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Abstract

Building-integrated photovoltaic and solar thermal systems have great potential to save greenhouse
gas emissions through improved area utilization of building envelopes while replacing building
components and energy transfer losses. In addition, the application of hybrid technology to these
modules enhances their overall performance. Despite these advantages, the investment costs are
higher, there are no suitable building codes, and there is a lack of solutions to application-specific
problems. In order to address these issues, an improved module design is presented. The design
has the characteristics of a roof tile and meets application-specific requirements such as durability,
accessibility, easy installation, replacement and maintenance, as well as high efficiency & aesthetics.
Nevertheless, predictability of the energy yields, operation performance and effective heat utilization
are also decisive factors for the commercialization of these systems. Another point to consider is the
application of colored glasses, which can improve the aesthetic appearance and thus the acceptance of
building-integrated solar systems. In order to contribute to these factors with regard to the improved
module design presented, research gaps on three topics were identified through an analysis of the
current state of this technology. These topics are: i) modeling and analysis of custom module designs;
ii) identification and quantification of the optimization potential to maximize operational performance;
and iii) experimental and numerical performance assessment of improved module designs.

This thesis focuses on optical and thermal analysis as well as optimization of an improved building-
integrated photovoltaic and solar thermal module design with active rear ventilation. A simulation
framework with suitable models to analyze optimization potential and predict the overall performance
under real operating conditions is developed and validated by experimental field measurements. There-
fore, optical, electrical and thermal models are set up and parameterized by small-scale laboratory
measurements and simulations. In addition, a modeling approach using angular-dependent spectral
responsivity to simulate the performance of colored glasses is developed and validated. Another
focus of the work is to identify and quantify the optical and thermal optimization potential. Hence,
angular-dependent optical parameters of nano-imprinted textured front covers are measured and used
to quantify the annual increase in optical performance in a simulation study. Likewise, numerical
simulations are used to determine the optimal mass flow rate as a function of system leakage using
the effective thermal efficiency approach. The performance of a system with the improved module
design is assessed by measurements in an experimental field test over a one-year period. In addition,
annual performance is evaluated by a simulation case study with different climatic conditions and

system configurations using the validated modeling framework. Finally, an air-source heat pump to



iv

utilize the preheated air was used in the field test and modeled in the simulation study.

A summary of the key findings related to the research topics is presented as follows: A time-series
based simulation framework for the improved module design with a prediction accuracy of the
electrical and thermal energy yield with a mean relative error of less than +1% is developed. The
angular-dependent spectral responsivity performance modeling approach for high-transmissive col-
ored glasses shows a root mean square error between 1.9% and 2.5%. The improvements by optical
optimization result in a maximum annual relative increase in optical performance of 2.2% for nano-
imprinted textures. In contrast, the thermal optimizations revealed a maximum effective thermal
efficiency of 24.3% for a module design with air leakage. Thirdly, the performance assessment of
the experimental system shows a maximum thermal efficiency of 12%. In comparison, the simulated
annual thermal efficiency for Cologne shows 11%, while the overall efficiency taking into account
the energy for the rear ventilation system is 23%. Also, the field test revealed a relative increase
in performance ratio of up to 16% in comparison to systems without active rear ventilation. The
experimental measurement series showed a relative increase in the coefficient of performance of 20%
on average, while the simulated maximum seasonal performance factor increased by 21%. Finally,
the maximum module temperature was observed at 74°C. The maximum air outlet temperature in the
rear ventilation system is 52°C in summer and 33°C in winter.

In conclusion, the accuracy of the developed simulation framework is acceptable for assessing the
performance of the improved module design. The presented modeling approach is highly flexible
and can therefore be adapted to custom module and system designs. The angle-dependent spectral
responsivity simulation model has the greatest value for predicting the outdoor performance of colored
glass fronts. Furthermore, it can be stated that the angular-dependent optical performance optimization
potential is comparatively low, while the thermal optimization potential is high when considering
various system design parameters such as mass flow rate and air leakage. The performance assess-
ment revealed a significant improvement in the electrical performance, while the observed thermal
performance is comparatively low. The operating temperatures of the modules are in an acceptable
range, and therefore deterioration of performance is not expected. In summary, the observations in this
work show that the module design studied has the potential to lower the levelized cost of electricity

in addition to solving application-specific problems, paving the way for a standard building component.
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Chapter 1

Introduction

The conversion of fossil fuels into electrical and thermal energy is associated with high greenhouse gas
(GHG) emissions and contributes significantly to global warming. In studies by climate researchers,
without further efforts, by the year 2100, the greenhouse effect is estimated to cause an increase in
temperature of up to 5 °C compared to the pre-industrial age [1]. The consequences of the rise in
temperature include flooding, droughts and a rise in sea level. Therefore, in the COP 21 Agreement in
Paris, the parties to the United Nations Framework Convention on Climate Change have agreed to a
target to significantly lower the limit of global warming to below 2 °C [2]. A rapid transformation of
the global energy system, moving away from the use of fossil fuels towards 100% renewable energy

sources, is therefore essential.

1.1 Motivation

Solar energy is one of the most available energy sources on planet Earth, and electrical energy, as
well as thermal energy, can be directly converted by photovoltaic (PV) and solar thermal systems.
Regarding the building sector, and thus net-zero or low energy buildings, a reduction of GHG
emissions can be achieved through the local use of renewable energy sources and efficient energy
use. Application of these generating capacities in building roofs and fagades can achieve greater
acceptance from architects and house builders [3, 4]. Furthermore, building-integrated PV (BIPV) can
greatly extend the potential installation capacities on building fagades and roof covers, as shown in [5].
However, integrating PV into buildings has a decisive disadvantage regarding the performance of solar
cells: Because there is no rear ventilation compared to mounted standard PV modules, solar cells,
especially crystalline silicon ones (c-Si), show reduced electrical performance [6]. This raises the
question of how the heat can be dissipated and how it is achieved. Combining BIPV and solar thermal
system generation parts results in a hybrid system, also known as building-integrated photovoltaic
and solar thermal (BIPVT) systems.
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1.2 BIPVT modules and systems

By definition, a BIPVT module can be considered a hybrid solar energy generation system for elec-
tricity & heat production as well as an integral part of a building envelope, like a facade or a roof.
The building is therefore incomplete without the BIPVT module, whereas the standard PV module
and solar thermal collector represent an additional structure on an existing building or a roof [7]. For
this reason, in addition to the energy function, other aspects like aesthetics and structural properties
are taken into consideration in the production of BIPVT modules [8]. However, another distinction
must be made between air- & water-based photovoltaic and solar thermal systems (PVT). Air-based
systems are less complex and easier to implement, but they have disadvantages due to their lower
efficiency in heat transfer. Therefore, these systems have lower thermal efficiencies in comparison
to water-based systems. In contrast, thermal management, such as overheating protection, is more
complex for water-based systems, as shown in [9]. This thesis focuses on a novel air-based BIPVT
module presented in [10].

The fundamentals of air-based BIPVT modules are described in the following, using the improved
module design under study as an example. These modules typically consist of two assemblies: A PV
module and a housing, which contain the rear ventilation air duct. At the same time, the PV module is
the thermal absorber for the solar thermal component, whose heat can be utilized. Therefore, the term
glass package is used in this thesis for the PV module and thermal absorber as a combined component.
Fig. 1.1 shows a three-dimensional model of the BIPVT modules under study in this thesis as well

as an exploded assembly view of the glass package and aluminum housing. Yang and Athienitis

Fig. 1.1 Three-dimensional model of the BIPVT module design under study (top) and exploded
assembly view (bottom) with glass package and aluminum housing. [10]

concluded in their review in [11] that studies about pre-fabricated BIPVT modules with easy as well
as standardized installation and maintenance are lacking. The improved module design under study
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addresses these topics. To allow access to the BIPVT modules without damaging the PV solar cells,
the glass package is designed in a glass-glass configuration. This configuration, at the same time
being small in size with a length x width x thickness of 339 mm x 293 mm x 7 mm, provides
sufficient stability for accessibility, as presented in [10]. The glass package is mounted loosely in the
aluminum housing, so it can still slide up and down to access the fastening elements and electrical
interconnections of the BIPVT module after the roof has been covered. When the aluminum housing
is opened, it can be used as climbing assistance to access the entire roof surface for installation and
maintenance. In addition, the design enables easy replacement of individual modules.

The optimal PV c-si solar cell types and configurations, which are applicable for the small-scale
design of the BIPVT module, were developed in [12]. Considered configurations are 4 X 5-inch
full cells, 4 x 2 x 6-inch half-cut cells, 8 x 2 x 6-inch quarter-cut cells or different shingle cell
technologies with theoretical power densities of 126 W-m™2, 147 W-m~2, 160 W-m~2 and 170 -
180 W - m~2, respectively. According to the optimal ratio of power density and cost efficiency, 2 x 8
quarter-cut PV solar cells with a theoretical power density of 160 W - m~2 are chosen.

Fig. 1.2 shows the cross-section of the individual layers of the glass package. The top and bottom

<+«— Solar glass

EVA
PV solar cells
EVA

+«— Standard glass

Fig. 1.2 Cross-section of the glass package layer structure of the BIPVT module under study.

layers are each soda-lime patterned glass, while the top layer is an ultra-white solar glass with high
transmittance. The bottom layer is a standard soda-lime glass because no special transmittance
properties are required. In the mid-section of the layer structure, the c-si solar cells are shown. These
cells are embedded in two layers of ethylene-vinyl acetate (EVA) encapsulation material.

A significant disadvantage of BIPV modules is the lack of rear ventilation, which leads to higher PV
solar cell temperatures and thus lower electrical efficiencies and a reduced lifespan of the materials.
Passive rear ventilation for such systems has already been investigated and results in a minimal reduc-
tion in PV solar cell temperature [13]. Active rear ventilation leads to a higher energy consumption
due to the fan, but also to a reduced PV solar cell temperature and hence a higher electrical efficiency.
Accordingly, waste heat recovery is an effective measure to increase PV system efficiency, reduce

GHG emissions in the building sector and reduce energy costs [14, 15].
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Fig. 1.3 shows the cross-section of the air duct for rear ventilation of the BIPVT module under study.
The air duct has dimensions with a length, height and width of 0.34 m x 0.02 m x 0.24 m, which
results in a cross-sectional area of 0.0048 m2. The glass package is actively rear-ventilated by the air
duct system. On the bottom side of the BIPVT module, an inlet is placed through which the air flows
in. On the top side, an outlet is placed through which the air flows to the air duct of the next module

in series or to a manifold.

Fig. 1.3 Cross-section of the BIPVT module with a rear ventilation air duct on the rear side for heat
utilization. [10]

In order to determine and assess the performance of BIPVT modules mounted on a building, it is
necessary to consider the arrangement of the system. BIPVT systems are represented by connecting
modules in series and strings in parallel. These parallel-arranged air duct systems are merged at the
ridge onto a pipe and are connected to a fan. The fan actively draws the preheated air from the air
duct system and can direct it to a heat exchanger of an air-source heat pump or directly to a water
preheater. Such systems are operated slightly under atmospheric pressure, and thus air leakage in the
transition area from one module to another has an influence on the systems performance. Through

this leakage, cold ambient air streams into the air duct system and lowers the outlet temperature [16].

1.3 State of the art of BIPVT technology

Zondag et al. have published a very comprehensive review of PVT, including BIPV and BIPVT,
in [17]. The review has shown that the first studies of air-based BIPVT were already conducted in
the early 1990s because building integration had become more important. More interesting BIPVT
reviews were presented by Quesada et al. in [18], Yang and Athienitis in [11], Debbarma et al. in [14]
and Maghrabie et al. in [19]. A major disadvantage of BIPV is the lack of rear ventilation, which leads
to an increase in PV solar cell temperature and thus a reduction in efficiency compared to standard PV
systems. BIPVT systems tackle these problems by utilizing the heat from the PV solar cells. These

reviews state a maximum increase of 10% in the electrical energy yield, due to the reduction of the
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PV solar cell temperature by active rear ventilation compared to BIPV systems without active rear
ventilation. BIPVT systems presented in the literature show a wide range of thermal efficiencies
between 14%,p,s and 60%;aps. This can be attributed to many parameters. In particular, the mass flow
row in the air duct system, the module design, the convective heat transfer coefficient of the absorber
and the climate conditions of a specific location.

Based on review articles, a further classification of the BIPVT module and system under study can be
done. It can be classified as an air-based, unglazed roof-integrated PVT module with mono-crystalline
silicon PV solar cells and active rear ventilation in an open-loop system. In an open loop BIPVT
system, the ambient air temperature is equal to the inlet temperature. The following studies examine
optimizations, modeling and experimental measurements of modules and systems performance with
this classification. Various designs of BIPVT modules for roof covering have been developed and
analyzed in [20-31]. In order to analyze their electrical and thermal performance, different steady-
state models have been set up and validated with experimental indoor and outdoor measurements. In
addition, these models and experiments are used for energy & exergy analysis as well as performance
assessment of air-based BIPVT modules and systems for roof coverage. The presented models are
based on energy balance concepts and on equivalent circuits for the heat flows through the BIPVT
module. However, the simulation accuracy of varying operating conditions in these models is limited
since dynamic behavior is not represented. In addition, the presented models are customized and
parameterized for the specific design, so these models can only be used for other designs to a very
limited extent.

The authors in [32] presented a detailed overview of thermal and electrical air-based BIPVT perfor-
mance models in the literature, and interested readers can refer to the article. Therefore, only the
most recent and relevant publications are described in the following. A dynamic simulation model is
required to obtain accurate results when considering changing operating conditions over the course
of a day when simulating the electrical and thermal performance of a BIPVT system. Sohel et al.
developed a dynamic simulation model for a PVT roof-integrated system under real operating condi-
tions and validated it with experimental measurements in [33]. The analyzed PVT roof-integrated
module consists of a thin-film PV module with 39 air channels for active rear ventilation. Moreover,
the authors set up an electrical PV model to determine the electrical efficiency and energy yields. This
model is based on the electrical efficiency at standard test conditions (25°C, 1000W - m~2, AM1.5G,
STC) and simplified correction factors for cell temperature and irradiation. Despite simplifications,
the electrical and thermal results are consistent with measurements and show a relative root mean
square error (RMSE) between 2.2% and 4.2%. Nevertheless, the prediction accuracy of the electrical
energy yields is limited to these simplified correction factors.

A further challenge in modeling the performance of a BIPVT system is to take into consideration the
interaction between electrical and thermal energy cogeneration. Delisle et al. presented a performance
assessment of an air-based BIPVT module, whose design is based on PV cells and absorber surfaces
in alternate rows, in [34]. In order to analyze and assess the BIPVT module, a transient thermal and

electrical model has been set up. The open-circuit voltage temperature coefficient model was used to
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achieve the PV cell temperature as an input for the thermal model. The PV model is based on the
power temperature coefficient model, which considers variations in PV solar cell temperature and
solar irradiation compared to the electrical performance at STC. A maximum temperature rise of
38°C for a wind speed of 5 m-s~! was observed in experimental measurements and indicated good
agreement with the simulation model.

A few BIPVT systems are used for heat recovery in the building with hot water heat exchangers or
air-source heat pumps. De Keizer et al. developed and validated a thermal simulation model for an
air-based BIPVT system coupled to a modified air-source heat pump (ASHP) for different airflow
configurations and heat transfer materials in [35]. However, the heat pump system is simulated, and
therefore no experimental data on heat pumps in combination with BIPVT systems is available.

An increase in overall efficiency can be expected primarily through optimization of the geometry
of the rear ventilation air duct, operating strategies and innovative materials. In the work of Wajs
et al., air-based BIPVT modules are optimized by varying depths in [36, 15]. They conducted an
experimental study on energy & exergy performance with measurements in the laboratory. The
results showed a maximum thermal efficiency of 27% and an overall efficiency of 32%. Moreover, an
increase of 9.5% in electrical efficiency by cooling the PV solar cells can be observed. However, the
results are limited to measurements in the laboratory and steady-state operating conditions.

Another innovative application for BIPVT roof coverage is represented in the use of unmanned
air vehicle shelter hangars, as demonstrated by Bot et al. in [37]. In order to analyze the BIPVT
module under real operating conditions, a transient simulation model was setup with a lump mass. A
maximum temperature rise of 9.2 °C was observed for the simulation period.

In a previous study, Fudholi et al. analyzed theoretical approaches for modeling air-based BIPVT
modules based on the energy balance concept and concluded that some of these models have good
agreement in terms of theory and experiment. The accuracy obtained depends significantly on the
choice of the mathematical model and the key parameters of the BIPVT module design. Thus, the
analyzed models are very limited when the key parameters of the system are inaccurate, as observed
in [38]. A prior work by Meisenzahl et al. concluded in [39] that for glazed roof-integrated PVT
modules, the optical optimization potential in terms of textured glass covers is very limited.
Debbarma et al. concluded in their review in [14] that there is a research gap in the field of BIPVT
systems in the building sector and that there are only very few studies about the utilization of such
systems. By analyzing the current state of unglazed BIPVT, it can be concluded that no studies have
investigated optimization potential in terms of reduction of optical losses as a function of the angle of
incidence (AOI). Studies that address angular-dependent optical losses are focused on PV modules
without heat utilization. Furthermore, the impact of different aesthetic appearances on different
front covers has not been considered in the previous studies. Several studies presented electrical
performance and optical models with a low level of detail. Analyzing optical optimizations with
these models is very limited, and thus accurate models must be developed. It has been shown that
accurate thermal models of BIPVT systems with a high level of detail already exist, but the accuracy

of the simulations is strongly dependent on the custom design parameters of the module and system.
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Therefore, an adaptation of the state-of-the-art thermal simulation models for the analyzed BIPVT
module design presented in [10, 40] and studied in this thesis is essential to assessing optimizations
in terms of mass flow rate and air leakage variation. Nevertheless, there are only very few studies
that consider the air leakage mass flow rate between the single BIPVT modules and air infiltration at
the inlet in high detail. Finally, simulation models to analyze the optical and thermal performance
optimization potential of custom-designed BIPVT systems with standardized electrical PV models

are lacking in the literature.

1.4 Research objectives, approach and thesis structure

Three research topics and their respective objectives are defined for the analysis and optimization of
BIPVT modules and systems based on the review are defined. Subsequently, the research approach
is described. The research topics are each dedicated to a corresponding chapter of this thesis. In
a broader context, the research objectives are related to the required actions of the International
Energy Agency (IEA): Solar heating and cooling programme Task 56, "Building Integrated Solar
Envelope Systems for Heating, Ventilation and Air Conditioning and Lighting: Manufacturers - To
offer customizable architectural appearance” in [41]. In addition, the research objectives address the
actions of the IEA Photovoltaic Power System Programme Task 15 in terms of solutions for aesthetic
issues of BIPV systems, especially for colored BIPV, as reported in [42].

1.4.1 Optical and thermal modeling and analysis

Enabling the BIPVT module to generate electricity at a competitive levelized cost of energy (LCOE)
on house roofs with suboptimal orientation, such as east and west-facing roofs, or tilt angle, the
AOI performance must be optimized. The AOI performance is essentially dominated by the first
surface on which the solar irradiation is incident. The relative transmittance 7(6), also known as the
incidence angle modifier (IAM) in [43, 44], is normally used to account for reflectance losses at the
glass-air interface. In order to analyze and assess the optical optimizations achieved by textured solar
glasses and coatings, a detailed IAM loss model has to be integrated into a BIPVT simulation model.
The studies in [45—47] revealed colored front covers with comparatively high transmittance rates.
These front covers represent an optimization of the aesthetic appearance and can thus achieve greater
acceptance by architects and building professionals. Nonetheless, these colored front covers decrease
the amount of incident irradiation on the PV solar cell and thus cause increased optical losses in
comparison to standard glass. In order to quantify these losses and predict the performance of modules
with colored glasses, suitable models must be developed and validated. A more comprehensive
literature review and description of research gaps are presented in Section 3.4.

Optimizations of the electrical and thermal energy yield are realized by adjustments of the mass flow
in the air duct system and in the air leakage, as shown in [29, 31, 48]. These optimizations allow for

more effective cooling of the PV cells, and hence more heat is transferred from the glass package to the
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heat transfer fluid. To analyze the influence of these optimizations, it is necessary to apply appropriate
models in a simulation framework. A recent study in [14] revealed a lack of flexible simulation
frameworks to study BIPVT systems and identify optimization potential. Therefore, a simulation
framework including optical, electrical and thermal models is to be developed and validated.
Previous studies by Getu et al. in [49], Roeleveld et al. in [50] and Bot et al. in [37] confirm
that computational fluid dynamic (CFD) models are suitable to analyze the airflow, pressure drop
and temperature contour profiles and derive modeling parameters of BIPVT modules and systems.
Modeling air leakage and air infiltration is another particular challenge for air-based BIPVT modules.
Delisle et al. defined the air leakage for the top- and back-surfaces of a BIPVT module with an equal
mass flow in [28]. A different mass flow between the top side of the ambient and the back side of the
roof can be expected and is taken into account in the simulation model to be developed.

The first research objective is therefore to answer the question of how the improved BIPVT module
under study can be modeled in order to analyze the annual performance and quantify optimization
potential. Suitable models are developed and integrated into a simulation framework to determine the
overall performance of the module. Therefore, modeling parameters are derived from small-scale
laboratory measurements and CFD simulations. In the development of this framework, a high level
of detail is considered to evaluate optical and thermal optimization potential. Finally, the simulation
framework is validated by large-scale field measurements with the improved BIPVT system.

The second objective in this research area is to answer the question of how to accurately simulate the
AOI performance of colored modules. Therefore, an optical model using angular-dependent spectral

responsivity measurement data is developed and validated by field measurements.

1.4.2 Optical and thermal optimization

Optical losses in terms of the AOI have an influence on the overall performance of BIPVT modules.
A promising approach are nano-imprinted textures that reduce these losses and are easy as well as
cost-effective to apply, as studied in [51, 52]. However, these studies focus on measurements of mate-
rial properties and do not consider the reduction of annual AOI losses under outdoor AOI distribution.
In order to quantify the influence of these textures on optical losses, time series simulations using
measured IAM curves are required.

Beyond increasing the thermal efficiency and thus improving the heat utilization, the thermal opti-
mizations can also affect the electrical performance by reducing the PV cell temperature. On the
contrary, the electrical energy consumption of the fan increases with an increasing mass flow rate in
the air duct system. In order to optimize the overall efficiency of BIPVT systems, the optimal mass
flow rate must be determined by taking into account the energy consumption of the ventilation system
and the reduction of PV cell operating temperature. Therefore, several studies in [53—56] recommend
the effective efficiency approach to determine the optimal mass flow rate for solar air heating systems
with a given module design. However, studies using this approach for air-based BIPVT systems are

lacking.
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The second research objective intends to answer the question of how the optical and thermal opti-
mizations impact the performance of BIPVT modules. Therefore, annual simulations of the effective
irradiance at two locations and various tilt angles are performed to quantify the detailed reduction of
angular-dependent optical losses. Also, the effective thermal efficiency is simulated for a wide range

of rear ventilation operating conditions for the improved module design with and without air leakage.

