4,0)=1 EQUATION 3.5

Where:

p: The reflected solar irradiance (unitless).

7: The Transmitted solar irradiance (unitless).

a: The absorbed solar irradiance (unitless).

A: The spectrum of the solar irradiance (nm).

6: The incident angle of the solar irradiance (degree).

The fenestration of the STPV glazing systems is a crucial point that needs to be taken into
consideration. Integrating opaque solar cells into the glazing, which is common in the c-Si STPV
glazing systems, leads to inter-reflections within the glazing different layers. As a result, the effective
transmitted and absorbed solar irradiance needs to be calculated. Contrary to implementing thin
film solar cells as in a-Si and CdTe STPV glazing systems where the fenestration has transparent parts
[47].

The optical characteristics and especially the transmitted and absorbed solar irradiance metrics are
essential in quantifying part of the thermal characteristics, specifically the solar heat gain coefficient
for the CdTe STPV glazing samples, which is going to be discussed below.

3.2.3. CdTe STPV Thermal Characteristics

The thermal attributes of CdTe STPV glazing samples are represented with two fundamental
metrics: the Solar Heat Gain Coefficient (SHGC) and the Heat transfer coefficient (U-value).
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3.2.3.1. Solar Heat Gain Coefficient (SHGC)

SHGC is a metric that depends on the optical characteristics of the CdTe STPV glazing systems,
especially the values of the transmitted and absorbed solar irradiance [91]. Furthermore, SHGC is a
unitless metric that quantifies the part of solar irradiance reaching the indoor environment through
the glazing system, as well as a measurement for solar heat gain through the glazing structure [92].
SHGC can be calculated according to Equation 3.6 below [93].

SHGC(A4,0) =1(4,0) + N xa(4,0) EQUATION 3.6

Where:

7: The Transmitted solar irradiance (unitless).

a: The absorbed solar irradiance (unitless).

A: The spectrum of the solar irradiance (nm).

0: The incident angle of the solar irradiance (degree).

SHGC: The Solar Heat Gain Coefficient (unitless).

N: The inward-flowing fraction of the absorbed radiation (unitless).

The inward-flowing fraction of the absorbed radiation (N) is a unitless ratio between the U-value

and the external heat transfer in which both are measured in (W/m?), N = hl [94].

3.2.3.2. Heat transfer coefficient (U-value)
The heat transfer coefficient (U-value) is a coefficient that calculates the transferred energy through
the glazing system. The transferred energy occurred through the interchanging of irradiation and
convective heat between the different sides of the glazing (the inner and outer surfaces) [95]. The
heat transfer coefficient is dependent on the heat flux (W/m?2) and the temperature difference
between the inner and outer surfaces of the glazing system (Kelvin) and it could be assessed by
Equation 3.7 below [96]-[98].

Q EQUATION 3.7

Where:
U: the heat transfer coefficient (W/m?.K)
Q: The heat flux (W/m?2)

AT: The temperature difference between the inner and the outer surface of the glazing system
(Kelvin).

30



3.3. Indoor Experimental Set-Up
In this section, the indoor testing setup is going to be discussed in detail. First, the enclosed testbed
details and literature background. Following that, the configuration of the solar simulator that had
been designed to evaluate the overall energy performance of the testbed would be highlighted.
Furthermore, the equipment that has been utilised to characterise the various CdTe SPTV glazing
samples are listed with sample data for the transparent single glazing sample (SG1).

3.3.1. Enclosed Testbed Setup
To investigate the impact that CdTe STPV glazing systems could have on the overall energy
performance, a series of experimental tests identify the key attributes of these systems. A key
component for these tests is an enclosed testbed, and the employed enclosed testbed is based on
the Guarded Hot Box developed by Fung et al. [99] and the Mobile Window Thermal Test (MoWiTT)
developed by Robinson and Littler [100].

3.3.1.1. Guarded Hot Box and Mobile Window Thermal Test

Guarded hot box is an experimental setup that has been developed to measure the U-value for a
certain sample. The Guarded hot box contains three divisions: the guard box and the metering box,
and the sample that is going to be tested is placed between the cold box and the metering box. The
cold aims to manage low temperatures representing the operated cooling system. As for the guard
box, it isolates the metering box and aims to control the temperature and maintain it at passable
levels to minimise heat losses. Finally, the metering box holds a heater, which facilitates the transfer
of heat from the metering box to the cold one through the tested sample [99] as shown in Figure
3.4 below.
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FIGURE 3.4: GUARDED HoT Box [99].

The Mobile Window Thermal Test (MoWiTT) is an experimental setup that aims to measure the U-
value similar to the Guarded hot box. In contrast, the MoWITT provides the ability to investigate the
impact the surrounding environment could have on the thermal performance of the tested sample

in practice, and Figure 3.5 below shows the concept design of the Mobile Window Thermal Test
(MoWiTT) [100].
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3.3.1.2. Research Enclosure Testbed Setup
Enclosure testbed setups are utilised to conduct a series of experimental tests while controlling the
indoor environment temperature by managing the heating and/or cooling systems within the
testbed. The literature has shown the outcome data of these tests are reliable regardless of the size
of the enclosure, whether the enclosure is a real-size testbed or a scale-down testbed such as the
one utilised in this research [101]-[103].

3.3.1.2.1. Enclosure Testbed Attributes
The enclosure testbed was developed to conduct a series of tests which entailed collecting the
required data to build the electrical, thermal, and optimal profiles of the different CdTe STPV
samples. These tests were performed in the power and transmission lab located in the Sheaf
Building, Sheffield Hallam University, Sheffield, United Kingdom. Furthermore, the experimental
tests were performed under a controlled setting and specifically under standard testing conditions
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(STC); where the ambient is 25°C, the air mass is 1.5, the wind speed is 1 m/s, and the solar irradiance
is 1000 W/m?. The temperature is controlled by a central heating system that is implemented in the
building, whereas the air mass and the wind speed are controlled through a mechanical ventilation
system. Finally, a solar simulator has been developed to provide consistent solar irradiance.

As for the testbed itself, the enclosure was equipped with thermo-electric coolers (Peltier unit) to
maintain the ambient temperature inside it, which is shown in Figure 3.6 below, and Table 3.3 shows
the Peltier electrical and physical characteristics below as well.