1.4.3 Assessment of measured and simulated energy yields

The authors in [11] identified that performance studies of improved BIPVT module designs using
experimental and numerical approaches are an important research need. The third research objective is
therefore to assess the measured and simulated annual energy yields of the improved BIPVT module
design in a system. The measurements are done under real operating conditions in a large-scale
outdoor experiment. To assess the thermal and electrical performance, weather data and characteristic
values such as power output, module temperature, air outlet temperatures and mass flow rate of the
test system are monitored. The experimental measurements are carried out for a period of one year
in order to analyze also the seasonal influences. The experimental performance assessment includes
the determination of Performance Ratio (PR), electrical yield increase by active PV cell cooling,
steady-state thermal efficiency and coefficient of performance (COP) of the BIPVT system coupled
to a heat pump. Moreover, the test system is compared with a reference system with conventional
devices. In addition, the recorded measurement series data is used to validate the developed BIPVT
simulation model and analyze the temperature characteristics of the system.

The validated models are integrated into a simulation framework to perform a case study and assess
the improved BIPVT module design. The case study includes typical meteorological year (TMY)
data and demand load profiles to calculate the characteristic values of BIPVT systems. These values
include overall efficiency and energy yield, solar coverage rate, self-consumption rate and seasonal

performance factor (SPF).



Chapter 2

Fundamentals

2.1 Optical and solar irradiance modeling

The effective solar irradiance supposed to be absorbed by the BIPVT module is derived by different
methods. Firstly, the solar global irradiation incident on the plane of array of the module surface can
be determined by measurement devices such as thermopile pyranometers, photodiode pyranometers or
PV reference cells. In particular, these measurement data can be used to assess the field performance
of a specific system under investigation. Secondly, available weather data sets can be used for the
prediction of BIPVT systems energy yield at different locations. These data sets typically include
measurements of the Global Horizontal Irradiation (GHI) provided by thermopile pyranometers.
Thirdly, more detailed data sets include measurements with a pyrheliometer and pyranometer on a
dual-axis tracker to provide the following components: Direct Normal Irradiation (DNI) and Diffuse
Horizontal Irradiation (DHI), respectively. However, the availability of these irradiation components
is required to account for optical losses in detail in order to predict accurate energy yields for different
locations. Accordingly, the global irradiance on the plane-of-array (POA) G; can be calculated by the

sum of the respective in-plane irradiance as
Gi=Gip+Gia+Gigr, (2.1)

where G;p, Gjq and G; g are the in-plane direct, diffuse sky and diffuse ground reflected irradiance,

respectively.

2.1.1 Incidence Angle Modifier simulation models

The rated power specifications in data sheets for PV modules and solar cells refer to STC. These STC
measurements are performed at perpendicular irradiance, so there is no possibility to determine the
oblique behavior. The IAM provides a way to determine performance for a wide range of AOI. The
AOI 0 is calculated by the respective sun position as well as the tilt angle 8 and azimuth orientation
of a PV module. Firstly, it is introduced how the IAM is defined and measured. This is followed by
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the introduction of various simulation models used to develop IAM predictions as well. Likewise,
it is explained what influence the first layer has on the IAM of PV modules, as this has decisive
implications for the assessment of optical optimizations.

The measurement of the relative transmittance 7(0), also known as IAM, is part of the standard IEC
61853-2 and is used to consider oblique behavior in the performance evaluation of PV modules [57].
The short-circuit current Isc(0) can be used to derive the 7(6) of PV modules, as this characteristic
value is proportional to the amount of irradiance absorbed by the PV solar cells [8]. By means of
an experimental setup as presented in [58, 39], the short-circuit current Igc(6) can be measured at
different AOI 0 and calculated as

Isc(0)
7(0) = ———F————. 2.2
(8) = 15c0%) - cos(®) 2)
7(0) : Relative transmittance of a PV module as a function of AOI [dimensionless]
Isc(6 : Short-circuit current of a PV module as a function of AOI [A]
Isc(0°) : Short-circuit current of a PV module at AOI=0° [A]
7] : Angle of incidence [°]

In (2.2) the IAM is calculated by the short-circuit current Isc(0) at various 6 divided by the Isc(0°)
and the cosine of the respective AOI. A cosine correction is applied to take into account the reduced
incidence of light due to geometric influences.

Various simulation models to determine the IAM by means of material properties (Physical model
[16]) and curve shape parameters (ASHREA model [59, 60], King et al. [61-63], Martin and Ruiz
[64-66]) are developed. Martin and Ruiz developed an analytical model for the IAM to simplify
the calculation of reflectance losses in simulation tools [64—66]. This model is recommended by the
IEC 61853-2 standard to simulate IAM curves for standard PV modules based on an empirically
determined shape parameter and indicates the most suitable prediction for standard solar glasses [57].

The simulation model is based on the following analytical equation

1 —exp(—2> 9)
= 4@ . 2.
O T ) -

a; : Empirical shape parameter [dimensionless]

In this equation, the a, represents a shape parameter to be determined empirically by experimental
measurements, which is dependent on the AOI, module technology and the air/glass interface. Typical

values of a, range from 0.16-0.17 for standard PV modules up to 0.20 for soiled surfaces [64—66].
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2.1.2 Diffuse irradiance angular correction factor

A crucial distinction in the application of these simulation models must be made with regard to the
direct and diffuse irradiance components. The measured data from the IAM can be used analogously
to model the angular reflection losses of the diffuse irradiance component on the front surface of a
PV module. Since the solar rays of the diffuse irradiance are mostly isotropic and therefore hit the
module surface from a wide range of the AOI, a suitable modeling approach is required. Models to
account for these losses have been developed in [65, 67]. These models integrate the IAM from the
measurements over a wide range of AOI of the respective diffuse irradiance and combine it into an
angular correction factor Fy. The Fy is divided into separate fields of view: Diffuse sky Fg ¢y, horizon
Fa hor and ground reflectance Fy gq.

The numerical method in [67] can be used with different IAM models as well as interpolation methods
in order to calculate the diffuse angular correction factors. The factors are calculated for a fixed tilt
angle 3 of the PV module as

Zgzg ZEignF(G) -cos(0) - dA;
b= =0 v P=0 0)-dA
Yoz Lw_pzC0s(0) s

, (2.4)

where @ and W are the respective angles in radians defined in a ®-W-coordinate system, and Ag is the
projected area surface. This method applies for diffuse sky irradiance in the 6 < 7 and ® < 7 range.
In contrast, the diffuse ground reflected irradiance is considered within the 6 < § and ® > 7 range.
The analytical approximation from [65] can be used to calculate an AOI correction factor for the
diffuse component Fy based on a; and fitting parameters. This approach is used in the standard IEC
61853-3 and assumes an isotropic diffuse irradiance distribution. Accordingly, the fitting parameters
defined in the standard are used. The angular correction factors for diffuse sky and ground components

are defined as:

1(1

Fy,sky/grd =1 —exp[——
ar

3W(S]/z) 2.5)

+(0.5a, —0.154) (s /2)*)]
1+cos(B)

B —sin(B)
1 —cos(B)

In these equations f3 represents the tilt angle of the respective PV module under investigation.

s1 =sin(f) +

52 =sin(p) +

Accordingly, a diffuse correction factor F4 by (2.5) is considered for these irradiance components,
respectively.

King et al. described an analytical equation to determine the effective irradiance considering optical
loss factors for PV devices based on measurements and empirical correlations [61]. This model
applies an IAM and a spectral correction factor to account for angle-dependent reflection and spectral
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mismatch losses, respectively. Accordingly, the IAM correction factors can be applied to (2.1) to
calculate the effective irradiance Gegr. The effective irradiance that can be absorbed by the PV module

1s defined as
Gepr =Gip-T(0)+Gia-Fygy+ Gigr Fugra, (2.6)

where 7(60), Fy sy and Fy grq are the correction factors for the direct, diffuse sky and ground reflected

irradiance, respectively.
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2.2 Thermal modeling of BIPVT modules

2.2.1 Energy balance of a BIPVT module

In order to analyze the energy yields and optimizations of the BIPVT system, a numerical performance
model based on energy balance and heat transfer is set up. Helmers and Kramer [68] developed a
multi-linear performance model for PVT modules and validated it with outdoor measurements. The
performance model indicates a good agreement and therefore it is applied as a reference for determin-
ing the energy balance of the BIPVT module. They described a two-node model in which thermal
energy transfer to the fluid is separated from electrical energy transfer by a thermal transmittance
Ufuid-

The basic energy balance for the BIPVT module adapted according to Helmers and Kramer [68]

is shown in Fig. 2.1. The effective heat flux density gef is derived from the energy balance and

T, 4
[95]
2
1/Uloss S
A * E *npy
T : Pel
g
1/Ufia =
S
<
&Y
Tm v

Fig. 2.1 Basic energy balance of a roof-integrated PVT module adapted from Helmers and Kramer
[68].

represents the available absorbed power P,y of the glass package after optical losses on a specific
area A. This area-specific heat flux density g can be simplified as

P, abs
A

= q.eff =G- ((aabs ’ T) - nPV)- (27)
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P,,s : Absorbed power after optical losses [W]

Jers  : Effective area-specific heat flux density [W - m2]
G : Area-specific global irradiance [W - m—2]

Q,ps - Absorptance coefficient [dimensionless]

T : Transmittance [dimensionless]
Net  : Electrical efficiency [dimensionless]
A : Surface area [m]

While G is the area-specific perpendicular global irradiance and 7 is the optical energy transmittance
trough the solar glass laminate. The absorptance coefficient of the glass package is represented by

Qs and the electrical efficiency of the PV solar cells by npy.

2.2.2 Convective heat and radiation transfer of the front surface

In this subsection the energy transfer to the environment Ujygs, which is not utilizable by the BIPVT
module, as shown in Fig. 2.1 is determined by empirical correlations. Quantifying the heat transfer
with the ambient air temperature T, due to convection by a given wind speed on the top surface of the
BIPVT module requires assumptions of the heat transfer coefficient Ofone. Models of already well
documented experimental measurements are applied due to the expensive and time consuming nature
of these experiments.

McAdams [69] conducted experimental wind tunnel tests with a 0.5 m x 0.5 m flat plate and found a
empirical correlations for the heat transfer coefficient . It is calculated by the analytical equations
(2.8) and (2.9) as a function of the wind speed vy, on the flat plate.

a=57+38-v, for v,<5m-s! (2.8)
a=647-v,0"  for v, >5m-s! (2.9)
o : Heat transfer coefficient [W-m~2-K~1]
Ofont  : Front heat transfer coefficient [W -m~2-K~!]
Vw : Wind speed [m-s~']

Laemmle et al. examined the application of high-transmissive low-emission coatings to optimize
water-based high efficiency PVT modules and stated an emissivity € of 0.915 for collectors without
low-emission coating [70]. Accordingly, this value is used for the simulation of the BIPVT module.
Analogously to the heat transfer coefficient, the heat radiation transfer with the sky is to be determined.
An empirical analytical correlation for the sky temperature is therefore necessary, which is calculated

with the respective ambient temperature T,. According to Swinbank [71] the sky temperature can be
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calculated by the analytical equation (2.10).

Ty = 0.0552- T, (2.10)

Tsky @ Sky temperature [K]
T, : Ambient temperature [K]

2.2.3 Thermal material properties of the glass package

In order to determine the material properties of the glass package for the simulation model, the density

p, the specific heat capacity c, and the thermal conductivity A. must be determined.

Table 2.1 Material properties of the glass package of the BIPVT module.

Ac cp p d
Material | W-m™!.K™! | J.kg™" - K™! | K-m™ | mm
Glass 1 1 720 2500 3.2
EVA 1 0.311 760 920 0.9
c-Si 148 700 2500 0.2
EVA 2 0.311 760 920 0.45
Glass 2 1 720 2500 3

The material properties given in Table 2.1 are used for the calculations. To determine the density and

specific heat capacity of the glass package, the equations (2.11) and (2.12) are used.

i1 (pi-di)
== 2.11
p ", (2.11)
p : Density kg -m™]
d : Thickness [mm]
Yii(pi-di-cpi)
cp= ==L : (2.12)
’ 1 (pi-di)

Cp : Specific heat capacity [J kg™ K]

According to Boeckh and Wetzel [72] the equivalent heat conductivity for the glass package can be
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calculated by (2.13).

n
im1 di

= ==l (2.13)
G

A : Thermal conductivity [W-m~!- K]
Aec  : Equivalent thermal conductivity [W - m- 1 K]

2.2.4 Convective heat transfer to the fluid

Heat is transferred between surface and fluid by convection, which is distinguished between free
convection and forced convection. In the case of free convection, the flow is caused by temperature
and density differences, and in the case of forced convection, it is caused by pressure differences. The
heat flux density is calculated using (2.14), where « is the heat transfer coefficient, T is the fluid

temperature and Ty is the surface temperature [72].
‘h’onv = a(TF - TS) (214)

2.2.5 Determination of thermal power, energy and efficiency

A significant indicator to be determined in order to analyze and assess optimizations of BIPVT
modules and systems is thermal performance and efficiency. The air mass flow rate m of the rear

ventilation outlet is determined with the volumetric mass density p of air and fluid flow rate V as
m=p-V. (2.15)

The specific thermal power of the air collected from the rear ventilation of the BIPVT system can be

calculated taking into account the temperature difference between the air inlet T; and air outlet T, as

ey (T, —Ti)

- , (2.16)

ch =

where m is the mass flow rate, ¢, is the specific heat capacity of air and A is the total irradiated gross

area of the module. The specific thermal energy of the system can be calculated as

O = / dun d, 2.17)
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where §y, is integrated over the time. The thermal efficiency 1y, represents the ratio between the
useful heat dissipated by the airflow and the solar irradiance and can be calculated as
Gih

=" (2.18)

where G is the incident solar irradiance [15, 36]. Analogous to these equations, the electrical energy
E.; and efficiency 1) are calculated using the area-specific electrical power in the maximum point of
power (MPP) pe.

2.3 Electrical modeling of BIPVT modules

A detailed electrical model is required in order to analyze the PV performance of the BIPVT module.
This model can be used to assess the optical and thermal optimizations. Moreover, the cooling effect
due to the air duct can be quantified.

The electricity generation of PV solar cells, modules or systems can be determined by simple analytical
expressions or voltage-current relationships. These relationships are derived of a single diode equation
circuit model based on five parameters. In previous works, the electrical model of air-based BIPVT
modules are expressed by simple analytical equations related to the electrical efficiency in the MPP
[15]. More detailed models are considering the temperature dependency as function of mean PV cell
temperature [34, 70, 62, 63]. The application of a current-voltage relationship provides the highest
level of detail, but is more sensitive and elaborate in parameterization. However, in order to determine
accurate electrical energy yields this modeling approach is recommended in the IEC standard 68153

for module testing and energy rating [73].

2.3.1 Five-parameter model for PV performance estimation

In order to predict electrical energy yields of PV modules under real operating conditions, the single
diode equivalent circuit is an accurate and reliable model. This model is usually based on five
parameters and expressed by (2.19) [74]. The five parameters: diode reverse saturation current Io,
light-generated current Iy, series resistance Rg, shunt resistance Ry, and ideality factor parameter -
each for a certain operating point, are needed to estimate the I-V curve of a PV module. The modified
ideality factor parameter in (2.19) includes the number of cells in series N, the ideality factor n and
the cell thermal voltage V. Vi, consists of the Boltzman’s constant kg, the temperature of the p-n

junction T¢ divided by the electron charge q [74].

I1=1 — [ _) —
L O[exp(ND'ns'Vth Rsp,

(2.19)

Five parameters are required to solve the single diode equivalent circuit equation of the PV mod-

ule under investigation for the respective effective irradiance and cell temperature. De Soto et al.
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presented a reliable and easy-to-use method to determine these five parameters by semi-empirical
equations. Therefore, based on the I-V curve measurement at STC, the current-voltage relationship
can subsequently be determined according for any other operating point [75].

2.3.2 Photovoltaic module and cell temperature models

Thermal models to predict the PV module and cell temperature are described by Fuentes [76], King
et al. [62] and Faiman [77]. However, the IEC 61853 standards for performance testing and energy
rating recommend the module temperature determination by the Faiman model [77, 57]. The module
temperature Ty, is derived according to this model in (2.20), taking into consideration variations in

wind speed vy, and the in-plane irradiance G;j [77].

Gi

Tinoa = Toa + ——7— 2.20
mod mod UO n Ul Vi ( )
Both constant coefficients U;) and U'1 describe the heat loss of the modules in dependency of their
optical efficiency as well as wind conditions and can deviate for different module types [77]. In
this context, the heat loss coefficients for the solar modules on site are determined by using a least-
squares fit approach as described by Faiman [77], based on in situ measurement data of the Ty,, the

corresponding weather and irradiation conditions.

2.3.3 Photovoltaic system inverter model

The PVWatts inverter model from the National Renewable Energy Laboratories (NREL) predicts the
AC power output of a PV system. Briefly explained, the model estimates the inverters efficiency up to

the nominal rated inverter efficiency Onom as a function of the systems DC power output [78].

2.4 Spectral responsivity measurements of crystalline PV solar modules

Spectral responsivity SR(A) measurements are typically applied to determine insights of the wave-
length dependent spectral loss effects of PV solar cells and modules. External and internal spectral
loss effects like transmittance, reflectance and parasitic absorptance of a PV module are included in
the spectral responsivity SR(A). It is measured by illuminating the PV device with monochromatic
light of different wavelengths generated by a solar simulator with filter monochromator or grating
monochromator. To determine the SR(A) of a PV module, the short-circuit current Isc at each wave-
length has to be measured. The measurement procedure for PV modules is defined in the standard
IEC 60904-8 [79]. The spectral responsivity SR(A) is defined as a function of wavelength as the
short-circuit current Isc of a PV module divided by the spectral irradiance and the surface area of the
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module [8]. Accordingly, it can be calculated by (2.21).

SR(A) = ' 2.21)

SR(A) : Spectral responsivity as a function of wavelength [A-W~!]
G(A)  : Spectral irradiance as a function wavelength [W - m~?2]
A : Surface area of a PV module [m?]

Consequently, the short-circuit current Isc can be represented by the integration of the SR(A) over
the wavelength range up to the bandgap of c-si by (2.22).
1200

Ic=A- SR(A)-G(L)dA (2.22)
300

2.4.0.1 Optical measurement setup for characterization of PV modules

The optical measurements in this thesis are performed with a modified measurement setup based
on a solar simulator with filter monochromator for PV solar cells (FiMo SR EQE, Aescusoft). Fig.
2.2 shows the modified setup used, consisting of a solar simulator, an upstream optical chopper, two
filter-monochromators, a sample stage with bias illumination, measurement equipment and a data
acquisition system. The setup is divided into two rooms, which are only connected by an aperture
for the light beam. The illumination source of the solar simulator is a xenon short-arc lamp (1000 W
Osram XBO) connected to a stabilized DC power supply. The housing of the illumination source and
DC power supply is water-cooled. The double filter monochromator contains 40 different bandpass
filters and can hence provide a wavelength range from 300 to 1120 nm with a full width at half
maximum (FWHM) of 25 nm [80]. The measuring beam of the solar simulator is guided directly
through an aperture onto the measuring sample stage and irradiates an area of about 210 x 210 mm?.
A bias illumination, consisting of two tungsten halogen lamps for simulating outdoor conditions by
setting an operating point and compensation of interferences, is mounted directly on the sample stage.
The short-circuit current density Jgc of the PV solar cell under test is measured via the voltage drop
across a low impedance shunt resistance and is transferred to a lock-in amplifier.

The rotation frequency of the optical chopper is measured continuously, using the lock-in amplifier,
and then transmitted to a data acquisition system. The lock-in amplifier improves the signal-to-
noise ratio by comparing the AC signal generated by the chopper with the DC signal from the bias
illumination and the noise signal. This method allows to measure even the smallest short-circuit
currents of PV solar cells [81].

The standard IEC 60904-8 recommends a reference cell calibrated against a primary reference for
the measurement procedure of the absolute SR(A). A primary reference calibration is provided by
very few accredited laboratories for other laboratories in industry and research [79]. For this thesis a

reference cell calibration is provided free-of-charge by the European Telecommunications Standards
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Fig. 2.2 Setup of the optical measurement test stand for angular broadband and spectral characterization
of PV modules. [80]

Institute of the European Commission Joint Research Centre. Before the optical measurements are
performed, a calibration of the used measurement setup is done by obtaining the perpendicular SR(1)
of the reference cell. In the post-processing the calibration data and measurement signal is used to
determine the absolute SR of the device under test according to (2.23) [80].
VDUT . Rref . Aref

SRput(A) = SRyef v

(2.23)
ref Rpur Apur

SRput(A) : Absolute spectral responsivity of the device under test [A-W 1]

SRef(1) : Absolute spectral responsivity of the reference device [A-W~!]
Vbur : Measured signal of the device under test [mV]

Viet : Measured signal of the reference device [mV]

Rput : Shunt-resistance setting of the device under test [mQ]

: Shunt-resistance setting of the reference device [mQ]

Apur : Active cell area of the device under test [cm?]

Arer : Active cell area of the reference device [cmz]
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2.5 Textured and colored solar glasses

The term solar glass covers both glass for photovoltaic and solar thermal applications. Due to its
low manufacturing cost, high transmittance, mechanical properties and durability, all relevant solar
glasses are made of soda-lime silicate glass [8]. This glass is typically composed of silicon dioxide
(Si0,) and is produced at low cost by adding lime and soda at a melting temperature of 1450°C.
Standard soda-lime silicate glass has a high iron oxide (FeO) content by the nature of its raw materials.
This high iron content leads to broad and strong absorptance in the near infra-red (NIR), which is
particularly high in the 1100 nm wavelength range. This reduces the transmittance at this wavelength
by up to 12%. The band gap of crystalline silicon is exactly in this wavelength range and therefore
especially low iron raw materials are used for the production of solar glass. This glass with a thickness
of 4 mm has a transmittance of around 91% and is designated extra-white. The spectral transmittance
of solar glass contributes decisively to the generated power of a solar cell in a PV module [82].
Another essential aspect is that the FeO content is reduced by oxidation into Fe,Oj3. This is achieved
by adding antimony pentoxide (Sb,Os) in the melting process. This process increases the transmit-
tance of glass up to 91.5%, giving it the designation ultra-white. Due to the manufacturing process,
this solar glass is only available as patterned glass. In the manufacturing process of float glass, the tin
would also be oxidized by the Sb,Os and preserve traces on the glass surface. Float glass flows over a
hot tin bath after the glass is melted, providing it its mirror-smooth surface. Patterned glass is rolled
directly after the glass melting at about 1000°C and gets its textured surface here. Next, solar glass is
thermally toughened in a tempering furnace to increase its mechanical strength.

The differences between float and patterned glass during production and other advantages and dis-
advantages are not discussed in detail here. For more information, please refer to the literature of
Blieske et. al [82].

2.5.1 Textured solar glasses

In order to improve the oblique light behavior of a PV solar cell, it is textured on the side facing
the sunlight in an etching process, resulting in a so-called light-trapping effect. This effect leads to
multiple reflectance of a light ray as well as a longer effective optical path length in the solar cell and
thus increases the probability of being absorbed in the semiconductor [82].

This light-trapping effect is also used in textured solar glasses. The previously described rolling
process enables the texturing of glass surfaces and is used for the production of textured and deep-
textured solar glass. The main improvements of textured solar glasses in PV modules are the previously
introduced light-trapping effect and a reduction of reflectance at the glass/air interface with oblique
incidence of light.

Fig. 2.3 shows the light-trapping effect (A) and how multiple reflectance occur at the texture,
increasing the probability that the light rays reach the PV solar cell. The light-trapping effect is

represented by refractive light rays using the Snellius’ law of refraction. Consequently, the refraction
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A) 6=0° R=4.7 %

n=1.52

n=1.48

Fig. 2.3 Simplified geometric representation of deep-textured solar glass coupled with EVA (n=1.48,
([8], p. 75)). Example for the light-trapping effect and perpendicular incidence on the module plane
(left, A) and oblique light incidence on the module plane (right, B) with reduced reflectance [82].

of light rays at the interface between two isotropic optical media can be determined by Snellius’ law
of refraction according to (2.24) [83].

S?n(el) _m_ const. (2.24)
sin(6y)  my

0, : AOI of the light ray onto the optical medium [°]

6, : AOI of the light ray into the optical medium [°]

n; : Refractive index of the first medium at the interface [dimensionless]

n, : Refractive index of the second medium at the interface [dimensionless]

Furthermore, the texture can lead to a reduction of the effective AOI on the glass surface despite
oblique light incidence, as shown in Fig. 2.3 (B). Minimizing the AOI results in a reduction of

reflectance, which can be determined for uniform polarized light by (2.25) [84].

1 tan2(91—62) 1 sin2(91—62)

1 1 sin”(61 = 6;) 225
2 tan2(91+92)+2 sin*(0; + 6,) 2.25)

Thus, the texture reduces the reflectance at an AOI of 80° on the module plane from roughly 39% to
only 4.7%, compared to solar glass without texture.

Moreover, the light refraction of textured solar glass provides a homogeneous appearance of PV
modules from an aesthetic point of view [58, 82].

Another promising technology to enhance the optical properties of solar glass for oblique light
conditions are imprinted nano- and microtextures of UV-curable resin. These textures have dimensions

from < 10 nm to > 1000 um and are imprinted in a role-to-plate lithography process on solar glass



2.5 Textured and colored solar glasses 24

and polymer sheets. Veldhuizen et al. found that the nanotexture imprint reduces the spectral
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Fig. 2.4 IAM measurement comparison of deep-textured solar glass and solar glass with nano-
imprinted pyramidal and inverted pyramidal textures. [51]

reflectance below 2% in a wide range of wavelengths and that the transmittance consists of 99%
diffuse transmittance. Moreover, angular measurements of coated glass with pyramid- and inverted
pyramid structure have revealed an IAM > 0.9 for AOI up to 85° as shown in Fig. 2.4 [51].
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2.5.2 Colored solar glasses

The application of colored solar glass in BIPVT modules can enhance the aesthetic appearance of
buildings and therefore achieve more acceptance at house builders and architects. On the other
side, energy losses are caused by an increased reflectance of the respective color. In the following
subsection, promising technologies of colored solar glasses with relatively high transmittance rates
are introduced.

Jolissaint et al. presented a combination of two optical effects to achieve a colored appearance, by
at the same time high transmissivity. An etching treatment of the front surface, faced towards the
sun, creates a diffuse reflectance and transmittance. Diffuse reflectance, in comparison to specular
reflectance, generates a surface which provides a matte appearance and prevents glare effects. In a
field test, colored BIPV modules with this technology were installed on a test house in the building
facade and roof to determine the energy loss in comparison to a black reference module. It can be
observed that the energy loss shows a wide range from -16% up to -24% for green and gold colored
modules, respectively [85].

Colored solar glasses inspired by the morpho-butterfly effect are another promising technology to
customize aesthetics of building-integrated solar energy systems. Blési et al. presented an adoption of
the morpho-butterfly-effect, which is a thin-film interference effect combined with a structure effect.
Therefore, a thin film layer is applied by a combination of structuring and sputter coating on the inner
surface of a solar glass. It has been observed that these colors have an excellent angular stability
and reduced glare [45]. Kutter et al. investigated the power loss for this technology and found it is
relatively low in comparison to ceramic print and colored encapsulants. A power loss between -7.2%
and -3% for red and blue color is stated, respectively [46].

2.6 Statistical error metrics

In order to assess the prediction accuracy and quality of the developed simulation models in this thesis,
suitable error metrics are introduced. First, the residual error (RE) is calculated by the difference

between the measured npe,s and predicted value ng;y, as
RE = ny,005 — Ngim- (2.26)

The RE in (2.26) represents the absolute difference between a single value in its corresponding unit.
In contrast, Mean Bias Error (MBE) is used to evaluate the accuracy of predictions within data series

and is based on the mean absolute difference as

n

1
MBE = Z Z(nmeas,i - nsim,i)- (227)
i=1

The RMSE not only considers the positive or negative error, but also includes the significance of the

deviation in its amplitude. The absolute RMSE is the root of the mean squared RE of all values of a
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data set and expressed as

1
RMSE = \/n Z(”meas,i - nsim,i)z- (228)
i=1

However, the error metrics in (2.27) and (2.28) are not related to the measured values and are therefore

difficult to interpret. The MBE relative to the measured mean values can be expressed as follows

% Z?:] (nmeas,i - nsim,i)

AMBE = (2.29)
mean(Nyeqs)
and, analogously, the relative RMSE as
% er'lzl (nmeas,i - nsim,i)2
ARMSE = . (2.30)

mean(Nyeqs)

The developed BIPVT simulation model is validated with the relative MBE in order to determine the
relative error of measured and simulated energy yields. The prediction accuracy of the model in terms
of energy quantities can thus be evaluated. Moreover, the angular-dependent spectral responsivity

model to simulate colored PV modules is assessed with these error metrics.



Chapter 3

Optical and thermal modeling of BIPVT

modules

3.1 Development of an automated rotational sample stage

The investigation and characterization of light-trapping structures or coatings, which can optimize the
oblique and low light performance of PV solar cells and -modules or aesthetic appearance, requires
accurate indoor measurement equipment setup. Furthermore, reproducibility must be ensured, which
allows the comparison of results from different samples and laboratories.

The standard IEC 61853-2:2016 defines the procedure of characterization of the angular losses
of PV solar cells and -modules [57]. The standard recommends adjusting the AOI to the sample
from the light source in an AOI range in between £60° by minimum 10° steps and from +60° to
+85° by 5° steps. Minimum three repeated measurements of the procedure should be performed
to decrease the random errors. This procedure results in a minimum of 69 measurements for each
sample, which is time-consuming and error-prone due to positioning errors. Therefore, an in-house
developed automated rotation sample stage is developed in [86, 87]. This sample stage is used for
angle-dependent measurements in this thesis in order to determine relative angular transmittance
curves.

A previous interlaboratory comparison study has shown results vary in worst case deviation from
-3% to +5% to the weighted mean in an AOI range of £80° and even worst for AOI > 80° [88, 89].
Especially the accuracy of the rotation stage adjustment, offset adjustment from the rear side to the
front of the PV solar cell and volume non-uniformity of the light source are common sources of error
[90].

The technical realization of the automated rotation sample stage is shown (see Fig. 3.1) in a three-
dimensional CAD model. The setup hardware consists of a mechanical construction connected
to a stepper motor for the sample stage and a data acquisition system (NI cDAQ-9174, National
Instruments). The data acquisition for the short-circuit current Igc is realized with the measurement

setup described in the previous Section 2.4. Module temperature monitoring during the measurement
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A: Sample frame
B: Sample
C: Frame rail

D: Off-set rail

E: Connection shaft
F: Bearing
G: Base frame

H: Motor and motor flange

Fig. 3.1 Technical realization of the automated rotational sample stage. [86]

procedure is done by a standardized resistance temperature detector (RTD) with a dedicated module
for the data acquisition system. Moreover, digital signal processing modules for adjustment of the
rotation stage are used. The measurement data processing and control of the rotation stage adjustment
are realized in the development environment LabView. The measurement data from both systems
is then merged and post-processed. An optical encoder provides the positional feedback of the
stepper motor, powered by a micro step driver, with a theoretical accuracy of 0.04°. In addition, a
ferromagnetic ring encoder, to verify the adjusted angles of the rotation stage and to qualify the setup
according to the standard IEC 61853-2 recommended accuracy, is installed. The calibration of the
two encoders shows a fulfillment of the required rotation angle of £1°.

A comparison to other laboratory measurement data of the exact same PV module sample is done to
validate the developed automated rotation stage. Therefore, the measurement data of a sample with the
exact same bill of materials (BoM) from the Physikalisch-Technische Bundesanstalt (PTB) is used for
validation. Results of the interlaboratory comparison are shown in Fig. 3.2. It can be observed that the
standard deviation of the developed fully-automated rotational sample stage and measurement setup
is below 1% for an AOI range of +80°. Angular SR measurements are rather uncommon and have
been performed in only a few studies and by very few facilities [91, 92]. Therefore, the measurement

procedure described in Section 2.4 is used with a rotational sample stage to setup different AOI!

!Fragments of the following section are published in “Dynamic Simulation Model of an Air-Based BIPVT Roof Tile
System* (Clasing et al., Proc. 8th World Conference on Photovoltaic Energy Conversion, Milan, Italy, 2022, pp. 662-665)
in [93].
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Fig. 3.2 Interlaboratory IAM measurement comparison between Cologne University of Applied
Sciences (THK) and Physikalisch-Technische Bundesanstalt (PTB) to validate the developed fully-
automated rotational sample stage.

3.2 Computational fluid dynamics BIPVT model

A three-dimensional steady-state CFD model is set up to analyze the fluid dynamics and thermal
performance of the BIPVT system under investigation in this thesis. Air flow from the inlet through 12
of these modules connected in series and an outlet manifold at the roof ridge is modeled and simulated
in ANSYS Fluent as shown in Fig. 3.3.

The objective is to identify initial optimizations of the BIPVT modules in terms of air flow behavior
and thermal performance. Additionally, specific parameters like pressure drop in the air duct system,
mass flow trough the air-leakages and convective heat transfer coefficient to the fluid are determined
and used as an input in the MATLAB-Simulink and Python simulation model. Therefore, the CFD
model is coupled with an energy model to calculate the thermal performance of the BIPVT modules in
series. Thus, the pressure drop, temperature contour profile and thermal efficiency can be determined
as a function of different geometries, mass flows, irradiance and ambient temperatures. Finally, the
results and findings from these simulations are used to supplement the assumptions used to simulate

the annual yields of the optimized BIPVT module.

3.2.1 Computational fluid dynamics modeling and boundary conditions

Three geometries are setup with different air-gap sizes s, as shown in Fig. 3.4, to model the air-
leakages between each BIPVT module with 0 mm, 1 mm and 2 mm on the top and bottom side. The
mesh for the numerical calculation is generated by discretization, which should be as homogeneous
and uniform as possible. For the models with a gap of 2 mm, the mesh is generated with an element
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Fig. 3.3 Schematic overview of the CFD model.

size of 2 mm. For the models with a gap of 1 mm, the element size of 1 mm is selected. Furthermore,

a constant roof pitch of 45° is setup for all simulations.

A

Fig. 3.4 Schematic representation of the modeled air leakage inlet size s in the interconnection between
two BIPVT modules.

The boundary layer, a prismatic layer is created near the interfacing surface to the rear ventilation air
duct for all models, since this area is important for the heat transfer. In addition, a multizone layer is

inserted to structure the mesh as homogeneous as possible.
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Getu et al. concluded that CFD simulations are suitable to analyze the air flow characteristics and
temperature profiles of air-based BIPVT systems. Moreover, they concluded CFD simulations can be
applied to optimize them in terms of convective heat transfer coefficients and air flow velocity [49].
A good agreement between experimental measurements and CFD simulations with the k-@ turbulence
model of air-based BIPVT systems was found by D. Roelevelda et al. [SO]. Therefore, a pressure-
based steady-state CFD simulation is performed with the SST-k-® turbulence model considering
energy balance concept for energy analysis of the presented BIPVT system under various operating
conditions.

The fluid is defined as air and incompressible ideal gas, as recommended by Getu et al. at mach
numbers M, < 0.3 [49]. This setting changes the air density only with the operating pressure and

temperature.

Air outlet—,

<«——Air inlet

Fig. 3.5 Three-dimensional CAD model of the inlet (left) and outlet (right) of the BIPVT system.

In Fig. 3.5 the simplified geometries of the inlet and outlet of the air duct system are shown in a
three-dimensional CAD model.

At the outlet of the manifold, a fan sucks the preheated air out of the air duct system at a constant
fluid velocity. The outlet area is defined as a velocity inlet with a negative value. The velocity to
be specified is determined by the volume flow generated by the fan and the area at the outlet. The
volumetric flow at the outlet of the manifold is defined for various volume flow rates within a param-
eter study. The inlet surfaces are therefore defined analogously to the leakage inlet surfaces with a
pressure inlet. The ambient temperature is assumed as the inlet air temperature into the air duct system.

3.2.2 Thermal modeling and boundary conditions

The thermal model of the BIPVT module is based on a two-node model in which the useful electrical
and thermal energy is separated by a thermal transmittance, as described in Section 2.2. Optical losses
are calculated analytically for perpendicular incidence and set as constant values in the model. A
convective heat transfer coefficient is determined analytically using (2.8) and (2.9) to consider heat
losses by convection at the front side of the BIPVT module. Radiation heat losses are calculated with

the corresponding sky temperature from (2.10). In order to include the influence of irradiance on
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the collector surface, the area between the glass-glass modules is defined as a wall with the thermal
material properties (see Table 2.1) of the PV solar cell. The previously mentioned thermal loss
mechanisms and the heat transfer from the glass package to the fluid are calculated in ANSYS fluent.
A heat generation area is used to represent the heat flux density of the absorbed power after optical
losses in the glass package. The volumetric heat flux density qy, is used as an explicit input value for

the heat generation area dy, and is calculated by (3.1).

. Geff
dh G-

dp : Thickness of the heat generation area [mm]

The area-specific heat flux density gef is calculated by (2.7) and represents the thermal power density
in the glass package as a function of the global irradiance after optical losses.

The boundary conditions for the parameter study are based on the ISO9806-2017 test standard for
solar thermal collectors [94], the IEC61853 test standard for PV modules [73, 57], and on the design
of the BIPVT module under test.

An exemplary calculation for STC (G=1000 W - m~2) results in 617 W -m~2 at 93% transmittance T,
90% absorptance Ops of the glass package and 22% electrical efficiency 1 of the PV solar cell.

3.2.3 Parametric study

In ANSYS Fluent, different operating points with varied input parameters are to be investigated
with the same simulation setup by a parameter study. For each combination of input parameters, a
parameter set (PS) is created and simulated. Table 3.1 shows the combinations of parameters for all
parameter sets. The parameters to be varied are irradiance, ambient temperature, wind speed, and
volumetric flow rate at the outlet. The PSO is the default parameter set, and for the other PS one
of these parameters is varied to study its influence on the airflow characteristics. To develop the
MATLAB-Simulink model, the influence of these parameters on the heat transfer coefficients in the air
duct and the volumetric flow rate at leakage must be determined. The volume flow rate has the most
significant influence on the thermal power output of the BIPVT system. Therefore, the results of six
parameter sets with varying volume flow rates between 10 m*-h~! and 100 m'3h~! are interpolated.
These interpolated results are used in the MATLAB-Simulink model for the parameterization of the

mass flow in the air leakages, pressure drop and convective heat transfer coefficient.

3.2.4 Results and discussion

In order to analyze the performance of the BIPVT module in relation to the operating conditions, the

heat quantity as well as the thermal efficiency are calculated with the CFD results for each set of
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Table 3.1 CFD simulation parameter sets with varying operating conditions.

Parameter G; Ta Vw \Y
set (PS) W-m?|°C | m-s!|mdh!
0 1000 | 25 1 100
1 1000 | 40 1 100
2 800 25 1 100
3 1000 | 25 3 100
4 1000 | 25 1 50
5 1000 | 25 1 75
6 1000 | 25 1 30
7 1000 | 25 1 20
8 1000 | 25 1 10

parameters. Table 3.2 shows selected results calculated with (2.16) and (2.18).

Table 3.2 Heatflux and thermal efficiency CFD simulation results for the analyzed BIPVT module
under different operating conditions.

Parameter P N
set (PS) \\% %
0 260.69 | 23.30
1 258.95 | 23.14
2 213.59 | 23.86
3 212.98 | 19.03
4 184.33 | 16.47

Fig. 3.6 shows the results of the CFD simulation in a temperature contour plot of the center cross-
section of a BIPVT module air duct connected in series. The simulation is performed with PS8 (Table
3.1). Accordingly, the operating conditions are set at 1000 W -m~?2 global irradiance on the module
surface, 25°C inlet air temperature, 1 m-s~! wind speed and 10 m?-h~! volume flow rate. The air
leakage inlets are defined by 1 mm on the front and rear sides. The simulation results are based on
assumptions and simplifications. Therefore, a comparison with experimental measurement values of
the results is recommended. Nevertheless, the CFD simulations performed can help identify initial

optimization potential in terms of the thermo hydraulic performance of the BIPVT module.
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Fig. 3.6 Simulation results of the parametric study. Temperature contour plot of the center cross-
section of the BIPVT rear ventilation system CFD model.

3.3 Time-series based BIPVT simulation framework

A time-series based BIPVT simulation framework is setup to analyze and assess the proposed
optimizations of the module. Fig. 3.7 shows an overview of the model.

Gh, Gp, Gy

Optical
model

Electrical Thermal
model model

Energy yields, Efficiency

Fig. 3.7 Schematic overview of the developed BIPVT simulation model.
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The irradiance model first converts time series data of direct Gy, and diffuse G4 irradiance components
to the in-plane irradiance G; for the particular tilt angle and orientation of the simulated system. This
is done using direct and diffuse irradiance transposition models. In addition, the 7(6) of different
front glass covers is simulated to analyze the gains and losses in energy output of BIPVT modules
with textured or colored glass compared to standard solar glass. The 7(8) of the BIPVT module
is derived from data measured in the laboratory. These parameters are used for calculations in the
electrical and thermal models. Next, the electrical efficiency 1, is approximated based on the module
temperature Ty, ¢ derived by the empirical model in (2.20). Subsequently, the ) is used in the thermal
model to calculate the thermal power output. Then, 1) is re-calculated with the module temperature
Ty, derived by the thermal model. Finally, the electrical and thermal efficiencies for the BIPVT system

are calculated.

3.3.1 Optical model

The optical model calculates the effective irradiance on the tilted surface of a BIPVT system by (2.6).
This optical model combines irradiance transposition, correction of angular-dependent losses on the
front glass and spectral corrections. In the following, the assumptions and modeling approach for the

calculation of the effective irradiance are described.

3.3.1.1 Diffuse irradiance transposition model

Various diffuse irradiance transposition models with strengths and weaknesses have been developed
in [95-99]. The most frequently used and accurate of these models are the Perez in [97] and the
Hay/Davis in [98] as described in [100]. Table 3.3 shows a statistical error analysis based on POA
global irradiance G;j values calculated with selected models. The observed values are measured at
the THK test site with a class A pyranometer (CMP11) on the test roof with a tilt angle of 40°, as
described in Section 5.1.1. The irradiance components used as input parameters for the transposition
models are measured with a dual-axis sun tracker. The same measurement data set is used as for

model validation in Section 3.3.4.

Table 3.3 Statistical error analysis of selected diffuse irradiance transposition models.

Transposition MBE RMSE
model Wm?2| % |Wm?| %
Isotropic [95] -26.2 -8.5 46.3 15.0
Perez [97] -1.5 -0.48 21.3 6.9
Hay and Davies [98] -8.6 2.7 28.2 9.1
Klucher [96] 93 -3.0 243 7.9

The data set is used in 15-minute averages of 20-second samples. This data set has been recorded over

a continuous period of 59 days in the winter and, accordingly, includes all sky conditions. The relative



3.3 Time-series based BIPVT simulation framework 36

MBE of calculations with the Perez model shows the lowest values with —0.48%,;. Calculation with
the Hay/Davis model shows larger errors with —2.7%;.;. In comparison, the authors in [100] observed
values between 1.4 — 1.7%;). Although the error margins are slightly increased for the Perez model,
the observations in [100] confirm the results in this thesis. The authors also found that the Perez
model provided the most accurate predictions when DHI measurements are available. Since DHI data
is available in the TMY data sets used for the simulation study in this thesis, the diffuse irradiance in
the POA of the BIPVT modules is transposed by the Perez model in [97].

3.3.1.2 Angular-dependent losses

The optical model also describes the angular-dependent reflection losses on the front side of the
BIPVT modules. The relative transmittance 7(6) of the samples is measured to consider these optical
losses and derive angular loss parameters. The optical losses can be reduced by textured front glass.
Therefore, the BIPVT module is optimized by means of a textured glass cover. The analyzed test
samples are manufactured with the same textured glass cover but do not have ceramic ink-jet printing
on the inner side. Moreover, the test samples are equipped with a single PV cell of the same cell type.
Fig. 3.8 shows the measured 7(0) of a flat standard (Control) and textured solar glass.

The measurements are done according to the IEC61853-2 standard in [57] by (2.2). A suited modeling
approach to account for angular losses for direct and diffuse irradiance components for textured glass
is required. Therefore, different 7(6) models are fitted to the measurement values. Fig. 3.8 shows

the Martin and Ruiz model for the flat standard solar glass. Moreover, it shows interpolated values
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Fig. 3.8 Relative transmittance measurements of standard and light-textured solar glass.
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and a fitting with the ASHREA model for the textured glass. The Martin and Ruiz model shows
good agreement with the measurement values for standard glass. In contrast, the models described in
Section 2.1.1 show a poor fit for the textured glass. This can be explained by the fact that these models
only apply for flat glass surfaces. Therefore, the angular losses are considered by using linearly
interpolated measurement values of a test sample with the same texture on the front side. Finally, the
effective irradiance on the active surface of the BIPVT module on a tilted plane using angular-loss

parameters is calculated by (2.6).

3.3.2 Electrical PV model

King et al. presented a model to predict the energy yields of PV modules at MPP by analytical
equations based on empirical derived coefficients determined by measurements at different operating
conditions, not provided by the manufacturers data sheet [62, 63]. In contrast, the five-parameter
model described by De Soto et al. (Section 2.3.1) requires only one measurement of the IV-curve at
STC [75]. Therefore, the single diode equivalent circuit equation, based on five parameters determined
according to De Soto et al., is used to predict the electrical energy yields of the analyzed PVT roof
tile under varying operating conditions. The PV model was implemented in [101]. Furthermore, the
five-parameter model for predicting the electric energy yields of PV modules is recommended by the
IEC standard 61853, as well as for the used T}, and effective irradiance model [73].
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Fig. 3.9 Measured IV-curve of the analyzed BIPVT under STC (1000 W-m~2, 25°C, AM1.5G)
according to IEC standard 61853.