FIGURE 3.6: THERMO-ELECTRICAL COOLER (PELTIER UNITE)

TABLE 3.3: PELTIER’S PHYSICAL AND ELECTRICAL CHARACTERISTICS

Specification Data

Dimensions 0.2m*0.15m *0.15m
Weight 0.44 kg
Structure Aluminium
Voltage 12 v DC
Current 2ADC

The enclosure testbed dimensions are 0.3 m * 0.3 m * 0.225 m, constructed utilising
Polyisocyanurate laminated with aluminum foil which is considered a well-insulated cooler/warmer
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material. The utilised materials were selected to ensure that the thermal disturbances could be
neglected. The physical attributes of the enclosure testbed are listed in Table 3.4, whereas the
schematic diagram and the developed enclosure testbed are shown in Figure 3.7, and Figure 3.8
shows the developed testbed with three installed pelters units and two thermo-coupler, one to
measure the indoor environment and the other is to control the when the Peltier’s are operating.

TABLE 3.4: ENCLOSURE TESTBED PHYSICAL PROPERTIES

PHYSICAL PROPERTIES

Data

Dimensions

0.3 m*0.3m *0.255m

Glazing Area

0.0324 m?

Structure Materials

Polyisocyanurate laminated with aluminum foil

Wall thickness

0.6m

[ 30.0cm————
~6.0cm-‘ 6.0 e
! f
6.0cm 6.0cm
v v
30.0cm
f f
6.0cm 6.0cm
v v
J 6, Ocm»
46, 0cm

25.0cm

2

FIGURE 3.7: THE SCHEMATIC DIAGRAM OF THE ENCLOSURE TESTBED
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3.3.2. Solar Simulator
As stated above, the experimental tests have been conducted in a lab setting and under controlled
conditions. One of these requirements is providing a constant volume of solar irradiance which was
1000 W/m? and as a result, a solar simulator was developed.

Due to the limited area of the research space of the lab, a modified solar simulator needed to be
introduced to follow the full movement of the sun during the day, which is shown in Figure 3.9
below. To achieve constant solar irradiance while maintaining a similar movement, the developed
solar simulator was split into two components. First, the sun simulator, which is the stationary part,
consists of nine halogen lamps bolted into a frame and the illuminations of these lamps are
controlled by a transformer, which is shown in Figure 3.10.

The second part is the movement simulator, which is a flat plate that moves in two axes. The
movement is powered by two DC motors, an Electrical linear actuator (RS PRO Miniature 1774499)
which moves vertically, helped by a spherical ball joint installed below the flat plate, and a Geared
DC motor (111.3763.20.00E) which operates in an angular manner. A control unit operated by the
data logger (NI cDAQ-9178) has been installed. This unit contains two DC-Motor Drivers (EM-174A)
with an internal DC power supply (RSP-75-3.3) and multiple potentiometers to control the speed of
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both motors in case the unit is operated manually. The movement simulator components are listed
in Table 3.5 below.

FIGURE 3.9: THE SUN’S PATH THROUGH THE DAY

FIGURE 3.10: THE SUN SIMULATOR

TABLE 3.5: MAIN COMPONENTS OF THE MOVEMENT SIMULATOR
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Component
Geared DC Motor

Manufacturer information
DOGA 111.3763.20.00E

Specification
12 Vdc, 25 RPM, 6 Nm

Electrical Linear Actuator

RS PRO Miniature 1774499

24 Vdc, 4500 N, 305 mm

DC Power Supply

RSP-75-3.3

220 Vac/ 3.3 Vdc

Motor Driver

EM-174A

12/24 Vdc, 8 A

The figures below show the different parts of the movement simulator. Figure 3.11 shows the
internal components of the control unit frame, which contain two DC Motor Drivers with a DC power
supply. Whereas Figure 3.12 shows the linear actuator, rotating motor, and the special ball joint.
Figure 3.13 shows the utilised data logger in the experiments. Finally, Figure 3.14 shows the fully

developed solar simulator that will be utilised in this research.

FIGURE 3.11: CONTROL UNIT COMPONENTS
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FIGURE 3.13: NI cDAQ-9178 DATA LOGGER CONNECTED TO PC AND THE MOVEMENT SIMULATOR
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FIGURE 3.14: SOLAR SIMULATOR

3.3.3. Testing Setup and Sample Data
In this section, the implemented testing setups will be discussed, and sample data will be presented
here. The testing setups are divided into three main sets:

e Electrical testing setup, which generates the I-V and P-V curves for the integrated CdTe solar
cells within the CdTe STPV glazing samples.

e Optical testing setup, which provides the three optical characteristics of STPV glazing
samples transmittance, reflectance, and absorbance of solar irradiance.

e Thermal testing setup, which aims toward calculating the U-value metric for the various
glazing samples.

Furthermore, a transparent single-glazing sample (5G1) was used as an initial test subject to ensure
that all the testing setups worked correctly. These results are going to be presented below.
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3.3.3.1. Electrical Characterisation Testing Setup
The Electrical Characterisation Testing Setup aims to identify the electrical characteristics of the
CdTe STPV glazing samples. These characteristics are presented by the |-V and P-V curves. These
curves help identify the maximum power generated, the efficiency of each sample, and the fill-factor
as well, which all of these have been discussed in-depth in section 3.2.1.

The solar simulator, along with two digital multi-meters and a potentiometer (0-1kQ), were
employed to generate the |-V and P-V curves. The solar simulator aims to deliver a constant solar
irradiance equal to 1000 W/m?, whereas the digital multi-meters record the output current and
voltage. The potentiometer facilitates transiting the test from the short circuit condition to the open
circuit condition.

Figure 3.15 shows the Electrical Characterisation Testing Setup for sample S1. The SG1 sample was
not used due to the lack of solar cell materials in its fenestration.

FIGURE 3.15: ELECTRICAL CHARACTERISATION TESTING SETUP

The output results of the Electrical Characterisation Testing Setup for sample S1 is listed in Table
3.6, where the MPP is reached when the potentiometer is equal to 200Q. The current and the
voltage at the MPP are 83.34 mA, and 6.05 V, respectively. Thus, the maximum output power is
504.21 mW according to Equation 3.2, and the electrical efficiency (1) is 0.02 according to Equation
3.1. Whereas Figure 3.16 shows the |-V and P-V curves for sample S1.