Due to the requirement for the model to be easily modified for simulating BIPVT systems with
optimized system components, this modeling approach appears to represent a suitable choice. This is

justified with the determination of the five parameters exclusively relying on module data delivered by
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the manufacturer or on measurements under STC as input parameters. While the models accuracy for
forecasting the MPP is proven to be in a similar range as those from the model described by King et
al., the five-parameter model is capable of estimating the complete I-V curve of the module instead
of only key points. This allows estimating the systems power output under part load operation and
relatively large DC/AC ratios, assumed to be of importance for the investigated BIPVT system being
simulated under varying operating conditions [62, 63, 75].

Fig. 3.9 shows the IV-curve measurements of the BIPVT module under study. The measurements are
done under STC in accordance with the IEC61853-1 standard on the solar simulator at the accredited
test facility of TUV Rheinland. To obtain the corresponding coefficients for determining the five
parameters according to the De Soto et al. model, the California Energy Commission model and
estimation method is used to fit the measurement data [102]. Subsequently, the fitted data can be used
to determine the five parameters required for solving the single diode equivalent circuit equation in
(2.19).
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Fig. 3.10 Simulated I'V-curve of the BIPVT module under investigation with De Soto single diode
model parameterized with I'V-curve measurements at STC.

The predicted IV-curves of the PV cells in the analyzed BIPVT module under different operating
conditions are shown in Fig. 3.10. These curves are obtained by solving the single diode equivalent
circuit equation with different input parameters. The required parameters are determined by De Soto
et al. five-parameter model based on measurements at STC. Furthermore, the model can be used to
predict the electrical power output of a PV system by summing the voltages of in series connected

solar cells. The current is typically limited by the cell with the lowest photocurrent.
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3.3.2.1 Parameterization of the PV module temperature model

The empirical PV module temperature model is described in Section 2.3.2. The model is parameterized
with measurement data from the experimental setup described in Section 5.1.1. It is applied to assume
the PV module backside temperature under real operating conditions. This temperature is used to
calculate the electrical efficiency 7. 1) is used to quantify the heat flux, which is required as an input
parameter for the thermal model. The objective of the parameterization is to identify the constant
coefficients U'0 and U’1 that approximate the heat loss of the modules in dependence on their optical
efficiency as well as wind conditions for the BIPVT system.

The coefficients can deviate for different module types [77] and therefore, a careful determination
of these modeling parameters is mandatory to ensure the quality of the approximations. These
coefficients were determined in [101] in accordance to [77] for the BIPVT system at the THK test site
using a least-squares fitting approach. The fitting is based on field measurement data from 18 days
in June 2022. The data includes the PV module backside temperature Ty, of four sensors attached
with thermal conductive paste as well as measurements of the corresponding weather and irradiance
conditions. The positions (D4, D8, G4, G8, see Fig. A.1) of the module temperature sensors are
in the center of the test roof to consider the maximum cell temperatures in the measured PV array.
In comparison, the heat loss coefficients are also calculated by averaged values of 32 uniformly
distributed module temperature sensors. This is done to evaluate the influence of edges of the test roof
in the empirical temperature model. It is also important to highlight that the active rear ventilation has
been operated constantly with V=350 m>-h~! during the measurement period.

Fig. 3.11 shows the results of the model parameter fitting. The heat loss coefficients are correlated

80 1 1 1 1 1 1
i ——  y=2.0584-x+23.4182, R°=0.0295

Wind speed (11am-3pm) v, / m* s !

Fig. 3.11 Measurement data of G; /(T — T,) as a function of the daily wind speed recorded of 18
days between 11:00 am and 3:00 pm in 5 min intervals, including the least squares linear fit of the
data set.
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to the slope and intercept of the regression line, with 23.4182 W-m~2.K~! for U’0 and 2.0584
W-m™3-s-K~! for U'1. Moreover, the heat loss coefficients of the parameter fitting with 32 sensors
shows only slightly decreased values for U’0 with -0.2%;. and increased values for U'1 with 5.1%;e
in comparison to the previous study in [101] with four sensors. However, the least-square shows a
poor fit to the data. One reason for the poor fitting results can be that the model in [77] applies only
for PV modules mounted in an open rack. The results show that the BIPVT module temperature is
less influenced by the wind speed. These modules are not rear ventilated by the wind due to building
integration and thus this behavior is to be expected. Accordingly, the wind direction also has a greater
influence when calculating the module temperature compared to PV modules mounted on an open
rack. The increased heat loss coefficient for wind speed can be attributed to the consideration of more
temperature sensors. In particular, the module temperatures at the gable of the test roof are more
influenced by the wind and therefore these observations are consistent. In addition, the resulting heat
loss coefficients describe the module temperature with active-rear ventilation. This mode of operation
is not considered in the module temperature model and therefore the significance of the coefficients
is limited. Nevertheless, the parameterized PV module temperature model can be used as a first
approximation to predict the electrical efficiency as input parameter for the thermal model. The more
accurate module temperature for determining the electrical efficiency under real operating conditions
is derived by the dynamic thermal model. Accordingly, the module temperature of the dynamic model
is used as input parameter in the electrical model to calculate the final electrical efficiency.
Measurement data of the BIPVT system during periods without operating the ventilation system is
considered to model the module temperature while stagnation of the air. This is done to provide
realistic module temperature values to the PV model when simulating a solar assisted heat pump
system (SAHP) in Section 5.2.1.2

3.3.3 Dynamic thermo hydraulic model

This section describes the dynamic model developed to analyze the performance of the optimized
BIPVT system. In this thesis, the model is used to predict annual collected thermal energy for different
locations, orientation and sizing. In addition, the optimal mass flow rates for specific air duct system
designs are identified. A physical model is setup in MATLAB-Simulink, which partially published in
[93].

The required input modeling parameters, such as the heat transfer coefficients and air leakage volume
flow rates of the rear ventilation system, are identified by CFD flow simulations in ANSYS Fluent, as
described in Section 3.2. This modeling approach is able to avoid transient CFD simulations with high
computation times and describe the thermo hydraulic system with a physical model of the BIPVT
system, taking into account specific design characteristics such as air leakage inlet size.

In addition, the model can be used to perform a numerical study to analyze the BIPVT module

2Fragments of the following section are published in “Dynamic Simulation Model of an Air-Based BIPVT Roof Tile
System® (Clasing et al., Proc. 8th World Conference on Photovoltaic Energy Conversion, Milan, Italy, 2022, pp. 662-665)
in [93].
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Fig. 3.12 Depiction of the simulation model of a BIPVT module as a subsystem in MATLAB-
Simulink.

performance as a function of mass flow rate. Accordingly, the optimal mass flow rate for different
air duct designs can be identified in terms of air leakage. Hence, the collected thermal energy for a
specific collector design can be increased.

The thermo hydraulic model of the BIPVT system consists of a coupled gas and heat network modeled
with physical components from the Simscape library. Fig. 3.12 shows the simulation model of
a BIPVT module with a gas network (purple) and a thermal network (orange) in one subsystem.

Throughout the gas network, the inlet, 12 of these subsystems, and the outlet are connected in series.

3.3.3.1 Gas network

Fig. 3.13 shows the structure of the gas network of a BIPVT module subsystem. The rear ventilation
system is modeled as a pipe, which calculates the convective heat transfer between the airflow and
the PV glass-glass module as well as the pressure loss. A constant volume chamber represents an air
gap, where ambient air flows in through the leakages and mixes with the air in the ventilation system.

According to [103], the pressure difference between the inlet and outlet of a pipe is calculated as

pi—p2=p2 Vi — pi Vi + Apy, (3.2)
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Fig. 3.13 Schematic diagram of the BIPVT gas network subsystem setup in MATLAB-Simulink.

where p is the air density, V is the volume flow rate, and Apy is the pressure drop due to friction on

the pipe wall. The pressure drop is calculated as

m? L

Aps=fp— 5
Pf szpthAIz?7

(3.3)
where fp is the Darcy friction factor, m is the mass flow rate, L is the length of the pipe, py is the
internal air density in the pipe, Dy, is the hydraulic diameter, and A, is the cross-sectional area of the

pipe [104]. The hydraulic diameter is calculated as

_4AP

AD h 3
P

(3.4)

where P is the wetted perimeter [104]. The Darcy friction factor is calculated for laminar flow as

64

Afptam = — .
fD,lam Re (3 5)

and for turbulent flow as

69 g L11\]7?
AfD,t—[—1.810g<Re+37Dh )] : (3.6)
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where Re is the Reynolds number and ¢&; is the absolute roughness of the inner pipe wall [104]. The
Reynolds number is calculated according to

_pIVDh_MDh
H Au

Re (3.7
However, (3.6) is only valid for fully developed flows with large mass flows, and therefore increased
errors are to be expected for small volume flows. The lower Reynolds number limit for the scope
must be specified as a parameter in the simulation.

Although the flow in the back-ventilation channel is not expected to be laminar due to the non-uniform
geometry, the pressure drop is small and can be estimated with (3.5). The absolute error is expected
to be small and therefore negligible. The upper Reynolds number limit must be defined to consider
only small mass flow when using (3.5). In the case where the Reynolds number is between the limits
of both values, the pressure drop is approximated by interpolation. The input values for (3.2) - (3.7)
are obtained from the results of the CFD simulations in Section 3.2. Finally, the absolute roughness
for single BIPVT can be calculated and used in the simulation.

A reservoir at ambient temperature and atmospheric pressure is coupled to the inlet of the first module
subsystem. A mass flow source is connected to the outlet of the last module to describe the fan.
Assuming that the mass flow is evenly distributed in all parallel module rows.

The volume flow rate at the air leakage is determined by interpolating the data from CFD simulations.
A constant volume chamber with constant air pressure at all inlets and outlets is used to mix the
airflow from the pipe. The mixed airflow flows into the next BIPVT module or to the outlet at the
estimated temperature.

Fig. 3.14 shows an overview of the arrangement of subsystems describing the modules connected in
series. In the simulation model, 12 subsystems are connected in series to describe the experimental
test system. In addition, a subsystem is setup for the aluminum sheet in the ridge construction. This

subsystem is modeled as a pipe with the material properties of aluminum.

3.3.3.2 Thermal network

Fig. 3.15 shows the structure of the thermal network. The PV glass module is modeled in three parts:
the solar glass on top of the solar cells (Thermal mass 1), the solar cells (Thermal mass 2) and the
glass under the cells (Thermal mass 3). First, irradiance input data is used to calculate the effective
heat flux g according to (2.7). Second, the PV cells are defined as a heat flow rate source with
Jefr to describe the thermal conduction to the front and rear glass of the module. Convective and
radiative heat loss from the front glass is modeled in relation to the ambient temperature (Temperature
Source 1) and the clear sky temperature (Temperature Source 2). The rear glass is directly connected
to the thermal connection of the pipe, so it is defined as a pipe wall in the model. Thus, the heat
transfer to the airflow in the pipe can be calculated. The required design parameters for the model are

determined by a steady-state CFD numerical study, as described in Section 3.2. These are the heat
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Fig. 3.14 Schematic representation of the gas network of 12 BIPVT module subsystems connected in
series in MATLAB-Simulink.

transfer coefficients, the airflow rate in the leakages and the pressure loss.

A parametric study was conducted with the CFD model. The results show that these parameters vary
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Fig. 3.15 Schematic diagram of the BIPVT modules thermal network subsystem setup in MATLAB-
Simulink.

with the airflow rate in the rear ventilation air duct. Thus, the output data from CFD simulations with

varying flow rate are interpolated and the resulted functions are implemented into the model.
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3.3.3.3 Parameterization of convective heat transfer coefficients

For the calculation of heat transfer coefficients for convective heat transfer in the rear ventilation
of individual BIPVT modules, the heat flux, fluid temperature Tf and surface temperature T of the

glass package are required. These parameters are typically determined from CFD simulations or

Table 3.4 Average values and calculation approaches for fluid and surface temperature.

Averaged Value Calculation model
T¢(M) Mass weighted average on the center plane of the air duct
Te(V) Mass weighted average in total air duct volume
Ts(A) Area weighted average on the bottom of the glass package
Ts(V) Volume weighted average in float glass EVA component

experimental measurements [105]. The results of CFD simulations used in this work are shown in
Section 3.2. Since the temperature distribution in the glass-glass module and in the fluid volume is
not homogeneous, average values are used for the calculation, which can be determined by different
approaches. Thus, two average values are determined for each of the two temperatures (see Table
3.4). With combinations of these values, the heat transfer coefficients for PSO (see Section 3.2)
are calculated and used in the simulation model. The accuracy of different models is analyzed by
performing steady-state simulations with constant boundary conditions in MATLAB-Simulink and
comparing the calculated temperatures at transitions between BIPVT modules as well as at the outlet
with CFD results. RMSE are calculated for each model approach and presented in Table 3.5 and
Fig. 3.16. Calculation model 4 with the lowest RMSE is used for the calculation of heat transfer
coefficients of the analyzed BIPVT module.

Since the volume flow rates at leakages and the heat transfer coefficients depend mainly on the volume
flow rate at the outlet, both parameters can be interpolated with 1D functions. The MATLAB function
pchip (Piecewise Cubic Hermite Interpolating Polynomial) is used, which avoids overshoot and can
interpolate smooth functions. When simulating in MATLAB-Simulink, the parameters are updated

dynamically for each time step after the volume flow.

Table 3.5 Comparison of models with different convective heat transfer coefficients based on fluid and
surface temperature calculation models.

Model || Fluid temperature | Surface temperature | RMSE / °C
1 Te(M) Ts(V) 0.53
2 Te(M) Ts(A) 0.38
3 T¢(V) Ts(V) 0.27
4 Te(V) Ts(A) 0.22
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Fig. 3.16 Steady-state simulations of the outlet temperature of 12 BIPVT modules in series using
MATLAB-Simulink and CFD, taking into account convective heat transfer coefficients derived by
CFD simulations.

3.3.3.4 Fan power model

To optimize the thermo hydraulic performance of the BIPVT system, the mechanical power required
to operate the active rear-ventilation system must be considered. Previous studies on solar thermal
air heaters in [53-56] report that the output increases with mass flow rate up to a design-dependent
maximum and then drops sharply. Therefore, the energy consumption to drive the fan of the system
has a non-negligible influence on determining the optimal mass flow rate. The authors in [56] calculate
the mechanical power P, by mass flow rate m, pressure drop of the air duct system Ap and air
density p as
m-Ap

Pfan,mech = P . (3.8)

The conversion of electrical to mechanical energy is considered as a constant factor Mg, = 0.18 from
[106] to determine the required electrical power input of the fan Pg,, as follows
P ,
Pfan,el = fanmech . 3.9)
Nfan

This assumption implies an optimally sized fan connected to a given air duct system for each mass
flow rate, which is realistic in terms of an optimized design approach. However, the authors in
[53, 54] suggest this procedure for a harmonized testing method for solar thermal air heaters in order

to compare different collector designs.
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3.3.4 Field validation of the BIPVT model

Outdoor performance data is compared to simulation results in order to validate and evaluate the real
operating conditions prediction accuracy of the BIPVT model. Section 3.3 describes the model in
detail. The objective is to validate the electrical as well as the optical and thermal-hydraulic models
under real operating conditions. The model predicts the energy yields of the system under study based
on weather data such as irradiance, ambient temperature, relative humidity, ambient pressure and
wind data. This data is widely available in hourly resolution for various locations in [107].

The experimental setup used for field measurements is described in Section 5.1.1 and includes
DC- and AC power output of the PV cells as well the outlet mass flow rate and air temperature of
the rear-ventilation system. In addition, solar irradiance, ambient temperature, relative humidity,
ambient pressure and in-plane wind speed are measured and used as input parameters for model
validation. While the step size of the solver in the simulation is set to be variable, the weather
data set is interpolated by 15-minute average values. Thus, the simulation includes the dynamics of
environmental conditions at a higher level of detail compared to the hourly weather data in [107].
The time resolution of the input data set used for the validation is higher compared to the data used
for the simulation of annual energy yields in Section 5.2. This is done to ensure comparability of
the validation with the simulation results. The PV system is grid-connected and operated in MPP
mode during the field measurements. Accordingly, the interaction between electrical and thermal
power conversion is considered in the measurement data sets. However, the overall system consists
of two different PV string configurations. On the one hand, the left string is a conventional system.
On the other hand, the right string features MPP tracking on module level. In this work, only the
conventional PV string with 96 BIPVT modules with a total surface area of 9.6 m? is simulated and
used for validation. In contrast, the collector pipe in the ridge of the test roof is connected to 12
parallel vertical air ducts of the rear ventilation system. Accordingly, the total gross area A, of the
solar thermal system is 15.6 m2.

A continuous data set with recorded measurements for a total of 59 days in winter is used for validation.
The measurement period has been in winter season from January to February 2023. The dataset
contains clear sky, partly clouded as well as overcast sky conditions. It is based on periods with
different fan operation modes and thus volume flow rates in the air ducts of the BIPVT system. The
fan is operated with a constant volume flow rate within 21 days with 350 m*-h~! and 210 m?®-h~!
for 9 days. An ASHP coupled to the air duct system has been operated for 29 days and therefore the
data set includes periods with varying flow rates and stagnation times as well. The mass flow input
of the model in Section 3.3 considers only a single air duct system. Therefore, the measured mass
flow rate in the setup is divided by the number of parallel rows n; to simulate a single BIPVT air duct
system. Consequently, the simulated output mass flow is multiplied by the n, to calculate the total
collected thermal energy of the system. Furthermore, the ridge construction has air leakage which can
not be quantified in detail due to the complex design. Therefore, the mass flow rate distribution of the

air leakage in the ridge and in the air duct system of the BIPVT module is assumed with a constant
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factor applied to the output mass flow rate.

The thermo hydraulic simulation model shows increased errors in terms of low-light conditions.
Therefore, the measured Gj jyeqs i limited to values > 50W - m~2. Likewise, the measurement errors
of the irradiance sensors increase due to the low signal amplitudes and the resulting reduced signal-
to-noise ratio at these conditions. The resolution is resampled from 20-second to 15-minute average

values. For this reason the data sets are filtered and pre-processed according to the following rules:
1. Irradiance conditions: Gj meas > 50W - m 2
2. Resolution: 15-minute average (sampling 20 seconds)

To evaluate the prediction accuracy of the model, the simulated energy yield is compared to the
measured energy yield using the relative mean bias error in (2.29). The absolute MBE and RMSE
values are not as relevant as the relative values for assessing the predicted energy yields, but these
error metrics calculated for selected parameters provide insight into potential sources of error in the
model. Therefore, the absolute error metrics are determined for the air outlet temperature and module
temperature. The module temperature is validated for the two modeling approaches used in this thesis,
the empirical PV module temperature model according to the IEC 61853 (Faiman et al. [77]) standard
and the numerical model in MATLAB-Simulink.

3.3.4.1 Results and discussion

Fig. 3.17 shows the measured and specific power output of the electrical and thermal system for
one day in winter. Likewise, the specific solar irradiance as well as the in-plane wind speed are
presented. The DHI/GHI ratio shows 12%,s and indicates clear sky conditions on this day. The
BIPVT rear ventilation system has been operated in combination with the ASHP from 8 am until 2.45
pm. In addition, a temperature-difference controlled auxiliary tube fan was operated during the period
specified. The simulated electrical power output values show good agreement with the measured
values for the corresponding environmental conditions. The simulation of the electrical output shows
a slight overestimation in the morning and an underestimation in the evening. The simulated electrical
power reaches a maximum value of 127 W-m~2 at 12:00. Likewise, the simulated thermal power
output shows an overestimation until 12 am. The simulated thermal output reaches its maximum at 1
pm with 194 W -m~2. The thermal power output follows varying mass flows in the rear ventilation
system due to the operation of the ASHP and auxiliary fan. The mass flow rate increases from 230
to about 400 kg-h~! between 8 and 9 am. Subsequently, the mass flow increases only gradually
up to 500 kg -h~! until 2.30 pm. The air in the rear ventilation stagnates from 2:45 pm on, which
can be explained by the operation mode of the ventilation system. This is indicated by the thermal
performance, which drops accordingly to around zero. The in-plane wind speed shows maximum
values of 2.1 m-s~! at around 11 am, 4 pm and 5 pm. Although the simulated and measured thermal
power are different, the influence of wind speed is visible in both values at about 11 am. A similar

behavior can be observed in the afternoon from around 1.45 pm on.



3.3 Time-series based BIPVT simulation framework 49

pel, sim 2.0
o 800 1 Yth, sim -
(.a Gi,meas - 1.5 ;
g 600 A pel,meas \g
B E
2 o dth, meas >
, - 1.0
2 400 3
. o
}.: |7}
8 k=
& 200 1 =
0 -

Time

Fig. 3.17 Measured and simulated specific power output of the BIPVT system under real operating
conditions. The graph shows a day with clear sky conditions. In-plane wind speed parallel to the
collector surface is plotted.

Fig. 3.18 shows the specific power outputs for the simulated and measured BIPVT system on a
day with partly cloudy and overcast sky conditions. The DHI/GHI ratio indicates 77%gps for the
corresponding sky conditions. The ventilation system has been operated constantly with a mean mass
flow rate of 250 kg - h~! by the auxiliary fan. The heat pump was not in operation and, accordingly, was
not coupled to the air duct of the BIPVT rear ventilation system. The simulated power output values
show good agreement with the measured values for this day. The simulated values are both slightly
over- and under-estimated during the day. The thermal power output is increasingly underestimated in
the afternoon, starting at 2.30 pm. The wind speed reaches maximum values of 4 m-s~! at 11.45 pm.
The results of model validation by comparison with field measurements are summarized in Table
3.6. The model shows good agreement in terms of the electrical and thermal yields. The simulated
electrical DC energy yield is 18.16 kWh-m~2 whereas the measured yield is 18.02 kWh-m~2.
Accordingly, the simulated electrical yield shows a slight overestimation of 0.8%; compared to
measurements. In comparison, the thermal yield is simulated and measured with 11.9 kWh-m™2
and 12.0 kWh - m~2 for the same time period, respectively. The AMBE shows an underestimation of
—0.8%; for the collected thermal energy. Table 3.6 shows also the MBE, RMSE and RE(max) of
the selected temperature values in the BIPVT system. The air outlet temperature shows an absolute
MBE of 0.5 K and an RMSE of 2.7 K. The relatively large RMSE indicates larger deviations in
the simulated values within the data set. However, the comparatively low MBE shows that these

deviations are compensated in the predicted energy yield. This can be confirmed by RE(max), which
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Fig. 3.18 Measured and simulated specific power output of the BIPVT under real operating conditions.
The graph shows a day with partly cloudy and overcast sky conditions. In-plane wind speed parallel
to the collector surface is plotted.

shows a maximum value of 8.5 K. Likewise, the module temperature has a similar error, although it is
larger for the MBE. Finally, the error of the parameterized empirical module temperature calculated
by (2.20) is analyzed. Section 3.3.2.1 describes the parameterization of this model with experimental
measurement data. It shows that the simulation error of the empirical model is significantly larger for
the predicted module temperature Ty, ¢ values in comparison to the values of the dynamic model T,.
The difference in RMSE between the two models is 1.9 K. These observations justify the procedure
of recalculating the electrical power output with the more accurate module temperature derived by the
dynamic model T,.