TABLE 3.6: ELECTRICAL CHARACTERISTICS OF S1

R I (mA) V (Volt) P (mW)
Short Circuit 122.10 0.07 8.67
1 121.26 0.12 14.55
2 120.90 0.15 18.14
3 120.60 0.22 26.53
5 120.60 0.30 36.18
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3.3.3.2. Optical Characterisation Testing Setup
The optical characteristics of a glazing sample are identified by how this sample interacts with the
solarirradiance. As stated in the section 3.2.2, with a conventional transparent glazing sample, most
of the solar irradiance is transmitted through the sample into the indoor environment, while a
fraction of the solar irradiance is absorbed by the fenestration of the sample. Similarly, a fraction of
solar irradiance is reflected by the sample fenestration.

In summary, there are three optical characteristics:

e The transmittance of the glazing sample.
e The absorbance of the glazing sample.
e The reflectance of the glazing sample.

And the summation of these three attributes is unity, according to Equation 3.5. In order to acquire
this data, a spectrometer from Avantes (Avaspec-ULS-EVO-RS) that covers 200-1100 nm wavelength
along with a Lightsource (Avalight-DHc), which provides deuterium light and halogen light sources
that deliver 200-2500 nm wavelength were used, and the Avasoft software recorded the results.
Figure 3.17 shows the optical characterisation testing setup, and Figure 3.18 shows the SG1 sample
being tested at 0° angel.

FIGURE 3.17: SPECTROMETER (AVASPEC-ULS-EVO-RS) ALONG WITH A LIGHTSOURCE (AVALIGHT-DHCc)
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FIGURE 3.18: THE OPTICAL CHARACTERISATION TESTING FOR SG1 AT 0°

Each sample has been subjected to multiple iterations of the optical testing under different incident
angles, specifically from 0° to 40° due to the testing setup limitation.

The results of the optical characterisation testing for SG1 are shown in Figure 3.19 and Figure 3.20.
The absorbance ability is measured in the Absorbance Unit. Absorbance Unit is an industrial metric
scaled from 0-5, where 0 indicates that the glazing sample does not absorb any fraction of the solar
irradiance, whereas 5 indicates the glazing sample is opaque and absorbers the whole solar
irradiance.

The results indicate that the average transmittance ability for the SG1 sample under the visible light
spectrum (380-780) nm is 81.09%, whereas the average absorbance ability for the SG1 sample under
the visible light spectrum is 17.26%. The reflectance ability for the SG1 sample under the visible light
spectrum is 1.65%, according to Equation 3.5.
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3.3.3.3. Thermal Characterisation Testing Setup
The Thermal Characterisation Testing Setup aims to identify the thermal characteristics of the CdTe
STPV glazing samples. These characteristics are presented in the U-value and SHGC metrics.

3.3.3.3.1. SHGC Characterisation Testing Setup
The SHGC is dependent on the transmittance and absorbance abilities of the glazing samples, which
has been discussed in-depth in section (3.2.3). The tests were going to be conducted under the
visible light spectrum using the light source (Avalight-DHc) of the spectrometer (Avaspec-ULS-EVO-
RS) that is used in the optical characterisation testing setup. However, each sample has been
subjected to multiple iterations of the optical testing under different incident angles, from 0° to 40°.

Figure 3.21 and Figure 3.22 show the transmittance and absorbance results for the SG1 sample
under the condition of being subjected to visible light spectrum under different incident angles. The
average value of the outcome results of the transmittance tests for the SG1 sample is 74%, whereas
the average value of the absorbance tests for the SG1 sample is 15.81%.

These results are utilised in calculating the SHGC metric according to Equation 3.6, as for the inward-
flowing fraction of the absorbed radiation (N) it was dependent on the work of Collins and Harrison
[104]. The average SHGC for the SG1 sample is 0.77, and Figure 3.23 shows the output value of the
SHGC metric for the SG1 sample at each incident angle that has been tested.
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FIGURE 3.21: THE TRANSMITTANCE RESULTS FOR SG1 UNDER DIFFERENT INCIDENT ANGLES
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3.3.3.3.2. U-value Characterisation Testing Setup
In order to measure the U-value of the different glazing samples, the value of the heat flux, the inner
surface temperature as well as the outer surface temperature need to be quantified. In order to
acquire these values a specialised kit from greenTEG (g-SKIN U-VALUE KIT 2615C) which consists of
a heat flux sensor, two thermocouple sensors, and a data logger that are shown in Figure 3.24. The
collected data from the experiments are transferred by the data logger to a specialised software

called greenTEG Logger 1.02.10 to analyse it.

' —

-
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Heat Flux

Chis sl il i s ¢ b
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FIGURE 3.24: G-SKIN U-vALUE KiIT 2615C

Figure 3.25 shows the practical setup utilised in the experiment to measure the U-Value metric for
the different glazing samples. It is worth mentioning that the Peltier units were used to ensure that
the enclosure testbed ambient temperature was higher than the lab ambient temperature to
facilitate the heat flux from the indoor environment to the outdoor one through the glazing sample

similar to Fang et al [99] work.
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FIGURE 3.25: THE PRACTICAL SETUP OF U-VALUE MEASUREMENT FOR STPV SAMPLE

Figure 3.26 shows the results of the U-value experiment for the SG1 sample. The average value for
the heat flux is -23.58 W/m? whereas the negative value is an indication of the heat transfer
direction (indoor to outdoor). The average values of inner and outer surface temperatures are
27.59°C, and 23.81°C respectively. Applying the average values in Equation 3.7 would provide the
U-Value of the SG1 sample, which is 6.24 W/(m?2.K).
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CHAPTER 4
CHARACTERISATION RESULTS

52



4. Characterisation Results

In this chapter the electrical, thermal, and optical attributes of the glazing systems samples that
have been highlighted in Table 3.1 and Table 3.2 are quantified, through the experimental approach
outlined in chapter 3 to be utilised in the overall energy performance analysis.

The characterisation process for the reference points is going to include profiling the optical and
thermal attributes of the glazing samples, unlike the STPV glazing systems there are no electrical
characterises due to the lack of solar cell materials in these glazing systems.

4.1. Optical Characterisation
As has been illustrated in Chapter 3, section3.2.2; there are three optical traits. These traits are
transmittance, absorbance, and reflectance where the summation of these three equals unity.

The optical tests were conducted at different angles (0°- 40°) to determine the optical characteristics
of the glazing samples. These tests measured the transmitted and absorbed solar irradiance metrics,
which are essential in quantifying the solar heat gain coefficient. As for the reflectance attributes
for the glazing samples, Equation 3.6 were used to calculate it.

The analysis of the optical results will focus on the wavelength from (370-780) nm which covers the
visible light wavelength, which is essential for the thermal and optical analysis of the STPV glazing
system [95]-[98].

4.1.1. Referencing Glazing
In this research, three reference points are going to be utilised (DG1, DG2, DG3), which are shown
in the Figure 4.1 below.

FIGURE 4.1: REFERENCING POINTS, FROM LEFT TO RIGHT, SG1, DG2, DG1

The optical test results for the referencing points SG1, DG1, and DG2 are shown in the Figure 4.2,
Figure 4.3 and Figure 4.4 respectively.
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To simplify the analysis process of the outcomes, the mean values for the optical test results were

listed in Table 4.1

TABLE 4.1: THE OPTICAL TEST RESULTS FOR REFERENCE POINTS

Sample Transmittance% Absorbance% Reflectance%
SG1 74 15.81 10.19
DG1 69.83 14.97 15.20
DG2 65.26 14.02 20.72

The findings indicate that as the angle of solar irradiance increases, the reference glazing's capacity
to transmit light decreases, while its capacity to absorb light increases. These outcomes can be
attributed to the fact that as the angle of solar irradiance increases, the reflectance of the glazing
sample also increases, resulting in a decrease in transmittance. Moreover, the frame of the glazing
may contribute to this effect, given the limitations of the testing equipment. As the angle increases,
it is more likely for the frame of the sample to absorb a portion of the solar irradiance, especially in
the DG1 and DG2 at 40°. Furthermore, the reflectance and transmittance of a glazing sample are
directly influenced by its physical structure. In particular, an increase in sample thickness leads to a
corresponding increase in reflectance, while transmittance decreases accordingly.

4.1.2. STPV Glazing

The STPV samples that are going to be investigated are shown in Figure 4.5.

,5 |

FIGURE 4.5: STPV SAMPLES, FROM LEFT TO RIGHT S1, S2, S3, S4, S5, S20 AND S21

The Optical characteristics of STPV glazing samples are shown in the Figure 4.6, Figure 4.7,
Figure 4.8, Figure 4.9, Figure 4.10, Figure 4.11, and Figure 4.12 below.
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The outcomes of the tests follow a similar trend to the reference points, the transmittance of the
visible light decreases as the solar irradiance increases while the absorbance increases. In addition
to the aforementioned reasons for the increase in reflectance, the limitation of the testing
equipment that leads to the frame of the sample impacts the outcome and the physical structure of
the sample itself. The existence of CdTe solar cell and how its fenestration increases the amount of
absorbed and reflected visible light leading to a decrease in the transmittance ability of the STPV
glazing samples.

The results indicate that S1 tends to have the most transmittance ability with in-average
transmittance capability of 26.24% followed by S20 with 23.25% followed by S3 with 23.2%. It is
worth mentioning that the S3 sample is a double-glazing sample where that sample's physical
structure reduces the transmittance capability. Whereas S2 tends to allow the least amount of
visible light to go through it with a transmittance ability of around 13.14% and the full mean values
for the optical attributes for STPV samples are summarised in Table 4.2.

TABLE 4.2: THE OPTICAL TEST RESULTS FOR STPV SAMPLES

Sample Transmittance % Absorbance% Reflectance%
S1 26.24 6.23 67.53
S2 13.14 3.62 83.23
S3 23.20 5.64 71.16
sS4 17.11 4.42 78.47
S5 13.55 3.71 82.74
S20 23.25 5.62 71.13
S21 22.45 5.49 72.05

The CdTe STPV glazing samples exhibit a noteworthy decline in their visible light transmission
capacity when compared to the reference point. For example, the leading performing STPV sample,
S1, displays a reduction of 47.76% in transmittance ability compared to SG1, 43.06% compared to
DG1, and 39.02% compared to DG2. This trend is consistent across all STPV glazing samples and is
mainly attributed to the incorporation of CdTe solar cells in their structures.

4.2.  Thermal Characteristics
As highlighted in 3 section 3.2.3, the thermal characterisation process involves two key metrics: the
heat transfer coefficient (U-value) and the solar heat gain coefficient (SHGC). This section will delve
into the results of the thermal characterisation process for the glazing samples outlined in Table 3.1,
as discussed in Chapter 3 section Thermal Characterisation Testing Setup3.3.3.3.

4.2.1. Solar Heat Gain Coefficient (SHGC)
As discussed above, the SHGC is a unitless metric that quantifies the part of solar irradiance reaching
the indoor environment through the glazing system, as well as a measurement for solar heat gain
through the glazing structure that depends on the optical characteristics of the CdTe STPV glazing
systems, especially the values of the transmitted and absorbed solar irradiance.
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Furthermore, SHGC is dependent on the transmittance and absorbance abilities of the glazing
samples. These results are utilised in calculating the SHGC metric according to Equation 3.6.

4.2.1.1. Reference Points
SHGC results for the reference points are shown in Figure 4.13 below.

Reference Points SHGC

0.60
0.40
0.20
0.00
0 10 15 20 25 30 35 40 45

DG1 SHGC 5G1 SHG( - DG2 SHG(

FIGURE 4.13: SHGC FOR REFERENCE POINTS UNDER DIFFERENT INCIDENT ANGLES

The SHGC results for the reference points indicate that SG1 has the highest SHGC with 89%, followed
by DG1 with 84% and then DG2 with 78%. As the SHGC metric is dependent on the Optical
characteristics, the physical structure, and the thickness of the sample in particular contribute to
these results. SG1 has the lowest thickness which translates to lower reflectance capability and
higher transmittance hence higher SHGC when compared with DG1 and DG2. The full mean values
for the SHGC of the reference points samples are summarised in Table 4.3.

TABLE 4.3: SHGC FOR REFERENCE POINTS

Sample SHGC

SG1 89%
DG1 84%
DG2 78%

4.2.1.2. STPV Glazing
The SHGC metric results for STPV glazing samples are shown in Figure 4.14 below.
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The SHGC results for the STPV glazing samples indicate that S1 has the highest SHGC with 32%,
followed by S3, S20, and S21 with 28%. Whereas S2 and S5 have recorded the lowest SHGC metric
result with 17%. Alonge the fact that the SHGC metric is dependent on the Optical characteristics,
and the physical structure. The existence of the CdTe solar cells reduces the visible light that
penetrates the glazing sample and as a result, will reduce the SHGC metric considerably when
compared with the reference points as seen in Figure 4.15. The full mean values for the SHGC metric

for the STPV glazing samples are summarised in Table 4.4.