Table 3.6 BIPVT model validation results.

Symbol / Unit Measured | Simulated MBE / %
Electrical energy yield E; / kWh-m~2 18.02 18.16 -0.82
Collected thermal energy Qg / kWh-m™2 11.97 11.86 0.83
MBE/K | RMSE/K | RE(max) /K
Air outlet temperature T, 0.54 2.65 8.47
Module temperature Ty, 0.95 2.32 7.29
Module temperature Ty, 3 -2.68 4.52 23.8

Overall, the model validation shows good agreement with the experimental measurement values. The

3Empirical model, Faiman [77]
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model can be used to predict the energy yields of the BIPVT under real operating conditions. The
validation includes varying operation mass flows and therefore the model can be used to describe the
dynamic system behavior in combination with a heat pump. However, the results of the validation
are limited due to several assumptions in the model. These assumptions are based on experimental
data from measurements on components in the laboratory and system-level measurements on the test
roof. Empirical models from the literature are used to estimate the heat losses by convection and
radiation on the front side. Moreover, the influence of the air leakage in the ridge construction can not
be quantified in the simulation model. A constant mass flow rate factor is used to approximate the
fraction of the mass flow rate attributable to ridge air leakage. Nevertheless, the model is suitable for
the simulation of electrical energy yield and collected thermal energy based on time series weather
data due to the comprehensive and continuous measurement data set. Therefore, this model is used

for the simulation study in Section 5.2 of this thesis.*

3.4 Experimental analysis and modeling of colored BIPV modules

The aesthetic perception of photovoltaic modules is an important and motivating factor for installation
and promotion of BIPV systems [4]. On the one hand, the deployment of these solar systems in
building components must be considered with the protection of existing urban environments [109];
on the other hand, the value and character of a building can be even enhanced by different design
possibilities [110]. For example, colored glass in BIPV facades and roof installations can be used
as a means to meet this objective because they offer a wide variety of custom design options for
architectural professionals and building planners [46, 85, 111, 112, 47]. However, to introduce
modules with these glasses to the market, it is crucial to give realistic yield predictions to potential
investors. The IEA PVPS Task 15 market, research and development report on colored BIPV in
[42] reveals that in addition to cost reduction of coloring technologies, the simulation on outdoor
performance is gaining importance.

BIPV modules in facades typically have a non-ideal orientation, thus the distribution of oblique angles
of incidence on the module surfaces is much higher compared to standard PV systems. Therefore, it
is important to have accurate simulation models for the oblique incidence cases. The 7(6) is normally
used to account for reflection losses at the glass-air interface. According to the IEC standard 61853-
2:2016, the 7(0) is derived from the measured change in Isc with changing AOI [57]. Furthermore, a
few PV system simulation tools use additional spectral correction factors for specific cell and module
types. Such spectral corrections are generally given as simple correlations with air mass and with
dependence of the clearness index[113—115]. These procedures do not typically include spectral
measurements and do not consider that the 7(6) varies with spectra [91, 116].

Performance simulation studies of colored BIPV modules under real operating conditions are sparse

in literature in comparison to conventional PV systems. Previous work by Saw et al. [117, 118]

“4Fragments of the following section are published in the article “Simulation of Colored BIPV Modules Using Angular-
Dependent Spectral Responsivity* (Clasing et al., IEEE Journal of Photovoltaics (Early Access), 2023) in [108].
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presented a machine learning algorithm to simulate the Igc of digital-ceramic printed colored BIPV
modules with different colors and opacity levels. However, this modeling approach is limited to
modules manufactured with digital ceramic printing technology and to laboratory measurements
under STC. Due to the influence of angle-dependent losses that vary with spectra, the performance of
BIPV modules with colored glasses based on comparatively highly light-transmissive multilayered
interference coatings, as described in [46, 85, 47], can only be simulated with limited accuracy. A
simulation study by Gongalves et al. [119] compared a complex multi-physics model and simplified
linear power model to predict energy yields of BIPV modules with standard solar glass. The average
difference in energy yield on a daily basis compared to field measurements was 6.2% and 8.7%,
respectively. However, the authors used broadband irradiance measured in the POA and therefore
neglected the influence of the AOI on SR. Angular-dependent spectral reflectance of PV solar cells
and angular-dependent spectral transmittance of standard solar glass covers are applied in a case study
by Sharma et al. in [120] to quantify the effect of the AOI on conventional spectral mismatch factor
method defined by IEC 60904-7 standard [121]. Therefore, the authors used solar spectral irradiance
data obtained from "Simple Model of the Atmospheric Radiative Transfer of Sunshine" (SMARTS)
[122]. The results show an underestimation of around 3.5% for the conventional method. However,
field validation with PV test data and measured spectral irradiance data is not included in this study,
which indicates a gap in previous research.

No simulation studies could be identified in the literature that address the performance of BIPV
modules colored with a multilayered interference coating on the cover glass under real operating
conditions. However, due to the importance of the custom design options of BIPV modules by this
highly light-transmissive glass coloring technology, more accurate and customized simulation models
are required. Experimental angular-dependent spectral responsivity measurement data is used to
simulate the Isc of colored PV single-cell laminates under field conditions. Furthermore, the Igc is
simulated with a modeling approach which requires only the normal incident SR and a broadband
angular loss parameter (broadband IAM model). This is done to compare the accuracy and assess
the suitability of the angular-dependent spectral modeling approach (ASR model). Field validation
of angular-dependent spectral simulations of colored BIPV modules is done for the first time. Prior
works about angle resolved SR data have focused laboratory measurements [123-125, 92] or theory
[126—-128]. Our recent work published in [129] shows good agreement in terms of simulating the
Isc using angle-dependent spectral responsivity measurement data with 10 days of PV field test data.
However, the work included a simplified model approach for a blue and gray colored PV single-cell
laminate mounted on a horizontal surface. Here, this work is extended by simulation of the respective
Isc of a gray, blue, blue-green, and gold PV single-cell test sample mounted on a south-oriented rack
under a tilted angle (8=42°) including model validation and statistical error analysis of 25 days of PV
test data.
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3.4.1 Experimental details
3.4.1.1 Test samples

Four PV single-cell laminates (200 mm x 200 mm) with gray, blue-green, blue and gold colored 3.2
mm solar glass are used as test samples to simulate the Isc of colored BIPV applications by means
of spectral and angle-dependent measurement data. In addition, a test sample with solar glass is
measured as a reference (control). These samples are shown in Fig. 3.19 and are equipped with two
busbars, black back sheet and EVA encapsulant.

The color of the glass covers is obtained by a thin-film multi-layer deposition on the inner glass
surface. The color-imparting layer uses the effect of interference on thin layers, which reflect selected
wavelengths more than others. The color to be reflected is adjusted by the thickness of the applied
layer. The process typically shows a high dependence of the perceived color on the AOI. In addition,
an etching treatment of the outer glass surface provides a diffuse reflection on the front side and
thus a uniform color distribution [85, 47]. However, the standard solar glass of the control sample is

low-iron cast glass that is not treated and therefore not structured.
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Fig. 3.19 PV cell laminate test samples with four different colored and a transparent (control) glass cover
under investigation.

3.4.1.2 Angular-dependent spectral responsivity measurements

The angular-dependent spectral responsivity (ASR) measurements were performed using an exper-
imental setup consisting of a stabilized xenon short-arc solar simulator with optical chopper and
lock-in amplifier, two filter wheel monochromators and an automated rotational sample stage. The

filter monochromator consists of 40 different filters and thus can provide a wavelength range from
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300 to 1120 nm with a FWHM of AA = 25 nm. An aperture is used to reduce the light to a small
homogeneous area projected completely onto the solar cell even at high irradiation angles. As a result,
the measurement signal can be very low at certain wavelengths, and therefore a high-precision voltage
measuring device is used. In order to achieve an operating point close to the STC, which are defined
as 1000 W-m~2, 25 °C, AM1.5 g, additional bias illumination is used. To measure absolute spectral
response SR(A), a reference cell calibrated against a primary reference is used according to the TEC
60904-8 standard [79].

Finally, the angular-dependent spectral responsivity SR(A, 0) is measured according to IEC 61853-2
between 0° and 90° AOI. While the AOI interval for AOI < 60° is 10°, an interval of 5° is used for
all other AOI up to 90°. A data pre-conditioning and -processing is done to ensure that a sufficiently
accurate resolution of the AOI and wavelengths can be used as input for the outdoor performance
simulations and that the measurement effort is not too high. Therefore, the measurement data are
first linearly interpolated to 1° AOI and 1 nm spectral resolution and then verified with individual
measurements of interpolated SR(A, 6) for interim values of AOL It is observed that no significant

deviations occur when interpolating the SR(A, 8) for AOI in between the measurement intervals.

3.4.1.3 Relative transmittance measurements

The 7(6) is used to account for the angular reflection losses at the optical boundary layers of PV
modules. The test samples used for modeling the Igc in this work are measured in the laboratory using
the experimental setup described in Section 3.4.1.2 and [39]. To ensure a homogeneous irradiance
distribution, the samples are measured with broadband spot illumination by means of an aperture.
A bias illumination is used to approximate field conditions during the measurements. Therefore,
an optical chopper is connected to a lock-in amplifier to compensate bias illumination and improve
signal-to-noise ratio of the measurement signal. The measurement series are done according to the
IEC 61853-2 standard [57] between an AOI range of -90° and +90°. Finally, the 7(0) is calculated by
the ratio of short-circuit current measurements at a specific AOI Isc(0) and at the normal AOI Isc(0°)
by (2.2). However, this concept neglects the changing wavelength distribution of the sunlight under
real operating conditions, and thus it corrects angle-dependent losses only in terms of broadband

irradiance, depending on the light source used in the laboratory.

3.4.1.4 Solar resource and field measurement data

The solar resource data-set used to simulate the Igc of the fabricated PV single-cell laminate test sam-
ples has been recorded at the Technical University of Denmark (DTU) Risg campus, Denmark (55.7°
N, 12.1° E). The data include broadband global horizontal irradiance G, and diffuse horizontal irradi-
ance G4 measured with two class A pyranometers in 10-second intervals. Direct normal irradiance Gy,
is measured with a class A pyrheliometer in 10-second intervals. Additionally, spectrally resolved
G4(A) and Gy (1) are measured by two diffraction grating spectroradiometers. These spectrometers

measure light between 300 nm and 1100 nm with a FWHM spectral resolution of 7 nm in 1 nm steps.
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The spectral measurement data is recorded in 5-minute intervals [130]. Likewise, spectral albedo
data is recorded for the test site using a handheld spectroradiometer specified for a wavelength up
to 900 nm. This spectroradiometer provides an FWHM spectral resolution of less than 3 nm and a
wavelength accuracy of less than +0.5 nm.

The specified wavelength range of the used spectrometers is limited to 1100 nm. In contrast, the
relevant wavelength of crystalline silicon solar cells ranges from 300 to 1200 nm. Therefore, the
solar resource data set is extended in the wavelength range of 1100 nm up to 1200 nm by means of
the SMARTS presented by Gueymard [122]. For each timestamp, the SMARTS is used to simulate
clear-sky spectral Gp(A) and G4(A). Hence, measured weather data and calculated sun position are
transferred to the model as input parameters. Furthermore, a cloud scaling factor according to Ernst et
al. [131] is applied to the extended clear sky data to take the clouds into account. Furthermore, the
spectral albedo data is extended with data of the SMARTS database. More specifically, the ground
material gravel is chosen, which shows the best agreement to the measured spectral albedo data.

Fig. 3.20 PV test facility of the DTU at campus Risg, Denmark. The short-circuit current and module
temperature measurement data of different colored PV single-cell laminates are recorded to validate the angular-
dependent angular responsivity model approach.

The spectrometers, used to measure spectral G,(A) and G4(A) are connected in series to the data-
logger. As a consequence, the required integration time results in a time offset of approximately 15
seconds between the start and end of the measurement. Hence, atmospheric conditions with high
cloud variability can lead to significant irradiance changes during this offset. As a result, increased
uncertainties compared to clear sky conditions can be expected. In order to filter these timestamps, a
variability index (VI) according to Stein et al. [132] is introduced. Therefore, a VI with a threshold

of > 1.1 is applied to the data set. Hence, measured broadband Gy, values are used in a 2-minute



3.4 Experimental analysis and modeling of colored BIPV modules 56

interval around the respective timestamp. If these timestamps show a VI > 1.1 the corresponding
measurement is filtered. As a consequence, only timestamps with stable irradiance conditions between
the spectrometer measurements remain in the data-set.

In order to validate the spectrally resolved angular-dependent Isc simulations in this work, the mea-
surement data of the test samples under investigation and of a transparent reference (control) have
been recorded. This is done under field conditions in summer in 10-second intervals at the test
site of the DTU at Risg Campus (55.7° N, 12.1° E). The measurement data consists of 25 days of
short-circuit current measurements of the test samples mounted on a rack at an tilt angle (f=42°)
and south orientation (Fig. 3.20). During the field tests, the backsheet temperature Ty, of each test
sample is measured with a J-type thermocouple attached to the backside with thermally conductive
paste and tape. Furthermore, the back sheet temperature T, of the test samples is measured. The
measured Isc values are adjusted to STC (25°C) with the Ty, data and short-circuit current temperature
coefficient. Measurement data of the in-plane spectral irradiance of the samples during field testing
are not available; these data could be used to validate and improve the irradiance modeling approach

in this work.

3.4.2 Short-circuit current modeling

The short-circuit current Isc asr using SR(4, 0) of a PV cell or module with a specific active surface
area A can be determined by integrating the angular-dependent SR(A, 0) for a specific AOI 6 and the
incident solar spectral irradiance G(A) over the relevant wavelength A range according to:

Iscasg = A / SR(2,0)G(L)dA (3.10)
A

In (3.10) the spectral solar global irradiance G(A) expresses the total incident irradiation on a
PV solar cell or module and needs to be specified more in detail to simulate the Isc under field
conditions. Therefore, the particular irradiation components are distinguished in direct and diffuse
spectral irradiance in (3.11). By multiplying the measured Gy(A) by the cosine of the AOI 6, the
measured Gp(A) is converted to direct in-plane irradiance. Normal incident spectral response SRo(1)
is used to model the Isc for the diffuse sky and ground irradiation components. Finally, an isotropic
transposition model for sky and ground reflected diffuse irradiance is applied to simulate the Igc for
the PV single-cell laminates mounted on a tilted (3=42°) plane as done in [95]:

Iscasg = A / SR(A,0)Gy(A)cos(6)
A

+SRo(A) (Gd(l) <1+020S(ﬁ)) G.11)

+Gy (1) (1_02‘”([3)» da
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The influence of 7(0) for direct and diffuse irradiance to consider reflection losses of oblique incident
light in a high-level of detail is modeled as well. Martin and Ruiz presented an analytical model for
the 7(0) to simplify the simulation of angular-dependent reflection losses based on a angular loss
parameter a, [64—66]. This parameter is determined by using experimental 7(6) measurements and
a least squares Levenberg-Marquardt fitting algorithm. According to [65] the T(0) is approximated
by the analytical expression in (2.3). Furthermore, the measured 7(0) of the test samples is used to
take into account the diffuse sky and ground reflected irradiance reflection losses with (2.5). These

modifications result in

Iscasg = A / SR(A,0)Gj(A)cos(6)
A

+SRo(2) (Gd(l) <1“20S(3)) Fiy (3.12)
+Gy(A) (“2‘”(@) Fd@,d) a

for simulation of the short-circuit current Isc asr for the respective samples mounted on a tilted plane.
In terms of diffuse sky and ground irradiance the broadband reflection losses are considered using
the correction factors Fq sy and Fy ¢roung for diffuse irradiance. These correction factors represent
the AOI reflection losses of the diffuse irradiation, which is coming from all directions, taking into
account a broad range of AOI reflection loss values integrated over a 27 hemisphere.

SR(A, 6) laboratory measurements are done with Gp(A) and therefore consider spectral reflection
losses at varying AOI for direct irradiance component. Thus, an relative transmittance model is not
applied for the direct irradiation component in the Isc simulation with the ASR model approach.
Since derivation of Isc asr requires angular-dependent responsivity data, which is not likely available
to most users, the Isc jam is also calculated with more commonly available measurements of SR at
normal incidence and 7(6), respectively IAM, to correct angular losses of broadband light. Simulated
relative transmittance values are used in this broadband IAM modeling approach to consider angular-

dependent reflection losses in terms of Gy (4):

Iscoam = A / SRo(1) (Gy(A)cos(6)7(0)

—i—G;(}L) <1+CZOS(B)> F iy (.13)
+G(0) () )

In order to assess the accuracy of the ASR modeling approach in (3.12) with a model that considers

only the angular losses of broadband light, the simulation results of both approaches are compared.
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3.4.3 Results and discussion
3.4.3.1 Angular-dependent external quantum efficiency

The external quantum efficiency (EQE) is defined as the ratio of incident photons of a certain
wavelength that contribute to the photocurrent. Fig. 3.21 shows the plotted linear interpolated
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20 I
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Wavelength A / nm

Fig. 3.21 Measured and linear interpolated external quantum efficiency (EQE) of PV cell laminates with
transparent (control) and colored (blue) glass cover at different angle of incidence (AOI).

angular-dependent EQE of the transparent (control) and blue colored glass sample. The EQE is
determined by means of angular-dependent SR measurements for 0°, 60° and 75° AOI. The influence
of the blue colored cover glass on the EQE is visible even at a normal AOI (0°). The blue response
reduces the EQE by 27.0%, 18.7% and 5.7% at 450 nm, 500 nm and 600 nm, respectively. The
angular-dependent EQE of the transparent sample (control) shows a uniform decreasing spectral
difference with increasing AOL. In contrast, a non-uniform decreasing EQE can be observed for the
colored samples at increasing AOI. Annotated in red is the reduction of the EQE for an AOI of 75° in
comparison to 0° at 450, 600 and 800 nm wavelength, respectively. The EQE of the blue sample drops
only slightly in the wavelength range between 300 and 550 nm, while the EQE drops significantly in
the range up to 1000 nm. The non-uniform decrease in the EQE can be explained by a characteristic
shift of the spectral reflectance peak at the thin-film coating to the shorter wavelength range. The
authors in [47] observed a characteristic shift of the spectral reflectance peak to the shorter wavelength
range (blue shift) with increasing AOI for the thin-film interference coloring technology. Likewise,
for the blue sample in Fig. 3.21, a shift of the EQE maximum with increasing AOI can be observed.
The non-uniform reduction of the EQE with increasing AOI shows that the angular-spectral influence

of the glass color effect occurs systematic errors when using an broadband IAM model approach.
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3.4.3.2 Relative transmittance simulation

Fig. 3.22 shows the measured relative transmittance values of the colored PV single-cell laminates in
the respective color of the glass as well as of the transparent reference (control), calculated according

to (2.2). In comparison to the control sample, the change of the AOI has less influence on the colored

=)
e

<
O
L

o
[0e]
1

Relative transmittance t(0) / -

0.7 - 1(0) gy Gray (O)yieqs Gray 2 -
()i, Blue A T(0)peas Blue

0.6 1 1(0)g;, Blue-green V  1(0)pgens Blue-green i
(0)gim Gold T(0)p1eas Gold |

e
(%}
1

1(0)g;m Control

O  1(0)pgeqs Control

T T T T T

<

~
~N
O

50 55 60 65 70 75 80 85 90
AOIB/°

Fig. 3.22 Measured and simulated relative transmittance 7(6) with Martin and Ruiz model for test samples
with colored glass and a test control sample.

PV test samples. In addition, the simulated 7(0) of each sample determined according to (2.3)
is shown in Fig. 3.22. The a;-parameter is derived by a least-squares fit of relative transmittance
measurement data to (2.3). Table 3.7 shows the respective calculated a,-parameter and coefficient

of determination. Furthermore, the angular diffuse sky and ground irradiance correction factors

Table 3.7 Relative transmittance simulation results.

Sample a, R? | Fasky | Fagra
Gray 0.089 | 0.915 | 0.966 | 0.989
Blue 0.106 | 0.859 | 0.943 | 0.982
Blue-green || 0.108 | 0.85 | 0.946 | 0.981
Gold 0.092 | 0911 | 0.962 | 0.988
Control 0.162 | 0.992 | 0.868 | 0.955

Fqsky and Fy g calculated by (2.5) for each test sample with a tilt angle of =42° are shown. In
comparison to the control sample, the change of the AOI has less influence on the 7(6) of the colored
PV test samples. These observations can be attributed to the structured outer surface of the colored

glasses. Comparable measurement results of non-colored etched low-iron float glasses are reported
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in [133]. Accordingly, the differences in 7(6) that can be attributed to the thin-film coating are
comparatively small. The authors in [134] suggest that these differences are caused by additional
reflections depending on the refractive index of the colorants. The colorant changes the refractive
index of the glasses and therefore it is not necessarily the color itself that determines AOI performance.
However, the suggestions in [134] are limited to inkjet-printed colored glasses with non-structured
outer surface.

The Martin and Ruiz angular loss model in [65] shows a good fit regarding standard solar glass. In
contrast, a poor fit of the Martin and Ruiz model to the measured 7(0) of the colored test samples can
be observed. The poor fit of the colored glasses can be attributed to the fact that their outer surfaces are
structured and the model applies only for PV modules with flat outer surfaces. A simulation of the Igc
is also done with linearly interpolated relative transmittance measurement data to compare the Martin
and Ruiz and interpolation methods. It is observed that linearly interpolated relative transmittance
values result in a mean deviation of 0.2% and -6% in terms of the RMSE of the simulated Ig¢ for 25
days of validation for all colored test samples and the transparent (control) sample, respectively. From
this test, it is concluded that similar Isc values can be obtained if the relative transmittance data is
interpolated or fit to the Martin and Ruiz model. Although the use of 7(6), Fasky and Fy grq based on
a, is not the most accurate modeling approach to account for the angular-dependent reflection losses
of the colored samples considered, these correction factors are used for the Isc simulations in this
work. The reason for using this approach despite the observed RMSE deviations is that it is widely
used in PV modeling and recommended in the IEC61853 standard. Finally, using a, and the correction
factors for the diffuse irradiance component Fg sy and Fy g4, this model enables the consistency of

the simulation.

3.4.3.3 Short-circuit current simulation

The Igc of four different colored PV test samples under field conditions are simulated according to
(3.12) using SR(A, 0). Fig. 3.23 shows Isc simulation and measurement results for all test samples in
30-minute resolution on a clear sky day in summer. Likewise, results from the reference (control) with
standard glass and residual errors (RE) relative to the respective Igc are shown. Clear-sky conditions
prevailed continuously on this day, while the VI can be stated as very low. Under these conditions, the
share of the direct beam component in the total incident irradiance is comparatively large compared
to the diffuse component. Under these operating conditions, the influence of the SR(A, 0) on the Isc
simulation results is particularly large.