TABLE 4.4: SHGC FOR STPV GLAZING SAMPLES

Sample SHGC

S1 32%
S2 17%
S3 28%
S4 21%
S5 17%
S20 28%
S21 28%
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4.2.2. Heat transfer coefficient (U-Value)

As discussed in Chapter 243, the U-value is a coefficient that calculates the amount of energy
transferred through the glazing system. This transfer occurs through the exchange of irradiation and
convective heat between the inner and outer surfaces of the glazing. The U-value is determined by
the heat flux (W/m2) and the temperature difference between the surfaces of the glazing system
(Kelvin). Equation 3.7 can be used to assess the U-value, and the results have been collected
according to the testing process outlined in Section 3.3.3.3.2. The lower the U-value outcome is, the
better the insulation capability of the glazing sample is.

4.2.2.1. Reference Points
The U-Value results for the reference points DG1 and DG2 are shown in the Figure 4.16 and Figure
4.17 below. Whereas the U-value Results for SG1 are shown in Chapter 3, Figure 3.26.
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According to the U-value tests conducted on the reference points, it is evident that the SG1 sample
has the highest U-value of 6.24 W/(m?.K). This indicates that the SG1 sample tends to absorb a
significant amount of solar heat irradiance while simultaneously losing a substantial amount,
resulting in greater heating, and cooling requirements.

DG2 has the lowest U-value by 2.46 W/(m?.K), which means that the DG2 sample represents a much
better insulation tool. This can be attributed to the use of Argon gas in the gap of the DG2, as the
gas displays low thermal conductivity.

As for DG1, Double glazing with an air-filled gap is the most common type of glazing utilised in
practice, the U-value test outcome indicates that DG1 U-value is around 3.78 W/(m?2.K), which is an
intermediate insulation tool.

4.2.2.2. STPV Glazing
The U-value results for STPV glazing samples are shown in Figure 4.18, Figure 4.19, Figure 4.20,
Figure 4.21, Figure 4.22, Figure 4.23 and Figure 4.24 below.

S1 U-Value
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FIGURE 4.18: THE U-VALUE RESULT OF THE S1 SAMPLE
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The U-value results for the STPV samples indicate that S3 has the best insulation capability among
the STPV samples, with a U-value of 2.93 W/(m?2.K). The U-value result of S3 is similar to DG2 due to
the physical structure of the S3 sample. The structure of the S3 sample is a double glazing sample
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with a 17mm gap filled with air which would reduce the thermal conductivity hence the lower U-
value result.

Analysing the other STPV sample's U-value results, the outcomes highlight that the STPV samples
tend to have insulation capabilities DG1 while having comparable physical attributes to SG1. These
outcomes imply that CdTe solar cells in the STPV sample improve the thermal insulation ability of
the glazing system.

Table 4.5 shows the mean values of the U-value results for the glazing samples.

TABLE 4.5: THE U-VALUE RESULTS FOR THE GLAZING SAMPLES

Sample U-Value W/(m?2.K)

SG1 6.24
DG1 3.78
DG2 2.46
S1 4.36
S2 4.66
S3 2.93
S4 4.57
S5 3.92
S20 4.40
S21 4.77

4.3.  Electrical Characteristics
The Electrical Characterisation Testing Setup aims to identify the electrical characteristics of the
CdTe STPV glazing samples. These characteristics are presented by the |-V and P-V curves. These
curves help identify the maximum power generated, the efficiency of each sample, and the fill-factor
as well, following the testing setup that has been implemented in the section 3.3.3.1.

The I-V and P-V curves for the STPV samples that identify the electrical characteristics for them is
shown in Figure 4.25, Figure 4.26, Figure 4.27, Figure 4.28, Figure 4.29, and Figure 4.30 below.
Whereas S1 I-V and P-V curves are Shown in Figure 3.16.
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S20 Electrical Characteristics
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The outcome results for the electrical characteristics of STPV glazing samples indicate that as the
transmittance ability of the STPV sample decreases the electrical efficiency of the sample increases
which concurred with the S5 sample. S5 has the highest electrical efficiency with 3.38% as the
fenestration of the sample allows the CdTe solar cells to absorb most of the solar irradiance, hence
the higher conversion capability.

It is worth mentioning that the least electrically efficient is S21, with electrical efficiency of 1.9%.
when compared with the highest performance S5 the difference is around 1.5%. Table 4.6 shows
the electrical efficiency of the STPV samples.

TABLE 4.6: THE ELECTRICAL EFFICIENCY OF THE STPV SAMPLES

Sample n%
S1 2.24
S2 2.69
S3 2.17
sS4 3.14
S5 3.38
S20 2.81
s21 1.90

To compute the quality of the STPV samples the Fill-Factor (FF%) is calculated as discussed in
Equation 3.3, Chapter 3, section 3.2.1. Table 4.7 shows the current, voltage, and power at the MPP,
along the open and short circuit conditions.

TABLE 4.7: STPV SAMPLES F F% CALCULATIONS

Sample Iypp (MA) Vmpp Pypp Ighc (mA)  V, . (Volt) FF%
(Volt) (mW)
S1 83.34 6.05 504.21 122.10 10.17 40.60
S2 94.44 6.42 606.30 142.47 9.58 44 .42
S3 66.00 7.40 488.40 95.70 9.95 51.29
S4 103.50 6.82 705.87 140.55 10.39 48.34
S5 101.40 7.50 760.50 145.50 9.65 54.16
S20 98.04 6.46 633.34 119.1 9.88 53.82
S21 78.90 5.43 428.43 102.3 7.7 54.39
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CHAPTER 5
SIMULATION MODELS ANALYSIS
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5.Simulation Models Analysis

This chapter can be divided into two parts. The first part will discuss the overall energy performance,
while the second part will discuss the possible impact that such a technology could have on the
overall electrical system.

The overall energy assessment will be conducted through a numerical model developed by the
EnergyPlus software tool embedded within Designbuilder software. This energy assessment will be
carried out on the STPV sample profiles that have been built in Chapter 3 and Chapter 4. In the
second part of this chapter, a load flow analysis on a grid level will be carried out employing
PowerFactory (DIgSILENT) software.

5.1.  Overall Energy Assessment
This part is split into two phases, phase one is going to investigate the impact of the STPV glazing
samples on an office setting under different WWRs and compare the outcomes with the reference
points DG1 and DG2 outcomes. The best-performing STPV sample is going to be utilised in the
second phase.

Phase two of this part will be based on scaling up the office set-up into a whole building. While
examining the best-performing STPV sample from phase one under different WWRs.