The RE shows a good agreement for both test samples under clear-sky conditions. Furthermore, it
shows that the RE increases with increasing AOI for most of the samples, while the RE of the gold and
control sample at high AOI decreases to less than 1%. The differences of the RE at high AOI shows
the strong influence of alignment errors in measurements, which is consistent with the observation
in Riedel-Lyngsker et al. [89]. Therefore, the increased RE at higher AOI can be the result from

alignment errors in the lab or in the field. The strongest influence of these errors can be seen in the
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Fig. 3.23 Short-circuit current Isc field measurements and simulations of PV single-cell laminates with colored
and transparent (control) glass cover using measured angular-dependent spectral responsivity and spectral
irradiance data. Residual Error (RE) is shown relative to the respective measured Igc.

RE of the blue-green sample, the RE ranges from 4% in the morning down to around -2% in the
evening. In addition, at certain times of the day, e.g. between 9 am and 1 pm, increased RE can be
observed, which could be caused by reflections of surrounding objects. Finally, the transparent test

sample shows a slightly larger RE compared to the colored samples.

3.4.3.4 Model validation and statistical error analysis

The ASR model introduced in (3.12) is validated with field data in order to analyze the quality of the
predicted Isc. Therefore, the RE between measured and predicted values simulated with the ASR
model is calculated. Table 3.8 shows the MBE and RMSE of each colored BIPV test sample under
clear sky irradiance conditions. The MBE and RMSE are presented in absolute and relative terms.
In addition, Fig. 3.24 shows the RE and a linear regression line as a function of AOI. The data set
contains 769 measurements taken over six days in summer with mostly clear sky irradiance conditions.
The simulation results for these operating conditions indicate good agreement for all colored test
samples, as well as for the transparent reference (control). In particular, the absolute MBE ranges
from -30.9 mA to 6 mA for the control and gray sample, respectively. While the control sample has
the lowest relative ARMSE at 1.4%, the blue-green colored sample has the highest at 2.4%.

The RE of the simulation results for the colored test samples for a data set consisting of 25 days
is shown as a function of AOI in Fig. 3.25. This dataset includes 2145 data points during overcast,



3.4 Experimental analysis and modeling of colored BIPV modules

62

Table 3.8 Summarized MBE and RMSE of model validation for 6 clear sky days.

Symbol MBE | AMBE | RMSE | ARMSE
Unit mA % mA %
Sample ASR model approach

Gray 6.25 0.11 106.1 1.92
Blue 249 0.47 92.96 1.76
Blue-green | 40.5 0.76 126.3 2.38
Gold 32.13 | 0.61 91.7 1.74
Control -30.9 | -0.52 82.3 1.38
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Fig. 3.24 Residual error (RE) of measured and simulated short-circuit current Isc of PV single-cell laminates
with colored glass cover over a 6-day period with clear sky irradiance conditions. Simulations are done by
using angular-dependent spectral response and spectral irradiance measurement data (ASR model approach).

partly cloudy, and clear sky conditions. Table 3.9 shows the MBE and RMSE for both models (ASR
and Broadband IAM). The absolute RMSE ranges from 88 mA to 117 mA and the ARMSE ranges

between 1.9% and 2.5%. It can be observed that the RE increases with increasing AOI. Moreover,

the RMSE and MBE show mostly lower values under clear sky irradiation conditions compared to

all-sky irradiance conditions. The simulation results of the Isc using the broadband IAM model

are compared to the ASR model results in order to quantify the differences between both modeling

approaches. While the ASR model in (3.12) considers spectral, angle-dependent losses, the broadband
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Fig. 3.25 Residual error (RE) of measured and simulated short-circuit current Isc of PV single-cell laminates
with colored glass cover for 25 days with all-sky irradiance conditions. Simulations are done by using angular-
dependent spectral response and spectral irradiance measurement data (ASR model approach).

Table 3.9 Summarized MBE and RMSE of model validation for 25 days under all-sky conditions.

Symbol MBE | AMBE | RMSE | ARMSE
Unit mA % mA Y%
Sample ASR model approach
Gray -21.9 | -045 107.9 2.22
Blue -1.84 | -0.04 914 1.96
Blue-green | 23.6 0.50 117.1 2.50
Gold 5.1 0.11 88.3 1.90
Control -52.7 | -1.01 104.7 2.00
Broadband IAM model approach
Gray -23.1 | -047 91.7 1.88
Blue 62.5 1.34 111.4 2.39
Blue-green | 74.13 1.58 141.1 3.01
Gold 31.0 0.67 90.1 1.94
Control -5.4 -0.10 91.0 1.74
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IAM model in (3.13) only considers angle-dependent losses with the wavelength distribution of the
broadband light source used to determine the IAM. The comparison shows that the MBE and RMSE
of the simulations with broadband IAM model are slightly increased or decreased, depending on the
glass color, compared to the simulations using the ASR model. In particular, the blue and blue-green
colored test sample have increased ARMSE of around 0.4% and 0.5%, respectively. In contrast, the
gray and control test sample show decreased ARMSE in comparison to the ASR model. The gold test
sample shows only slight differences in RMSE values using the ASR modeling approach. It is also
important to highlight that the RMSE of the laminates with colored glass covers (blue, blue-green,
and gold), which show a non-uniform reduction in EQE with increasing AOI, is consistently lower
compared to the broadband IAM model. Finally, the results show consistently lower errors and
therefore improved accuracy compared to the BIPV simulation studies found in literature [126, 119].
The mean absolute differences between measured and simulated Igc of the colored test samples are
shown in Fig. 3.26. In addition, the 95% confidence intervals are calculated and shown for each
model approach and test sample. The used data set includes 2145 values from 25 days with all-sky
conditions. Although the mean absolute difference values differ only in milliampere, the graph shows
that the error for the blue and blue-green colored glasses is significantly lower using the ASR model

approach. Moreover, the error values of the gold colored sample are only slightly lower for the ASR
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Fig. 3.26 Mean absolute differences and respective 95% confidence intervals of measured and simulated
short-circuit current Igc of PV single-cell laminates with various colored glass covers. The simulations are
done using two different model approaches, applying either angular-dependent spectral responsivity (ASR) or a
broadband incidence angle modifier (IAM) to correct angular-dependent losses.

model approach. These observations confirm the statistical significance of the results and indicate an
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improvement in the accuracy of simulations of BIPV modules with colored glasses, which show a

non-uniform reduction in EQE with increasing AOI (Fig. 3.21).

SFragments of the following section are published in "Experimental assessment of nanoimprinted textured frontsheets
for PV modules" (Clasing et al., Proc. 8th World Conference on Photovoltaic Energy Conversion, Milan, Italy, 2022) in [52]



Chapter 4

Optical and thermal optimization of
BIPVT modules

4.1 Optical optimizations by means of textured glasses

The installation of BIPVT modules on buildings with suboptimal orientation causes increased optical
losses. This has particular disadvantages for building-integrated systems where the orientation and
inclination are fixed, such as for BIPVT modules. Light-trapping textures can significantly reduce
optical losses at high AOI on the front surface of PV modules and solar thermal collectors, as described
in [92, 135]. These textures at mm-scale are already applied to commercially rolled solar glass and
are comparatively costly to produce. In contrast, nanoimprints of polyacrylate textured layers are a
cost-efficient alternative. A prior study in [51] revealed that nano-imprinted textures on PV modules
show improved angular-dependent behavior. Moreover, the authors observed a gain in short-circuit
current of around 4% at normal incidence due to anti-reflection properties. However, studies on the
annual angle-dependent optical performance of these textures on different substrate materials are
lacking in the literature. A recent study published in [134] investigated the effects of inkjet-printed
colored glasses on the IAM and their additional optical losses. In this work, an experimental and
numerical study is conducted to examine the influence of different textured front covers on the annual
angular-dependent optical losses of BIPVT collectors. The relative transmittance of PV single-cell
laminates is measured in order to quantify the optical losses of PV modules with nano-imprinted
micro-textured front covers in detail. These measurements provide insights into the angle-dependent
behavior of PV modules with non-textured polycrystalline solar cells and different textured frontsheet
substrates. Next, the recorded measurement data is used to predict the annual improvement of the
optical performance of BIPVT modules with textured samples in comparison with non-textured
samples. This is done for different orientations, tilt angles and locations. The objective is to assess
differences in the IAM between textured and non-textured samples. As a result, significant influences

of the textured surfaces on the optical losses of PV modules at high AOI can be identified.
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4.1.1 Experimental analysis of textured front covers

This section focuses on angle-dependent losses occurring at the surface of PV modules. In particular,
the aim is to determine and assess the influence of micro-textured coatings (with um-magnitude
features) on top of different PV frontsheet substrates at different AOI. Therefore, the IAM of PV
modules with different textured and non-textured substrates are measured in a small-scale experiment
under constant artificial light in the laboratory. The textures are nano-imprinted on 3 mm thick
soda-lime- silicate float glass or 0.125 mm thick polyethylene terephthalate (PET) substrates and are
composed of periodically arranged pyramids with heights of 30 um and a base area of 50 x 50 pm.
Both substrate types were imprinted using an acrylic resin that was cured using UV radiation with a
wavelength of 365 nm. The resin differs in the exact chemical composition to maximize the adhesion
to the respective substrate. In comparison, two of the respective samples have non-textured surfaces
of the same substrates.

Fig. 4.1 shows PV single-cell laminates with nano-imprinted textured and non-textured front covers
fabricated at TH Koln (THK). Firstly, 156 x 156 mm? non-textured poly c-Si solar cells are charac-
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Fig. 4.1 Samples with textured (2 & 4) and non-textured (1 & 3) glass and PET front covers.

terized using a flash light sun simulator and IV tracer to ensure functionality and similar electrical
properties at standard test conditions (AM1.5g, 25°C, 1000 W - m~2, STC). Secondly, the electrical
contacts are fixed on the cell by manual soldering. Thirdly, the cells are laminat ed using different
front covers, conventional 0.45 mm EVA as embedding material and a black PET based foil back
sheet. In order to isolate the influence of other parameters during the measurement, the frontsheet
substrate is the only one varying component among the samples. Furthermore, non-textured cells are
used to isolate the effect of the micro-texturing on the frontsheet. Next, electroluminescence (EL)
images are used to analyze the PV modules for damages and defects that could significantly affect
the subsequent measurement. Fig. 4.1 shows recorded EL images. The images indicate that the
samples under test have no significantly damages or defects. The IAM measurements are conducted
indoors, with a constant sun simulator as described in Section 2.4.0.1. The light source is classified
as "CAA" according to the IEC standard 60904-9 [136]. To avoid an influence of the busbars on the
measurements results, only a small area of the solar cell is illuminated by an aperture. Furthermore,
the light beam is more homogenous and even at high AOI there are no cosine-related corrections

necessary, as the irradiation on the cell is constant. In addition, there are no temperature induced
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Fig. 4.2 Electroluminescence image of a PV single-cell laminate with non-textured frontsheet fabri-
cated at TH Koln.

side-effects that influence the measurement because the amount of irradiation is not significantly
changing the temperature of the samples during the measurement series. Nevertheless, the module
temperature is monitored by an RTD on the rear side of the laminate.

The samples are being positioned at the respective AOI automatically on a rotational sample stage,
as described in Section 3.1 in order to provide accurate and reliable measurements. The recorded
measurement series include an AOI range of 0° to 85° in both directions for each sample. The sample
stage provides a positioning accuracy lower than + 1° regarding the AOI according to the IEC standard
61853-2 [57]. To obtain reliable results, three repetitive measurements are conducted. Therefore, error
margins are calculated for random errors, which are evaluated by determining the standard deviation

between the resulting six values per angle for every sample.

4.1.2 Impact of textured front covers on annual angular-dependent optical losses

The impact of the improved IAM of textured front covers is analyzed by annual simulations for
Cologne, Germany (50.9° N, 7.0° E) and Risg, Denmark (55.7° N, 12.1° E). Therefore, the linearly
interpolated relative transmittance data of two nano-imprinted textured and non-textured are used.
Likewise, the interpolated data of textured rolled glass, light- and deep-textured, as shown in Fig.
3.8, are used. Moreover, the data of a non-textured rolled standard low-iron solar glass is used for
comparison. The relative transmittance of the standard solar glass is derived from the model of
Martin and Ruiz in (2.3) and (2.5) with a;, = 0.16. The simulations are based on decomposed TMY
irradiance data derived from PVGIS in [107]. More details of the used data sets is described in
Section 5.2.2. The TMY data sets are used to calculate the angular-dependent optical losses for these
two locations. The decomposed data includes GHI, DHI and DNI and is used to model different
tilt angles and orientations. Four different tilt angles from 30° to 75° with an azimuth orientation

of 90° (0°=North) are considered. The diffuse transposition model of Perez in [97] and an albedo
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of 0.2 for dry concrete are used to calculate the in-plane irradiance components. The optical losses
are simulated using linearly interpolated relative transmittance measurements of the textured and
non-textured test samples to correct direct beam irradiance. In addition, angular correction factors
for diffuse sky and ground-reflected irradiance are applied as described in [67]. Next, the effective
irradiance Geg is calculated using (2.6) for each sample to analyze the angular optical losses. Finally,
the relative increase in angular-dependent annual optical performance AE. is calculated as the ratio

between the textured and corresponding non-textured samples as

Eeffiex S Geppiex dt
Eeff,non—tex fGefﬂngn_tex dt’

AE.rp = 4.1)

where E is the effective irradiated solar energy determined by integrating Gg over time.
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4.1.3 Results and discussion

The plots in Fig. 4.3 and 4.4 show the averaged values of three repeated measurements for each
sample and AOI, as defined the standard IEC 61853-2. The error bars represent the standard deviation
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Fig. 4.3 Averaged relative transmittance measurement values and least-squares fitted ASHREA angular

loss model of the micro-textured PET frontsheet test samples as a function of angle of incidence
(AOD).

of every averaged value. In Fig. 4.3, the relative transmittance measurements for the samples with
PET frontsheet are shown for AOI up to 85°. While both samples show low angular-dependent optical
losses up to an AOI of 50°, a slight difference can already be observed at an AOI of 60°. While
the non-textured PET sample shows relative transmittance values of only 0.38 at 85°, the relative
transmittance for the textured sample amounts to 0.73. The IAM gain of the textured sample compared
to the non-textured one amounts to around 12 %, at 70°, around 42 %, at 80° and around 92 %, at
85°.

Fig. 4.4 shows the relative transmittance measurements for the samples with flat glass for AOI up to
85°. In comparison to the PET samples, the glass samples show increased angular-dependent optical
losses up to 50° AOL In addition, the relative transmittance show only slight differences at 60° AOL.
The relative difference at AOI > 60° is slightly lower but comparable with the PET samples. The
non-textured flat glass sample shows relative transmittance values of 0.34 at 85°. In comparison,
the relative transmittance for the textured sample showed 0.69. The relative transmittance gain of
the textured glass sample compared to the non-textured one is around 9%, at 70°, around 21%:
at 80° and around 101%; at 85°. The standard deviations for AOI < 80° are between 0.01 and
0.02. In contrast, the error margins for the non-textured glass sample are larger at 0.03. The largest

standard deviation for relative transmittance measurements is observed for AOI > 80° with 0.08 for
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Fig. 4.4 Averaged relative transmittance measurement values and least-squares fitted ASHREA angular
loss model of the micro-textured flat glass frontsheet test samples as a function of angle of incidence
(AOI).

the textured glass and 0.01 for the non-textured PET.

As expected, the textured samples show an improved angular behavior. Although the flat glass samples
show slightly less angular performance at high AOI, the results are consistent. This can be explained
by the non-textured glass sample which shows increased angular-dependent optical losses compared
to the non-textured PET samples. Accordingly, the relative transmittance is lower, but in a similar
ratio. The error margins are in an acceptable range for both textured substrates for AOI values <
80° AOIL. In contrast, the error margins of the 85° values are considerably larger. The authors of an
interlaboratory study in [89] found that relative transmittance measurements in an AOI range from
70° to 85° deviated from the weighted mean by 2.5% to 23%. In particular, the largest uncertainties
were found for the AOI range of 85° and therefore further the authors suggest corrective actions
in the IEC standard. Thus, the results are limited in this AOI range. The least squares fit with the
ASHREA angular loss model as applied in [59, 60] shows good agreement for the PET sample. For
the glass sample, rather a poor fit is found for commonly used models, as described in Section 2.1. In
order to increase comparability within the annual simulations, the measured data used to model the
angular-dependent optical losses are linearly interpolated.

The measurement values are used to determine the potential increase in angular-dependent optical
performance under real operating conditions by means of time-series based simulations. Therefore, the
effective irradiance of non-textured and textured front covers is simulated and compared to quantify
this increase. Fig. 4.5 shows the relative gains for tilt angles between 30° and 75° for different front
covers and textures in Cologne, Germany. The reference is based on the corresponding cover without

texture. The nano-imprinted glass and PET show similar relative gains for the respective surface tilt
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Fig. 4.5 Relative increase of annual angular-dependent optical performance of an east-facing module
surface in Cologne, Germany (50.9° N, 7.0° E).

angles. The highest gain can be observed for 75° with 2.2%,.). In comparison, the rolled textured
glasses show the highest values for a tilt angle of 30°. While the deep-textured glass shows a relative
gain of 1.5%;, the light-textured glass shows only 1.2%, for this tilt angle, respectively. In contrast,
for 70° tilt angle the deep-textured glass shows the lowest values for Cologne, Germany with 0.9%.
Fig. 4.6 shows the relative increase of optical performance for Risg, Denmark. The values range
between 0.9%. and 1.9%; for the deep-textured and nano-imprinted textured glass, respectively.
Similarly to the Cologne results, the nano-imprinted samples consistently show increasing but lower
values with increasing tilt angle. In contrast to the results in Cologne, the light-textured glass shows
higher values than the deep-textured glass. The highest values for the rolled glasses range from
1.1%¢e1 to 1.2%; for the deep- and light-textured, respectively.

The relative increase of angular-dependent optical performance shows consistent values for the nano-
imprinted textured samples. However, the values are decreased for Risg. This can be explained by
the lower sun elevation angle in eastern orientation. Thus, the AOI distributions are in a lower range
compared to Cologne. The nano-imprinted textures show the largest increase of angular-dependent
optical performance for all tilt angles and locations. This can be attributed to the improved angular
behavior, especially at high AOI. Moreover, the highest values are observed for a tilt angle of 70°,
which can be explained by the low sun elevation angle in eastern orientation and thus a high share
of low AOL In contrast, the rolled textured glasses show lower a increase and the highest values
for tilt angle of 30°. The deep-textured glass shows only slight improvements in comparison to the
light-textured at a tilt angle of 30°. For higher tilt angles, the increase is even slightly larger for
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Fig. 4.6 Relative increase of annual angular-dependent optical performance of an east-facing module
surface in Risg, Denmark (55.7° N, 12.1° E).

light-textured glass. However, the absolute transmittance of the different substrates and textures must
be considered to evaluate the exact overall performance of the nano-imprinted front covers. These
textures show a 4%, increase in optical performance for normal incident light, as described in [51].
Overall, these properties in addition with the results of this work indicate that the nano-imprinted
textures are promising for application in BIPVT modules.

In summary, the results indicate strong evidence that nano-imprinted textures have an impact on the
reduction of angular-dependent optical losses on the front covers of PV modules and solar thermal
collectors. Finally, these textured front covers can be used in building-integrated solar applications
such as BIPVT modules with suboptimal orientation in order to improve energy yields and reduce the
LCOE. However, the results are limited in terms of the optical AOI losses. Optical properties such as
transmittance, reflectance and absorption are not considered, and therefore a more detailed study is

recommended.

4.2 Thermal optimization by variation of mass flow rate and air leakage

The thermal performance of air-based BIPVT systems is largely dependent of heat transfer on the mass
flow rates, air leakage and design of the air duct. Therefore, studies on air duct design optimizations
and harmonized evaluation approaches have been carried out in [53-56, 137]. Studies about these
optimizations in terms of air-based BIPVT systems are sparse in the literature. The optimizations
are focused on different air duct depths [36, 15], multiple inlets [48, 29] and micro-channels [138].
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Especially for building-integrated systems, air leakage is even more difficult to control compared
to PVT air collectors mounted in an open rack. The construction design of BIPVT systems is more
complex and must be aligned with building code requirements. In addition, multi-functionality such
as aesthetics, ease of installation and maintenance, and thermal insulation for the building must be
considered. The objective of this study is to determine the optimal mass flow rate and analyze the
influence of air leakage on the performance of the system.

The thermal performance of solar thermal air heating systems increases with mass flow rate. However,
the mechanical energy required to drive the fan has to be considered in the energy balance. The
authors in [56] calculate the effective efficiency, or thermo hydraulic efficiency, also known as efficient
boundary mass flow (EGM) in [53-55], to determine the optimal design of fin absorber solar air
collectors. The thermo hydraulic efficiency is used in this work to determine the optimal mass flow
rate for the given geometrical design of the BIPVT module using a numerical approach. Therefore,
the electrical energy power of the fan Py, can calculated according to (3.9) with 7jg, = 0.18 from

[106]. Subsequently, the effective thermal efficiency 1eg can be determined according to [56] as

Gihef
Nef = —el] (;f / 4.2)
with ) (T,—T) P
m-cp- » — 1) — Lfan
Guneff = —— 71— fon 4.3)

Steady-state climate reference conditions are defined by the ISO9806 standard in [94] and used for
the determination of the optimal mass flow rate. The conditions are classified from class A (very
sunny) to class C (temperate). Class A reference conditions are defined as a minimum of 1000 W - h2
irradiance on the collector plane G; and 20°C ambient temperature T,. These conditions are used for
the simulations in order to identify the optimal mass flow rate of the BIPVT system. Furthermore,
different geometrical air leakage sizes are studied. The leakage in the air duct are on every BIPVT
module transition is on the rear and front sides, as shown in Fig. 3.4.

The simulation is done using the BIPVT model described in Section 3.3. The efficiencies are cal-
culated in 12.5 kg-h~! step sizes for two different collector designs. The first design is an airtight
collector with an air leakage mass flow rate set to zero. The second design has a 1 mm leakage on
the front and rear sides of the glass-glass module in the BIPVT module, as shown in Fig. 3.4. The
corresponding air leakage mass flow rates are derived by CFD simulations as input parameters. These
leakage rates are linearly interpolated in a range of 0-300 kg-h~".

The thermal efficiencies are determined for a BIPVT system operated in hybrid MPP mode. Accord-
ingly, electrical efficiency is considered in the energy balance. Therefore, the electrical efficiency is
provided as an input parameter to the thermal model. The thermal efficiency in this study is calculated

for a PV system at STC and under real module operating temperatures.
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4.2.1 Effective efficiencies at standard test conditions

Fig. 4.7 shows the simulated thermal and effective efficiency of 12 active rear ventilated BIPVT
modules connected in series as a function of mass flow rate. The results are calculated using (4.2) and
Class A reference conditions according to [94]. The wind speed is not defined in the standard and
is therefore set to a constant value of 1 m-s~! for all operation points. In particular, the wind speed
has a large impact on the thermal efficiency of unglazed air heating systems and therefore cannot be

neglected. While the solid lines indicate the thermal efficiency, the dotted lines indicate the effective
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Fig. 4.7 Effective efficiency of the BIPVT system as a function of mass flow rate. The system consists of 12
BIPVT modules connected in series.

efficiency. The values for effective and thermal efficiency initially increase consistently for both air
duct designs, whereas the airtight design has higher absolute values. However, the slope of the curve
decreases with increasing mass flow rates. The values show that the effective efficiency of the airtight
design drops earlier and more sharply due to the increased fan power. In contrast, the curve of the
design with air leakage shows a flatter slope.