5.1.1. Glazing Systems Profiles
The thermal, optical, and electrical attributes for the glazing samples through a series of tests have
been highlighted in Chapter 3 and Chapter 4. For energy assessment, the thermal characteristics
SHGC and U-value, alongside the transmittance ability and the electrical efficiency for the glazing
samples are required and listed in Table 5.1.

TABLE 5.1: GLAZING SAMPLES PROFILES

U-value Transmittance% Electrical
Efficiency (n%)
SG1 89% 6.24 74 N/A
DG1 84% 3.78 69.83 N/A
DG2 78% 2.46 65.26 N/A
S1 32% 4.36 26.24 2.24
S2 17% 4.66 13.14 2.69
S3 28% 2.93 23.20 2.17
sS4 21% 4.57 17.11 3.14
S5 17% 3.92 13.55 3.38
S20 28% 4.40 23.25 2.81
s21 28% 4.77 22.45 1.90

To avoid repetition in the energy assessment simulations, S3, which has the highest insulation
capability, S1, which has the highest visible light transmittance capability, and S5, which has the
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highest electrical efficiency, were selected. DG1 and DG2 were chosen as reference points because
double-glazing systems are the most commonly used systems in practice.

5.1.2. Simulation Settings

5.1.2.1. Geographical Profile

It was assumed that the numerical model was built in Sheffield, located in the northeast of England,
United Kingdom. According to the Képpen climate classification [105], the climate in this area is
typically temperate and classified as an oceanic climate. This means that winters tend to be cold
and wet, while summers are warm but still wet. It's important to note that it's highly unlikely for
extreme weather conditions such as heatwaves, cold snaps, high winds, or droughts to occur. The
EnergyPlus weather data profiles were used as the weather profiles for the simulations in this
model.

5.1.2.2. Thermal Simulation Settings
Simulations were conducted to evaluate the thermal performance according to the European
Commission Joule projects [106]. The HVAC scheme incorporated is a Fan-coil unit, and the
conversion factor is 1.67 for both heating and cooling loads. This factor accounts for any losses that
may occur due to the distribution or inefficiency of indoor environment control equipment. The
indoor environment control setting for heating was set to 20°C, with a setback point of 12°C. For
cooling, the setpoint and setback point were 26°C and 28°C, respectively.

5.1.2.3. Daylight simulation settings
The utilisation of CdTe solar cells within the glazing systems reduces the natural light that enters the
indoor environment, leading to an increase in lighting demand. Ensuring an adequate daylight
performance in the indoor environment, the numerical model has established a knee point of 500
lux that must be achieved during simulations. This would necessitate a lighting power density of 8
W/m?2.

5.1.3. Office Setup Simulations
A numerical model has been created to simulate an office setting and assess the impact of STPV
glazing systems on daylight and thermal demands. The model has a width of 5m, a length of 5m,
and a height of 3.5m, while the glazing is integrated into the southern wall. This is based on the
assumption that the assessment takes place in the United Kingdom, where the most efficient
placement for solar systems is on a southern orientation as seen in Figure 5.1 below.
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FIGURE 5.1: OFFICE SETTING NUMERICAL MODEL

There are three different frameworks for simulations, each representing a different Window-to-
Wall Ratio (WWR) which corresponds to different glazing sizes in practice. If the glazing system
covers 30% or less of the wall area, it is classified as small. If it covers more than 40% but less than
or equal to 60% of the wall area, it is considered an average-sized glazing. If the glazing covers more
than 60% of the wall area, it is categorised as a large glazing system.

5.1.3.1. Small Glazing Systems (WWR=30%)
Figure 5.2 shows the office setting at WWR = 30%, and the glazing sample is integrated into the
southern-oriented wall.

FIGURE 5.2: OFFICE SETTING AT 30% WWR

As for the annual energy assessment results, they are shown in Figure 5.3, Figure 5.4, Figure 5.5,
Figure 5.6 and Figure 5.7 which are the outcomes for DG1, DG2, S1, S3 and S5 respectively.
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The annual energy assessment for the glazing samples at 30% WWR indicates that the overall energy
performance for reference points DG1 and DG2 consumes less energy and as a result performance
better than the STPV glazing samples S1, S3, and S5 as shown in Table 5.2.

TABLE 5.2: GLAZING SAMPLES OVERALL ENERGY PERFORMANCE AT 30% WWR

Sample Overall Energy Performance (kWh)

DG1 1351.92
DG2 1316.55
S1 1808.83
S3 1793.86
S5 2028.5

Based on the analysis of the energy consumption, it was found that the STPV S3 sample had the
lowest energy consumption with 1793.86 kWh. Following closely was S1 with 1808.83 kWh, and S5
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with 2028.5 kWh. These findings suggest that STPV sample S3 is the most energy-efficient among
the samples analysed.

Upon analysis, it was determined that meeting the heating demand is the most energy-intensive
aspect, irrespective of the type of glazing employed. Notably, the use of STPV samples resulted in a
significant increase in heating demand compared to the reference points DG1 and DG2. This is due
to the CdTe solar cells restricting the amount of natural light entering the indoor space, thereby
reducing passive heating, and resulting in an upsurge in the heating demand.

The utilisation of STPV glazing systems, which incorporate solar cells, leads to a decrease in the
transmittance ability of daylight. As a result, the need for daylight increases. Nonetheless, the use
of STPV glazing can lead to a significant reduction in cooling needs. It is noteworthy, however, that
the United Kingdom's climate profile generally presents a low cooling load.

It's worth noting that the S5 sample produced the highest energy output at 107.09 kWh, followed
by S1 at 70.55 kWh and S3 at 69.29 kWh. This is largely attributed to the fenestration used in the
STPV samples, which limits the conversion capability to less than 3.40% at its best. Moreover,
utilising the STPV samples at 30% WWR results in a reduction of active cells, which ultimately leads
to a decrease in the overall energy generated.

5.1.3.2. Averaged-Size Glazing Systems (WWR=60%)
Figure 5.8 shows the office setting at WWR = 60%, and the glazing sample is integrated into the
southern-oriented wall.

Vo

As for the annual energy assessment results, they are shown in Figure 5.9, Figure 5.10, Figure 5.11,
Figure 5.12, and Figure 5.13 which are the outcomes for DG1, DG2, S1, S3 and S5 respectively.