The dotted lines show the maximum effective efficiency at specific mass flow rates for both designs.
The airtight design reaches its maximum at 105 kg-h~! with 21.5%,. In comparison, the design
with air leakage shows a maximum effective efficiency of 24.3%,,s at 180 kg - h~!. The results show
a relative increase of the maximum effective efficiency of 13% for design with air leakage.

The results show that the airtight BIPVT module design has increased maximum thermal performance
in comparison to the air leakage design. However, the effective efficiency of the BIPVT module
with air leakage is higher when taking into account the thermo-hydraulic performance. The thermo
hydraulic performance considers the fan power required to operate the rear ventilation system at the

corresponding mass flow. The increased pressure difference between the inlet and outlet explains the
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decreased values for the airtight design of the system. This increased pressure difference increases
the mechanical fan power, according to (3.8). These results indicate that leakage in the air duct
can optimize the effective thermal efficiency and, therefore, the overall performance of the system.
Nevertheless, the results are limited to the assumptions of the model. The simulation has been done
for 12 BIPVT modules connected in series, including the ridge construction. The air leakage in the
ridge construction is not considered in this study, and therefore the effective efficiency can be even

increased for the experimental system studied in this thesis.



Chapter 5

Assessment of measured and simulated
BIPVT system performance

5.1 Experimental assessment of an optimized BIPVT system

To analyze the performance of the optimized BIPVT system and validate the developed simulation
model, field measurements are conducted on an experimental setup at THK in Cologne, Germany.
Fig. 5.1 shows an overview with the BIPVT test system a), reference PV system b), dual-axis sun

tracker c), and all-in-one weather station d). The objective of this experimental analysis is to compare

Fig. 5.1 Overview of the experimental field setup: Test roof with BIPVT system a) and reference roof
with a conventional PV system mounted on an open-rack b).

the performance of the optimized BIPVT system with a conventional PV roof system (reference)
mounted on an open rack. The roof structures (Fig. A.8) correspond to a conventional insulated 45°
tilted timber-frame construction and have an identical orientation at 170° azimuth (0°=North). Thus,
it is assumed that the environmental conditions of both systems are approximately the same and the
weather station in Fig. 5.1 d) can be used to monitor the conditions of both systems. However, the
shading from surrounding objects and the inclination of the module surface due to the construction

designs are different. The construction design of the BIPVT module includes an overlap of each
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module, which results in a 40° tilted plane due to a compensation angle. In contrast, the surface tilt of
the PV modules on the mounting system on the reference roof is parallel to its roof inclination. In
order to compare the electrical output of both systems, the measurement data must be normalized by
means of the PR. An overview of the experimental setup is shown in Table 5.1 and is described in

detail in the following Section 5.1.1.

Table 5.1 Experimental BIPVT and reference PV system.

Parameter Location and orientation

Location Cologne, Germany

Latitude 50°56°02,6“N

Longitude 6°5925,1“E

Altitude 60 m

Surface azimuth 170°

System Electrical Thermal

BIPVT 2x96x14.4 Wp, Total 2.8 kWp ASHP coupled with
Custom PV module rear-ventilation air heating
Surface tilt: 40° system, Ag=15.6 m?

Reference PV 5x310 Wp, Total 1.6 kWp ASHP operated with
SOLARWATT, Vision 60M style | ambient air
Surface tilt: 45°

The installation and configuration of the monitoring system are done in accordance with the monitoring
standards for PV modules in [139] and outdoor testing standards for solar thermal collectors in [94].
These standards define the types, required accuracy and arrangement of the measurement devices as
well as data filtering, recording & sampling procedures. System operation parameters and weather
data are measured on site, the datasets are recorded in 20-second intervals and stored in a database.
These data are used for experimental analysis of the optimized BIPVT system and additionally for

validation of the simulation model in Section 3.3.4.

5.1.1 Experimental setup

The BIPVT module design under study is described in Section 1.2. The front of the glass-glass module
is covered with a light-textured solar glass. The measured and simulated relative transmittance of this
glass cover is shown in Fig. 3.8. The air duct of the rear-ventilation system has an effective length L
of 0.34 m due to the overlap of each module. The air duct has dimensions with a height and width of
0.02 m x 0.24 m and thus a cross-sectional area of 0.0048 m2. The cross-section of the air duct is
shown in Fig. 3.6. Fig. 5.2 shows the optimized BIPVT test system with 192 modules. The system

is operated in hybrid MPP mode during all test series unless otherwise specified. The PV modules
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Fig. 5.2 Experimental setup with 192 BIPVT modules (2x1.4 kWp, 15.6 m? active rear-ventilated
aperture area).

are connected in two parallel strings (2x1.4 kWp) with a total surface area of 19.2 m2. Each string is
connected to an adequately sized PV inverter. In comparison, the PV reference system consists of
one PV string with five modules (1.6 kWp) connected to an inverter. Both systems are connected in
parallel to the grid with an identical inverter.

The solar air heating system is configurated with 16 tilted parallel air ducts with each 12 modules
connected in series as shown in Fig. A.1. The total length L of a parallel air duct system with 12
modules is 4.37 m. The outlets of the air ducts are connected to a volume in the ridge of the roof as
shown in Fig. 5.3. A pipe is installed in the ridge and has linearly increasing inlet sizes from the center
to the outside of the roof to provide uniform mass flow distribution. A total of 12 parallel air ducts are
connected to the pipe in the ridge of the roof for active rear ventilation (Columns C-N, see Fig. A.1).
Depending on the test series performed, this pipe is either connected to an ASHP or to the ambient
air by an outlet pipe. However, two parallel air ducts on each side of the test roof are not connected
to this pipe and hence these modules are only passively rear-ventilated (Columns A-B & O-P, see
Fig. A.1). These passively rear ventilated modules are used for a comparison of module and air fluid
temperatures with the actively rear-ventilated modules. Finally, the temperatures can be monitored
and analyzed simultaneously under the same ambient conditions using this experimental setup.

The air duct system connected to the outlet of the BIPVT system is shown schematically in Fig. 5.4.
The air flow distribution can be controlled by the ventilation flaps and the volume flow is generated
by a variable-speed axial tube fan. These control devices are used to perform different test series
(active and passive rear ventilation of the BIPVT). If both ventilation flaps (1 & 2) are open, air can
flow into the environment. In order to avoid uncertainties caused by the exhaust air during operation,
the height and position of the outlet ensure that preheated air cannot re-enter the system inlets. If
only ventilation flap 2 is opened, the heat pump is fed by preheated ambient air from the BIPVT rear
ventilation system. By using this air, the COP of the ASHP is expected to be improved compared to

operation with ambient air. These systems are also known as SAHP in [140, 141]. An additional tube
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Fig. 5.3 Rear ventilation outlets of the BIPVT system and pipe inlets of the heat recovery system with
variable inlet sizes at the ridge of the test roof.

Thp,o
RH,,;,,
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Fig. 5.4 Schematic representation of the BIPVT test system. The rear-ventilation outlet is connected
to an air-source heat pump as well as to the ambient air by an air duct system. The temperature of the
water in the storage tank is reduced for test purposes using a cooling coil and the ambient air.
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fan is installed in the air duct system between the rear ventilation of the BIPVT system and the inlet of
the heat pump to support its ventilation system. Moreover, tests without the heat pump are performed
by using the tube fan. In order to compare the performance of the SAHP with a conventional system,
an identical ASHP is installed on the reference roof and operated with ambient air. If only ventilation
flap 1 is opened, the ASHP on the test roof is operated with ambient air. This operation mode is

initially used to compare both heat pump systems in order to demonstrate identical operation behavior.

5.1.1.1 Data acquisition and control system

The data acquisition and control system used in the field setup consists of two identical embedded
industrial controllers (cRIO-9056, National Instruments) with a Field Programmable Gate Array
(FPGA) module and reconfigurable input and outputs in the test and reference roofs. The data

Internet

Embedded Embedded

Controller Ethormet Controller

Reference /Local Area Network Test roof

Reading of sensor signals (Analog, Digital (CAN))
Simultaneous control of actors (fans and chillers)
Processing of measurement data

Fig. 5.5 Schematic overview of the data acquisition and control system used for the experimental test
series.

acquisition and control software was developed in LabVIEW in [142]. A schematic representation of
the system is shown in Fig. 5.5. The real-time controllers acquire, process and record the analog and
digital measurement signals of the installed sensors. The temperature, voltage and current sensors
integrated in the BIPVT modules have a digital communication interface based on a Control Area
Network (CAN) field bus implementation. This implementation was developed in [143, 144]. The
FPGA module is used to control simultaneously the fans and cooling coil during the experiments.
The used system is specified for operation in a temperature range between -20°C and 55°C and is
therefore well suited for use in a long-term field measurement setup at the test site. In addition, the
controllers on both roofs are connected to the Internet by a Local Area Network (LAN) to remotely

control the experimental test series and merge the recorded data into one data set.
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5.1.1.2 Measurement setup

The weather data is measured on the experimental field test site and includes a detailed irradiance
data set. The ambient wind speed vy, wind direction, relative humidity RH,, temperature T,, pressure
pa and precipitation quantities are measured with an all-in-one weather station (Clima Sensor US
NHTEFB, Thies Clima) at a height of 1 m above the test roof. In addition, the in-plane wind speed
parallel to the aperture surface is measured by a three-cup anemometer as an input parameter for the
convective heat losses model in (2.8) and (2.9). The solar irradiance data for the field test is measured
i) on a dual-axis sun tracker with a class A pyranometer (CMP11, Kipp+Zonen) and a pyrheliometer
(MS-57, EKO Instruments), ii) on the test roof with a class A pyranometer (CMP11, Kipp+Zonen) and
two c-Si reference cells (Si-mV-85-Pt100-4L, Si-V-10TC-13, Mencke & Tegtmeyer) and iii) on the
reference roof with a c-Si reference cell (Si-V-10TC-13, Mencke & Tegtmeyer). The different devices
are installed for the different test series. While the c-Si reference cells are used for PV performance
analysis and electrical model validation, the pyranometers are used to analyze the thermal performance
and validate the thermal model. The irradiance measurement devices are calibrated before starting the
test series. While the pyranometer and pyrheliometer are calibrated according to the ISO 9847 [145]
standard, the c-Si reference cell devices are calibrated according to the standard IEC60904-1 [146].

Temperature and relative humidity are monitored in different parts of the BIPVT system. While the
temperature measurements are based on customized thermistors (NTC) and standardized RTD, the
relative humidity sensors are based on electronic devices with analog output signal interfaces. The
module temperature T, as well as the temperature measurements of the air T, in the rear ventilation
are conducted with a total of 232 NTC devices. Two different NTC temperature sensor arrangements
are mounted on the back side of the glass packages. These sensors are mounted either with silicone
(left: air) or are embedded in thermally conductive paste (right: module) as shown in Fig. 5.6. More
sensor positions are in selected positions of the BIPVT system, as shown in Fig. A.6 (Appendix A).
The temperature distribution of the BIPVT system can be analyzed with spatial resolution due to the

Air temperature
<+— sensor "‘
-

Module
temperature sensor

Fig. 5.6 Fluid (left) and module (right) temperature measurement sensors mounted on the rear-side of
the glass-glass module of the BIPVT modules.

monitoring at the module level. This enormous number of sensors is integrated using a CAN field bus

system and processed with the embedded industrial controller. In addition, two temperature sensors
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are mounted in the same configuration on the backside of the reference PV modules on the bottom
left and top right. In contrast, the RTDs are used for measurements such as the outlet air temperature
of the BIPVT system, the in- and outlet air temperatures of the ASHP as well as the water flow &
return of the cooling coil.

The RH is measured in the rear ventilation air duct of 8 modules in the center of the system, as shown
in Fig. A.3 (Appendix A).

The outlet air flow rate of the BIPVT system is measured by an orifice plate sensor on the suction side
of the fan. The minimum distances of 0.5 m to the fan and to pipe bends are taken into account in
accordance with the manufacturers specifications. These distances ensure an approximately laminar
air flow and thus accurate measurements of the flow velocity. The mass flow is calculated by the
diameter of the pipe and the volumetric mass density of air according to (2.15). The density of air is

calculated from measurement data of absolute pressure, RH and temperature in the air duct system.

5.1.1.3 Uncertainty of the measurement devices

The uncertainties of the measurement devices are listed in Table 5.2. The irradiance and volume flow
rate devices are initially calibrated by the manufacturer according to international standards. However,
the volume flow rate sensor shows a large uncertainty budget with +7.5% of the measurement value
at part load operation. The full load during calibration of the sensor is reported in the calibration
certificate as V = 719.73 m? -h~! and is about twice the volume flow in the air duct system during
the test series. The maximum volume flow rate of the ASHP is rated with V =400 m? -h~!. Accord-
ingly, the measurement uncertainty of the volume flow rate must be considered with +7.5%. The

measurement uncertainty of the setup is in accordance with the IEC 61724 [139] standard.
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Table 5.2 Measurement uncertainties of used devices in the field setup.

Measurement Measurement || Measurement

device value (m.v.) uncertainty

Pyranometer (CMP11) Gi, Gq +1.6% (calibr.)

Pyrheliometer (MS-57) Gy +0.63% (calibr.)

Reference cell (Si-mV-85-Pt100-4L) | G; +1.58% (calibr.)

Thermistor (NTC) Twm, Tt +0.3°C (—10 < m.v. < 50°C)
+0.5°C (m.v. > 75°C)

RTD (PT100) T,, Tj +0.15°C

Relative Humidity (HM1500LF) RH +2% @ 55% RH

Orifice plate sensor (EZ55 C160F) \Y +3% Fullload (calibr.)
+7.5% Partload (calibr.)

All-in-one weather station Ty, Vw, +0.5°C, 0.3 m-s~!

(US NHTFB) Pa, RH, 40.25 hPa, +£3%

Anemometer (4.3519.00.x00) Viw +3%

5.1.2 Experimental test series

In order to analyze the performance of the optimized BIPVT system, various test series are conducted
on the test and reference roofs. The recorded data is used to calculate the i) PR for the experimental and
reference system, ii) yield increase due to active rear-ventilation, iii) maximum thermal performance
of the BIPVT system, vi) increase of the COP of the ASHP in the test roof compared to the reference
roof and v) determination of the maximum operation and stagnation temperature. The following list
provides an overview of the experimental test series performed, the operation of the rear ventilation

system and the objectives of the study:

* Test series #1: Performance Ratio - Analysis of the PR for 14 months without considering the
particular experimental series and mode of operation of the rear-ventilation system. Comparison
of the electrical performance of the BIPVT system with the reference PV system mounted on

an open-rack.

* Test series #2: Yield increase by active rear-ventilation - Analysis of the electrical performance
of the BIPVT system at high ambient temperatures and solar irradiance in summer months with

and without active rear-ventilation

* Test series #3: Thermal performance - Operation of the rear ventilation system under full
operation (V=350 m? -h~!) using a bypass (heat pump switched off, ventilation flap 1 & 2
open, Fig. 5.4). Outdoor testing of the maximum thermal performance according to ISO 9806
(Thermal solar collectors - Test method)
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o Test series #4: Increase of the COP - Calculation of the increase in COP of the ASHP connected
to the rear-ventilation of the BIPVT system (ventilation flap 1 closed, ventilation flap 2 open,
Fig. 5.4).

The detailed methodical procedure and measurement concepts for the individual test series are

described in the following subsections.

5.1.2.1 Test series #1: Performance ratio

Test series #1 is based on the calculation of the PR and temperature-corrected PRgyc for the BIPVT
and reference system over a time period of 10 months in the thesis of Von Holst (2023) [147]. In [147]
the data pre-processing, PR calculation and reporting are done in accordance with the IEC 61724-1
standard. In this work, the time period is extended to one year and two months, from March 2022
until April 2023. The performance of a PV system under real operating conditions is affected by
electrical-, temperature- and optical losses. The PR considers these effects in terms of rated power at
STC (25°C, 1000 W - m~2, AM1.5 g). In the IEC standard [139], the PR is defined as the quotient of
the final measured AC yield Y of the system and its AC reference yield Y, at STC:

PR = Y = Ly Ferii 5.

Y, Po-Gig-ti
g Z’k G stc

The AC power output P x used for the calculation is provided by the inverter manufacturer in 15-
minute average values and therefore defines the time interval t. The solar irradiance data G; x used for
PR calculation are each measured by identical c-Si irradiance sensors in the POA of the respective PV
system. Furthermore, Py represents the rated power output of the PV system at STC and G; g the
corresponding solar irradiance. However, the performance of PV modules is strongly dependent on the
operating temperature and therefore the impact on the PR is non-negligible. Consequently, the climatic
conditions of the location of the PV system influences the PR [148]. In order to analyze the system
performance without temperature influence, the PRgrc is introduced in [139]. The PRgc is calculated
by means of a temperature correction factor ¢y 2s°c and is used to normalize the performance of the
system under investigation to STC. This factor is based on the PV module temperature coefficient y

and is calculated according to:
crasec = 1+ 7 (Tux—25°C) (5.2)

The PRgrc is determined with ¢y s0c by:

Y Pyt
PRsrc = o1 = ZC:k Uel_}]-f _G].( " (5.3)
Yr7250(j Zk %




5.1 Experimental assessment of an optimized BIPVT system 86

5.1.2.2 Test series #2: Yield increase by active rear-ventilation

The second test series is done in the summer season and based on the operation of the system without
a tube fan and ASHP in the test roof. The PR and the Ty, are compared with times active and passive
rear ventilation to the reference system. In addition, a total of four BIPVT vertical module air ducts,
two on the left and two on the right edge side of the test roof, are not connected to the air duct system
in the ridge. This allows a simultaneous comparison of the Ty, of active and passive rear ventilation
operations. However, the edges of the test roof are more exposed to the wind and therefore the Ty, of
the modules with passive rear ventilation is more affected by the wind compared to the modules in the

center of the roof.

5.1.2.3 Test series #3: Thermal performance

A schematic representation of the air duct system configuration for test series #3 is shown in Fig. 5.4.
The third test series is used to determine the maximum thermal performance of the BIPVT system as a
solar thermal collector. The test conditions correspond to steady-state operating conditions according
to ISO 9806:2017 [94]. Therefore, the measurements are only valid for days with approximately
steady-state conditions within the range defined in the standard. Measurement data of air outlet
temperature, ambient temperature, mass flow, wind speed and solar irradiance on the test roof are
recorded to calculate the thermal efficiency and monitor the test conditions. The thermal efficiency
is calculated by (2.18) for the active rear ventilated gross area Ag of the system with 144 BIPVT
modules and the ridge construction (A, = 15.6m?). The gross area includes the aluminum frame of
the module as well as the aluminum ridge construction of the test roof (Columns C-N, see Fig. A.1).
This test is typically done within the harmonized Solar Keymark Network certification for different
mass flow rates, the rated mass flow rate m specified by the manufacturer and % The procedure is
typically done indoors under controlled environmental conditions and at collector level. According to
the standard, several solar air collectors can be connected in series for the performance tests. It is also

important to emphasize that testing of hybrid systems is not included.

5.1.2.4 Test series #4: Increase of the coefficient of performance

Test series #4 is based on the comparison of an ASHP coupled to a BIPVT system with a conventional
system fed by ambient air. A schematic representation of the air duct system configuration for test
series #4 is shown in Fig. 5.4. These systems are also known as SAHP systems. The SAHP is
supplied by the preheated air of the solar air collector system and thus the COP can be increased.
Previous comprehensive reviews on SAHP systems for heating purposes in [140, 141] revealed that
studies about experimental studies of ASHP coupled to solar air heaters are sparse in the literature. In
this work, an experimental study of these systems incorporating BIPVT modules is presented. The
experimental test series is performed with a variable-speed type ASHP (aroSTOR VWL B 200/5,

Vaillant) for domestic hot water (DHW) generation in the spring, fall and winter seasons during the
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daytime. The test procedure is based on driving the amount of heat of the 200-liter hot water tank
from a variable lower mean temperature reservoir to a defined temperature reservoir of 60°C. The
output and input of the storage tank are connected by a pipe and a pump with an ambient air-based
cooling coil to lower the water temperature. Different starting times of the day are defined when the
heat pump starts operation. The operation stops when the threshold of 60°C is reached. The water
temperature in the storage tank at the beginning and end of operation is used to calculate the heat
energy Qum e provided by the ASHP. The heat energy in the hot reservoir is calculated as

ch,e =m-Cp- (Te_Ts)7 (5.4)

where m is the mass of the water, ¢, is the specific heat capacity, T is the temperature at the end and
T; is the temperature at the start of the test. The corresponding temperatures, the electrical energy
consumption E; ¢ of the ASHP in both systems and the variable-speed fan are measured and recorded
to determine the corresponding COP. The COP is defined as

Qi,th,e

COP, =
l Ei,el

(5.5)

The relative increase of the SAHP in the COP compared to the reference system is expressed as

COPspnp

ACOP =
COP,f

1. (5.6)
Finally, the relative increase in the COP ACOP is calculated from the measurement data and correlated

with environmental conditions.

5.1.2.5 Test series #5: Determination of the maximum operation and stagnation temperature

The maximum module and air outlet temperatures are relevant indicators for the durability and
usability of BIPVT systems. On the one hand, module temperatures > 70° can cause deterioration,
and overheating protection is therefore a relevant BIPVT research topic, as described in [11]. On the
other hand, a high air outlet temperature is important for thermal usability. The measurement data of
34 module (Fig.A.1) and 62 air outlet (Fig.A.2) temperature sensors are analyzed over the period of
one year. The module temperature data is filtered for maximum values from April to September. In
contrast, the fluid module data is filtered for maximum values over a one-year period. The values are

evaluated both as individual values and as averaged values of all sensors of the same type.
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5.1.3 Results and discussion
5.1.3.1 Test series #1: Performance ratio

The results of the measured data (Table B.2) of the experimental comparison of the electrical perfor-
mance from test series #1 are shown in Fig. 5.7. The average PR shows values of 86%pr and 88%pr
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Fig. 5.7 Comparison of the measured Performance Ratio (PR) of the test roof with BIPVT modules
and the reference system over 14 months. The energy consumption of the additional fan is not
considered in the energy balance.

for the BIPVT system and the reference PV system, respectively, for a measurement period of 14
months. While the values are lower in summer, they are higher in winter, which is typical for northern
temperate climate conditions. Recently published studies on the performance of BIPV systems under
real operating conditions in [149, 150] showed an annual average PR between 74%pr and 78%pr.
Accordingly, the BIPVT system under investigation can increase the relative electrical performance by
up to 16%,;. However, the results are limited to varying operating conditions of the rear ventilation
system due to the test series performed. The PR must be analyzed within specific time periods with
constant and realistic operating conditions of the rear ventilation system to justify the significance of
the results. Nevertheless, the PR comparison shows an improvement of the optimized BIPVT system
compared to the state-of-the-art.