FIGURE 5.8: OFFICE SETTING AT 60% WWR
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FIGURE 5.11: S1 OuTcoME AT 60% WWR
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FIGURE 5.13: S5 OuTcoME AT 60% WWR

The annual energy assessment for the glazing samples at 60% WWR indicates that the overall energy
performance for reference points DG1 and DG2 consumes less energy and as a result performance
better than the STPV glazing samples S1, S3, and S5 as shown in Table 5.3.

TABLE 5.3: GLAZING SAMPLES OVERALL ENERGY PERFORMANCE AT 60% WWR

Sample Overall Energy Performance (kWh)
DG1 1339.7
DG2 1215.27
S1 1741.96
S3 1662.91
S5 1946.8

Based on the analysis of the energy consumption, it was found that the STPV S3 sample had the
lowest energy consumption with 1662.91 kWh. Following closely was S1 with 1741.96 kWh, and S5
with 1946.8 kWh. These findings suggest that STPV sample S3 is the most energy-efficient among

the samples analysed.
93



The results follow the same trends as in the energy assessment in small glazing as the heating
demand is the most energy-intensive aspect, irrespective of the type of glazing employed. Notably,
the use of STPV samples resulted in a significant increase in heating demand compared to the
reference points DG1 and DG2. This is due to the CdTe solar cells restricting the amount of natural
light entering the indoor space, thereby reducing passive heating, and resulting in an upsurge in the
heating demand.

The utilisation of STPV glazing systems, which incorporate solar cells, leads to a decrease in the
transmittance ability of daylight. As a result, the need for daylight increases. Nonetheless, the use
of STPV glazing can lead to a significant reduction in cooling needs. It is noteworthy, however, that
the United Kingdom's climate profile generally presents a low cooling load.

Simairlly to section 5.1.3.1, S5 sample produced the highest energy output at 221.46 kWh, followed
by S1 at 145.9 kWh and S3 at 143.3 kWh. This is largely attributed to the fenestration used in the
STPV samples, which limits the conversion capability to less than 3.40% at its best. Additionally, as
the STPV samples cover larger areas of the wall, the overall energy consumption decreases. This is
due to the increase in active cells increasing overall generated energy.

5.1.3.3. Large Glazing Systems (WWR=100%)

Figure 5.14 shows the office setting at WWR = 100%, and the glazing sample is integrated into the
southern-oriented wall.

FIGURE 5.14: OFFICE SETTING AT 100% WWR

As for the annual energy assessment results, they are shown in Figure 5.15, Figure 5.16, Figure 5.17,
Figure 5.18 and Figure 5.19 which are the outcomes for DG1, DG2, S1, S3 and S5 respectively.
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FIGURE 5.16: DG2 OuTcoME AT 100% WWR
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FIGURE 5.19: S5 OuTcomE AT 100% WWR

The annual energy assessment for the glazing samples at 100% WWR indicates that the overall
energy performance for reference points DG1 and DG2 consumes less energy and as a result
performance better than the STPV glazing samples S1, S3, and S5 as shown in Table 5.4.

TABLE 5.4: GLAZING SAMPLES OVERALL ENERGY PERFORMANCE AT 100% WWR

Sample Overall Energy Performance (kWh)
DG1 1613.7
DG2 1420.63
S1 1772.17
S3 1620.81
S5 1946.8

Based on the analysis of the energy consumption, it was found that the STPV S3 sample had the
lowest energy consumption with 1620.81 kWh. Following closely was S1 with 1772.17 kWh, and S5
with 1977.38 kWh. These findings suggest that STPV sample S3 is the most energy-efficient among
the samples analysed.

The results follow the same trends as in the energy assessment in small glazing as the heating
demand is the most energy-intensive aspect, irrespective of the type of glazing employed. Notably,
the use of STPV samples resulted in a significant increase in heating demand compared to the
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reference points DG1 and DG2. This is due to the CdTe solar cells restricting the amount of natural
light entering the indoor space, thereby reducing passive heating, and resulting in an upsurge in the
heating demand.

The utilisation of STPV glazing systems, which incorporate solar cells, leads to a decrease in the
transmittance ability of daylight. As a result, the need for daylight increases. Nonetheless, the use
of STPV glazing can lead to a significant reduction in cooling needs. It is noteworthy, however, that
the United Kingdom's climate profile generally presents a low cooling load.

As in sections 5.1.3.1 and 5.1.3.2, S5 sample produced the highest energy output at 364.11 kWh,
followed by S1 at 239.88 kWh and S3 at 235.6 kWh. This is largely attributed to the fenestration
used in the STPV samples, which limits the conversion capability to less than 3.40% at its best.
Additionally, as the STPV samples cover larger areas of the wall, the overall energy consumption
decreases. This is due to the increase in active cells increasing overall generated energy.

5.1.4. Scaled-up Simulations
As stated in the literature review, most researchers have investigated the impact of integrating STPV
glazing systems when utilised in Office settings, to gain a better understanding of the effect that a
possible integration of STPV glazing systems would have on the whole building, a numerical model
represents a scaled-up building has been developed and will be used to investigate the overall
energy performance for the best-performing reference point and STPV sample which are DG2, and
S3.

The simulations are going to occur under three different WWRs similar to the section 5.1.3 which
are 30% WWR, 60% WWR, and 100% WWR as shown in Figure 5.20.

FIGURE 5.20: SCALE-UP MODEL UNDER DIFFERENT WWR, 30%, 60% AND 100%

5.1.4.1. Reference Point (DG2)
The annual energy assessment results for DG2 at different WWRs are shown in Figure 5.21, Figure
5.22 and Figure 5.23.
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101



[ Lignting (kwh) B Heating (Electricity) (kwh) M Cooling (Electricity) (kWh)

3000

2800 —

2600 —

2400 -

2200 —

2000 —

Fuel (kvvh)

1800

1600 —

1400 +

1200

1000 +

Year

Lighting (k\Wh) 2594.15
Heating (Electricity) (kWh) 3029.12
Cooling (Electricity) (k\Wh) 967.60
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FIGURE 5.23: DG2 OUTCOMES AT 100% WWR
The overall energy consumption levels for DG2 at different WWRs are shown in Table 5.5 below.

TABLE 5.5: OVERALL ENERGY PERFORMANCE FOR DG2

WWR% Overall Energy (kWh)

30% 6477.34
60% 6590.8
100% 8521.04

5.1.4.2. STPV Sample (S3)

The annual energy assessment results for S3 at different WWRs are shown in Figure 5.21, Figure
5.22, and Figure 5.23.
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FIGURE 5.24: S3 OuTcoME AT 30% WWR
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FIGURE 5.26: S3 OutcomMmE AT 100% WWR

The overall energy consumption levels for S3 at different WWRs are shown in Table 5.6 below.

TABLE 5.6: OVERALL ENERGY PERFORMANCE FOR S3

WWR% Overall Energy (kWh)

30% 9163.83
60% 8663.69
100% 8601.9

5.1.4.3. Results Analysis
The results of the scaled-up numerical model follow similar trends to the office setting numerical
model. The reference point DG2 glazing outperformed the S3 STPV glazing sample in all simulation
cases of studies.

It is important to acknowledge that as the DG2 glazing sample covers more surface area of the wall,
the cooling requirements increase. This is due to the greater amount of solar radiation that
penetrates the glazing sample, increasing the cooling load. Conversely, the heating and daylight
loads decrease as the DG2 sample covers more of the wall.
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In relation to the S3 STPV sample, it appears that energy consumption is enhanced when the glazing
area is increased. This can be attributed to the fact that a greater glazing area allows for more active
solar cells, thereby generating more energy. Another benefit of using STPV glazing systems is that
they help to minimise a building's cooling requirements by limiting the amount of solar irradiance

that enters the indoor environment via the solar cells.

5.2. Load Flow Analysis

For this part of the research PowerFactory 2023 SP4 version has been used to develop an aggregate
dynamic numerical model that integrates the reference point DG2 and S3 STPV glazing samples. This
model utilises the Nine-Bus template within the software. The 9-bus system is a network model of
an electrical system comprising three big power plants one Hydro-power station (G1) and two Coal
power stations (G2 & G3) while 230kV transmission lines are used to connect the system, as shown
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FIGURE 5.27: SINGLE LINE DIAGRAM FOR THE DYNAMIC MODEL

The simulation investigated the impact of the loads resulting by integrating the S3 STPV glazing
system, and DG2 reference glazing sample into the grid through Busbars 11 and 10 respectively.
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These simulations were carried out when the glazing samples covered 30% WWR, 60% WWR, and
100% WWR as shown in Table 5.7.
TABLE 5.7: THE DG2 AND S3 LoADS (MW) AT DIFFERENT WWR%
R% )
30% 73.94 104.61

60% 75.24 98.9
100% 97.27 98.2

The dynamic model outcomes indicate that the impact of installing the DG2 and S3 loads at different
locations in the system are shown in Figure 5.28, Figure 5.29, and Figure 5.30 below.
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FIGURE 5.30: LOAD FLOW FOR THE LoADS AT 100% WWR

The simulation results indicate that the addition of both loads does not lead to overloading in any
of the lines with line 4-5 having the highest loading at all seniors. The highest loading that line 4-5
achieved was 38.2% when the DG2 and S3 were operating at WWR = 30%.

As for the transformers, the T1 tends to overload in all seniors with the highest overloading achieved
was 109.5% when DG2 and S3 were operating at WWR = 100%. Furthermore, the hydro-power
station (G1) is overloading in each scenario, with the highest loading achieved was 115.1% when

DG2 and S3 were operating at WWR = 100%.
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6. Conclusion and Future Work

In this research, a methodology was presented for assessing the overall energy performance of
semi-transparent PV technologies using both experimental and software simulations. This chapter
reviews the approaches and most significant results of the research will be presented and concludes
with recommendations for potential future research.

6.1. Conclusion
The most important results that this research has attained are listed below:

This research presented a lab-based approach to characterise and quantify the different
glazing sample's optical, thermal, and electrical attributes. The optical characteristics
describe the glazing's ability to transmit, absorb, and reflect solar irradiance. The
transmittance test results for the reference point glazing systems indicate that SG1 has the
highest transmittance ability with 74%, followed by DG1 with 69.83%, followed by DG2 with
65.26%.

As for the STPV samples, S1 has the highest transmittance ability with 26.24%, followed by
S20 with 23.25%, followed by S3 with 23.2%, whereas S2 has the lowest transmittance ability
with 13.14%.

The SHGC results for the reference points indicate that SG1 has the highest SHGC with 89%,
followed by DG1 with 84% and then DG2 with 78%.

The SHGC results for the STPV glazing samples indicate that S1 has the highest SHGC with
32%, followed by S3, S20 and S21 with 28%. Whereas S2 and S5 have recorded the lowest
SHGC metric result with 17%.

As for the U-value results conducted on the reference points, the SG1 sample has the highest
U-value of 6.24 W/(m?.K). DG2 has the lowest U-value by 2.46 W/(m?2.K) ,and DG1 is around
3.78 W/(m?.K).

Based on the U-value results of the STPV samples, it is evident that S3 has the highest
insulation capability among all the samples, with a U-value of 2.93 W/(m?2.K). Upon analysing
the U-value results of the other STPV samples, it was observed that they tend to have
insulation capabilities similar to DG1 while having comparable physical attributes to SG1.
This suggests that CdTe solar cells in the STPV sample enhance the glazing system's thermal
insulation ability.

S5 has the highest electrical efficiency with 3.38%, while the least electrically efficient is S21,
with electrical efficiency of 1.9%.

The annual energy assessment for the glazing samples at all WWR indicates that the overall
energy performance for reference points DG1 and DG2 consumes less energy and, as a
result, performance better than the STPV glazing samples S1, S3, and S5.

The dynamic model outcomes indicate that the impact of installing the DG2 and S3 loads at
different locations in the system does not affect the transmission network, where no line is
overloaded. Whereas transformer (T1) and generator (G1) are overloaded in each case
study.
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6.2. Further Work

On the other hand, this research provides opportunities for future work. Potential areas for further
exploration include:

The results of the overall energy assessment indicated that further research is needed
regarding the fenestration process for the CdTe STPV glazing samples to produce a more
electrically efficient glazing system.

Further research is needed regarding the overall energy performance of STPV glazing
systems utilising solar cells for organic and synthesise materials is needed.

To obtain more accurate and practical outcomes, it is imperative to undertake a
comprehensive cost analysis that incorporates not only the initial capital expenses but also
the long-term benefits of reduced operating costs.

Further research is necessary to improve the wiring and frame structure of STPV glazing
systems. Additionally, more investigation is needed to determine the required inverter
specifications.

Further research is needed to investigate the impact of utilising CdTe STPV glazing on the
whole electrical system. The results outlined that connecting the CdTe STPV glazing systems
would lead to overloading at the main supplier generator and transformers.
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