Fig. 5.8 shows the PRgyc of the BIPVT and reference PV system for the same data set. Although
the PRgtc values vary significantly for four months, the mean value for both systems is 88%pr. The
average results of PRgrc indicate that the remaining losses, such as cable, inverter and mismatch
losses, of both systems are in a similar range, although the monthly values vary. Therefore, the PR
can be used to evaluate the performance of the improved BIPVT system in comparison to the standard

PV system.
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Fig. 5.8 Comparison of the measured temperature-corrected Performance Ratio (PRgtc) of a BIPVT
test system and reference system over 14 months. The energy consumption of the additional fan is not
considered in the energy balance.

5.1.3.2 Test series #2: Yield increase by active cooling

Evaluation of the data on the yield increase due to active cooling of the BIPVT module from test series
#2 is done for various days in the summer of 2022. Only data from the period after optimization of the
air duct system in the ridge is evaluated. All measured data for the calculation of the PR are filtered
according to the solar irradiance on the respective inclined plane (G; > 50 W - m~2). The evaluation
of the PR from the cooled BIPVT module results in an average absolute difference of 2%pr over
a period of 16 days. The average ambient temperature during this period is 25°C. For comparison,
the average absolute difference in PR of the BIPVT module with passive cooling is also 2%, for a
period of 13 days at an average ambient temperature of 24°C.

From the results of the analysis, it can be concluded that no significant increase in yield can be
expected from active rear ventilation of the BIPVT modules. This statement can be confirmed by
analyzing the module temperature data of the passive rear ventilated modules (Columns A-B & O-P,
see Fig. A.1) in comparison to the active rear ventilated modules (Columns C-N, see Fig. A.1). It can
be observed that the average Ty, of the actively or passively cooled BIPVT module in two analyzed
periods in June (18 days) and August (6 days) is between 41°C and 53°C, respectively. This applies
for all values G; > 200 W -m~2. When considering the same periods for irradiation values G; > 800
W -m~2, similar temperature differences result, but with a higher absolute Ty, between 52°C and
62°C, respectively. The averaged temperature differences of the actively or passively rear ventilated
BIPVT system are partly within the accuracy range of the temperature sensors used for the evaluation

(Table 5.2). Therefore, the Ty, is almost identical for both rear ventilation operation modes, taking the
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measurement uncertainties into account. This analysis confirms the results presented previously for
evaluating the PR in terms of yield enhancement due to active rear ventilation. According to these
observations, no additional module temperature reduction and thus electrical yield increase can be
expected from active rear ventilation with the considered design of the air duct system. Nevertheless,
it should be mentioned that the design of the BIPVT module with integrated rear ventilation air duct
already results in passive rear ventilation and thus in a reduction of the Ty,. Overall, the comparison
with PR evaluations of BIPV systems from the literature shows an improved PR of the BIPVT module.
The average module temperature difference between the passively rear ventilated BIPVT system and
the reference PV system for the same time periods in June and August (G; > 200 W -m™2) is only

5°C and 7°C, respectively.

5.1.3.3 Test series #3: Thermal performance

Field monitoring data from the BIPVT test system over three days in February is used to calculate the
maximum thermal efficiency. This is done according to the steady-state field operating conditions
defined in the ISO 9806:2017 [94] standard for solar thermal air collectors. Therefore, a 25-minute
interval is filtered at the same time each day with approximately steady-state conditions. Table 5.3
shows the test conditions and corresponding results. The results show a maximum thermal efficiency

of 12% for the active rear ventilated gross area A, of 15.6 m? of the BIPVT system. Fig. 5.9 shows

Table 5.3 Mean values of the measured test conditions and results.

Test details

Date 2023-02-08; 2023-02-14; 2023-02-15

Time 12:15:00 - 12:40:00 UTC+1 (30 minutes)
Type Hybrid air collector

Test conditions

Description Symbol | Unit Average Values
Solar irradiance G W-m~2 | 867.9 | 878.4 | 853.8
Ambient temperature T, °C 5.6 10.3 8.1
Wind speed Vy m-s~! 3.3 2.8 2.73
Mass flow rate il kg-h™! | 401.1 | 458.6 | 232.04
Outlet temperature T, W-m2 | 183 | 225 21.9
Thermal efficiency Nih — 0.109 | 0.117 | 0.069
Electrical efficiency (DC) || Ne — 0.144 | 0.139 | 0.139

the measured thermal efficiency of the BIPVT system under steady-state operating conditions in the
field. The measurement data has been recorded at 20-second intervals. These measurements are

shown for different constant mass flow rates in the rear ventilation system. In addition, the average
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values and a regression line of the average values are shown. The average thermal efficiency increases
almost proportionally with the mass flow rate. Furthermore, the values show a different spread within
the respective measurement periods. The thermal efficiency shows a strong dependency on the mass
flow rate. Likewise, the wind speed shows a correlation with the spread of the measurements within a

measurement period.
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Fig. 5.9 Thermal efficiency of the BIPVT system for three different mass flow rate. The efficiency is
measured in an experimental outdoor test facility at the TH Koln.
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5.1.3.4 Test series #4: Increase of the coefficient of performance

The relative increase in the coefficient of performance ACOP is measured in test series #4 on a daily
basis for a steady-state temperature increase of a hot water storage tank (Table B.1). Fig. 5.10 shows
the measured monthly average COP of a SAHP and reference system over 10 months. Moreover, the
average increase in COP is shown. The evaluation of the test series is done in total for 119 days in
the spring, fall and winter seasons since the maximum air flow temperature of the heat pump (45°C)
was already reached in May. Accordingly, test days in summer season are not available. While the
ventilation system in the test series was operated with a speed-controlled auxiliary fan for 85 days
from March 2022 to February 2023, it was correspondingly operated without it for 38 days in March
and April 2023. The results show an average ACOP of 21%. for 16 days in the spring and 17%; for
37 days in the fall season. In December, an average ACOP of 8%, is measured over 10 days. The
maximum daily GOP; values are observed at 40%e in the spring, 36% in the fall, and 37% in
the winter season, respectively. Overall, the average ACOP is observed with 20%,. Annotated in
black are the total number of test days in each month. In addition, the test days without operation of

the auxiliary fan are annotated in red.
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Fig. 5.10 Comparison of the measured coefficient of performance (COP) of a solar assisted heat
pump (SAHP) and reference system over 10 months. The energy consumption of the additional fan is
considered in the energy balance.

The test series #4 provides an initial energy estimate of the gains by using the preheated exhaust
air from the BIPVT modules air duct system in a heat pump. However, the estimated gains are still
limited to the operation mode during the tests for a specific environmental condition. The results does
not allow final conclusions about the SPF gains of the system. The SPF is the decisive key factor

in comparison to the COP to quantify the energetic performance of the SAHP under real operating
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conditions. Depending on the heat pump type, the SPF includes the heat consumption for residential
space heating and DHW generation. In particular, the weather conditions, the storage tank size and
the residential heating demand have a great influence on the SPF. To estimate the SPF, it is determined
by simulations with a simplified ASHP modeling approach presented in [151, 152].

5.1.3.5 Test series #5: Determination of the maximum operation and stagnation temperature

The maximum module temperature was observed at 74.2 °C in September. In comparison, the maxi-
mum module temperature was 70° between April to August . The maximum air outlet temperatures
are observed at 52 °C in summer and 33°C in winter. Also, the temperatures during stagnation of the
air in the rear ventilation system are analyzed. It shows a maximum module temperature of 70°C and

an air outlet temperature of 67°C for a total of 37 days.

5.2 Numerical assessment of an optimized BIPVT system

A simulation case study is done for the BIPVT system under study, installed on a gable roof. The
simulation is performed for two different locations and three different module tilt angles. The system
configurations include three tilt angles with a fixed azimuth of 180° (0°=North). The objective is to
assess the optimized BIPVT system by means of annual performance simulations. The performance
model developed within this thesis is used for the simulation of the annual electrical and thermal
yields. The model is described in Section 3.3. The simulation framework includes an optical, electrical
and thermo hydraulic model as well as input for TMY weather & load profile data. The PV model
is based on a standardized modeling approach according to IEC61853, whereas the thermal model
is non-standardized. The thermal model is based on the dynamic simulation of a physical model
component network parameterized with CFD simulation data of the BIPVT system under study.
Furthermore, a hysteresis control of the rear-ventilation system with a constant mass flow rate is
implemented in MATLAB-Simulink. The controller activates the fan when the threshold of AT > 1°
is reached. The temperature difference used to control the fan is defined as AT = T, — T,. In contrast,
the fan is deactivated when the temperature difference AT equals 0°.

5.2.1 Simulation case

The simulation study is done for a single-family house with three residents in two locations: Cologne,
Germany and Risg, Denmark. The simulated systems are 180° south-oriented and tilted at 30°, 45°
and 60°, respectively. A total of 192 BIPVT modules are installed on a gable roof, arranged in two
strings of 96 tiles each. Accordingly, the simulated systems have a total PV capacity of 2.8 kWp
resulting in a PV module area of 19.6 m2. The PV systems are connected to two inverters a 1.5 kW
rated power input. The active rear ventilation heat recovery system is setup in a 12 x 12 configuration
as described in Section 5.1.1. Therefore, the gross area of the BIPVT system is only 15.6 m?, including

the area of the ridge construction. Two series of simulations are performed considering two different
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mass flow rates. First, the mass flow rate in each rear ventilation air duct is setup with 11 kg-h~!, as
this is the flow rate validated by the experimental setup in Section 5.1.1. It is important to emphasize
that the airflow distribution in the collecting pipe on the ridge is neglected. Accordingly, a uniform
flow distribution is assumed in this case study. Air leakage mass flow from the ambient air into the
ridge construction is assumed to be a function of the total mass flow.

The study includes an approximation of the gains from the utilization of the increased air temperature
by an ASHP system connected to the BIPVT system outlet. Simplified heat pump models based
on performance and temperature measurements of manufacturers are presented in [151, 152]. The
quadratic regression line presented in [151] is used for the modeling of the ASHP. Accordingly, the
COP in this study is approximated by

COPyspp = 6.81 —0.121 - AT +0.000630 - AT? for 15<AT <60°C, (5.7)

where AT is the temperature difference between sink and source temperature. The sink temperature is
used as a constant value and depends on the heating application. For DHW applications, a temperature
of 50-60°C is recommended for comfort and hygiene reasons [153]. The source temperature is the
inlet temperature of the heat pump, which can be the temperature of the ambient air or preheated air
from the rear ventilation of a BIPVT system. In order to analyze the gains from the heat utilization,
an ASHP connected to the BIPVT system under study and a conventional ASHP are compared. The
simulated air outlet temperature of the time-series based BIPVT model and the ambient temperature
of the TMY data sets are used for this comparison. The heat pump is considered as on/off modulation
device. Furthermore, it is used for DHW generation and therefore rated with an electrical power input
of 0.7 kW.

The SPF indicates the annual performance of a heat pump considering the provided thermal energy

En,np and the respective electrical energy demand Eej gem. Accordingly, the SPF is calculated as

E dt
SPF — f’hihl’ (5.8)
fEel,dem dt
and the relative increase ASPF as
SPFgipyt
ASPF = —— — 1, 5.9
SPF,¢ (5.9)

where SPFgipyT is the SPF of the BIPVT system and SPFf is the SPF of the reference system
connected to the ambient air. In this thesis, the SPF is calculated according to three different methods.
The SPF,q is calculated using a demand-controlled operation strategy, based on the DHW load
profile. In contrast, the SPF e,y is the annual mean value of the COP and the SPF,,« is the maximum
value that can be achieved by using only operating points with increased air outlet temperature.
Nevertheless, to ensure adequate operation of the heat pump, a thermal storage must be used in the

heating system.
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Hourly-resolved load profiles are used as input in the developed simulation framework to determine
system performance indicators such as electrical solar coverage rate and self-consumption rate, as
well as the SPF of the heat pump. According to [154], the electrical solar coverage rate is calculated
by
Epy
Aoy = E 7COV7 (510)

el ,cons

where Epy coy 18 the demand covered by the PV system and Eej cons 18 the total electrical energy
consumption. The self-consumption rate is the ratio of solar-covered electrical energy consumption

Epv cov and the total energy generated by the PV system Epy (1. Accordingly, the self-consumption
rate is calculated by

EPV,cov

: (5.11)
EPV,total

Aself =
According to [155], the electrical energy consumption of an average German household in 2021 was
2828 kWh-a~!. The measurement data of the electrical load profiles for households are presented
in [156]. In this thesis, load profile 6 with an electrical energy consumption excluding the heat pump
and fan operation of the BIPVT system of 2938 kWh-a~! is used for the simulation study. The electri-
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Fig. 5.11 Monthly distribution of energy consumption for domestic hot water (DHW) supply and
electricity of an average single-family house in Cologne, Germany.

cal energy consumption of the heat pump and fan operation for the BIPVT system varies with changing
operating conditions. Therefore, it is calculated for each individual simulation case. Then the overall
electric consumption is combined in order to calculate the system performance indicators. The DHW
load profile for a single-family house is generated using the DHW(calc tool presented in [157]. The
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mean daily draw-off volume for three residents is considered to be 200 liters per day at a temperature
difference of 50°C. The total heat demand for DHW supply in an average single-family house is thus
4238 kWh-a~!. Fig. 5.11 shows the monthly distribution of the load profiles for a single-family house.

5.2.2 Locations and weather data

The weather data for this study are provided by the Photovoltaic Geographical Information System
(PVGIS) of the European Commission [107]. The procedure to generate TMY files is described in the
1ISO15927-4 [158] standard and in [159]. The solar radiation data of the PVGIS-SARAH-2 database is
used. This database is based on images of the EUMETSAT Climate Monitoring Satellite Application
Facility (CM SAF) as described in [160]. The datasets are provided with hourly time resolution for
given geographical locations in order to perform solar energy yield simulations. In these data sets,
average ambient temperature, relative humidity, wind speed and detailed solar radiation are included.
The radiation data set contains direct beam, diffuse and global horizontal irradiance.

Fig. 5.12 shows the monthly irradiated specific solar energy and averaged wind speed in Cologne,
Germany. The irradiated specific solar energy is shown for the plane-of-array for a tilt angle of 30°
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Fig. 5.12 Monthly irradiated solar energy and averaged wind speed in Cologne, Germany.

and on the horizontal surface. While in the winter, autumn and spring seasons the difference in
amounts is large, the difference in the summer season is small. The average wind speed is between
2.8 and 3.4 m-s~! in winter. In contrast, the wind speed is around 2.2 and 2.6 m-s~! in the spring,

summer and autumn seasons. Fig. 5.13 shows the TMY weather data used for the simulation study
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for Risg, Denmark. The weather data sets are summarized in Table 5.4. The ambient temperature
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Fig. 5.13 Monthly irradiated solar energy and averaged wind speed in Risg, Denmark.

and wind speed are averaged. In contrast, solar irradiation is shown as total irradiated energy. The
in-plane irradiation is shown for a tilt angle of 30°, simulated with the modeling approach described
in Section 3.3.1.
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Table 5.4 Typical meteorological year data used for the simulation study.

Typical meteorological year data
Database PVGIS-SARAH-2 [160]
Resolution Hourly
Time period 2005-2020
Parameter Sym | Unit Cologne Risg
bol 50.9°N, 7.0°E | 55.7°N, 12.1°E
Climate classification [161] Cfb Cfb
Global horizontal En | kWh-m2-a! | 1111 1025
irradiation
In-plane irradiation E;, kKkWh-m2-a!
180°South, B=30° 1326 1199
180°South, f=45° 1336 1200
180°South, B=60° 1278 1141
Ambient temperature T, |°C 10.5 8.9
Wind speed Vw | m-s7! 2.7 4.3

5.2.3 Results and discussion

The results of the simulation case study are first presented for a constant mass flow rate of in = 11 kg -h™!
in each rear ventilation system. Subsequently, the results are presented using the optimal mass flow
rate of th = 180 kg -h~! as determined in Section 4.2 for the BIPVT module design under study. The
fan for the operation of the rear ventilation system is hysteresis controlled based on the air outlet
temperature of the BIPVT system and ambient temperature. Fig. 5.14 shows the specific electrical
and thermal energy yields for Cologne, Germany, with a system surface tilt angle of 30°. The energy
yields are calculated by (2.17) and the corresponding equation for electrical energy yield. The
electrical energy required to operate the fan of the rear ventilation system is excluded and amounts to
141 kWh. The annual specific AC electrical energy yield is 165 kWh-m~2. In comparison, the annual
specific thermal energy yield is 151 kWh-m~2. This results in an annual specific overall energy yield
of the system of 302 kWh-m~2, including the energy demand of the fan. Fig. 5.15 shows the monthly
average electrical and thermal energy efficiencies in Cologne. The efficiencies are calculated by (2.18)
and the corresponding equation for electrical efficiency. The annual average electrical and thermal
efficiency are 13%g,ps and 11%,ps, respectively. These values are obtained by neglecting the energy
that has to be used for the fan. Taking this energy consumption into account, the annual average
overall efficiency is 22%gps.

Fig. 5.16 shows the simulation results with a system surface tilt angle of 30° for the site in Risg, Den-

mark. The annual specific electrical energy yield amounts to 151 kWh-m~2. In contrast, the annual
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Fig. 5.14 Monthly electrical and thermal energy yield of an air-based BIPVT system with 30° module

tilt angle in Cologne, Germany.
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Fig. 5.15 Monthly electrical and thermal efficiency of an air-based BIPVT system with 30° module

tilt angle in Cologne, Germany.
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Fig. 5.16 Monthly electrical and thermal energy yield of an air-based BIPVT system with 30° module
tilt angle in Risg, Denmark.

thermal energy yield is 113 kWh-m~2. The annual energy consumption of the fan to operate the rear
ventilation system is not included and amounts to 123 kWh. Therefore, the overall system energy
yield, including the energy demand of the fan, results in 251 kWh-m~2. The electrical efficiencies
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Fig. 5.17 Monthly electrical and thermal efficiency of an air-based BIPVT system with 30° module
tilt angle in Risg, Denmark.
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of both locations are in a similar range. The values are slightly higher in the winter months, which
can be attributed to the lower ambient temperatures. However, the thermal efficiencies in Cologne
vary only in a range between 8.5%,ps in winter and 13%,ps in summer months. In comparison, the
efficiencies in Risgvary between 4%,ps and 10.7%,,s. The higher deviation can be explained by the
increased wind speed in the winter months compared to the summer months.

Table 5.5 shows the summarized results of the simulation study. The results show similar electrical
performance for both locations with 12.5%,;,s. The solar coverage and self-consumption rate are
calculated by (5.10) and (5.11), respectively. The coverage rate has slightly decreased for the systems
located in Ris@g. The average thermal performance of these systems shows a lower efficiency by
30%:.1 in comparison to the systems in Cologne. It is assumed that the lower efficiency is attributed
to the increased wind speed at the site. Likewise, a lower overall performance by 17%. in average
is observed for the systems in Risg. Compared to the values in the literature [11, 14], which range
between 14%,ys and 60%,ys, the thermal efficiency can be considered low. However, a comparison is
very limited because the thermal efficiency is strongly influenced by the wind speed, module design
and mass flow rate in the rear ventilation system. Moreover, the results stated in the literature are pre-
sented for different experiment and simulation conditions. The annual average solar coverage rate is
observed at 0.26 and 0.23 in Cologne and Risg, respectively. In contrast, the average self-consumption
rate shows 0.46 for both locations. Whereas the monthly average solar coverage rate in Cologne has
its maximum in August at 0.43, its minimum is 0.17 in January. In comparison, the self-consumption
rate shows a maximum value of 0.82 in November, and the minimum value is observed in April with
0.6 (Fig. C.1). These system performance indicators for air-based BIPVT systems are lacking in
the literature. Annual average solar coverage and self-consumption rates are stated in [162], with
0.27 and 0.68 for a water-based BIPVT system, respectively. Accordingly, the values observed in this
thesis are slightly lower, which can be attributed to the more efficient water-based thermal system in
the work of [162]. It is important to highlight that these results were achieved without battery storage.
It can be concluded that the observed values in the simulation case study are consistent with values

presented in the literature and observed in the experimental test series.
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Table 5.5 Final results of the simulation study with rh = 396 kg-h~!.

Parameter Sym | Unit Cologne Risg

bol 50.9°N, 7.0°E 55.7°N, 12.1°E
System surface tilt B ° 30 45 60 30 45 60
Electrical system
Energy Eq kWh-m=2-a=! || 165 | 167 | 160 | 151 | 151 | 143
Efficiency Nel Y/ 12.6 | 12.7 | 12.6 | 122 | 124 | 12.5
Solar coverage rate Acov - 026 | 0.26 | 0.24 | 0.23 | 0.23 | 0.22
Self-consumption rate | asf - 046 | 045 | 045 | 046 | 045 | 045

Thermal system
Energy (Collected air) | Qu KkWh-m2-a~! 151 | 153 | 145 | 113 | 114 | 107

Efficiency Nth Y/ 10.7 | 11.0 | 11.0 | 8.1 | 85 | 8.6
BIPVT system

Fan Efan kWh-a™! 141 | 138 | 132 | 123 | 120 | 114
Energy E kWh-m~2-a=! || 302 | 313 | 298 | 257 | 259 | 244
Efficiency n P abs 222 1232|232 | 19.8 | 204 | 20.5
SAHP system

Rel. increase SPFjp,q | ASPF | %y 52 | 53 | 51 | 40 | 40 | 3.7
Rel. increase SPFean | ASPF | %y 6.9 7.0 6.5 5.2 52 | 49

Rel. increase SPF,x | ASPF | % 20.1 | 20.7 | 20.3 | 16.8 | 17.2 | 169




Chapter 6

Conclusion and outlook

The conclusions of this thesis are first separated by each research topic with the respective objectives

and then summarized in a general conclusion and outlook.

6.1 Conclusion on the modeling and analysis of BIPVT modules

A BIPVT simulation framework based on measured and simulated modeling parameters has been
developed. The experimental approach is based on small-scale optical measurements in the laboratory.
In contrast, the numerical approach includes electrical, optical and thermal simulations. The findings
related to the first research question, how the improved BIPVT module can be modeled, are summa-
rized in the following:

First of all, an automated rotational sample stage for angular-dependent optical characterization has
been developed for experimental measurements. The sample stage shows an angular adjustment
accuracy < 1° and thus allows very precise angular-dependent measurements according to the standard
IEC61853-2. Therefore, the experimental approach is suitable to derive optical design parameters for
the simulation models. The numerical approach to derive modeling parameters includes steady-state
CFD simulations. These simulations are done to determine parameters such as the respective con-
vective heat transfer coefficients to the fluid, air leakage mass flow rates, and pressure drop for the
development of a thermo hydraulic model. Finally, a time-series simulation framework based on these
design parameters is developed to analyze and assess the electrical and thermal performance under
real operating conditions of the improved BIPVT system.

The consistency of the thermal parameters is justified by a comparison of the simulation results
between the CFD and the thermo hyraulic model for the air temperature in the rear ventilation system.
Four models to determine the convective heat transfer coefficient are set up. The lowest RMSE of
0.22°C is observed for a model using the fluid temperature as a function of the mass-weighted average
in the total air duct volume and the module surface temperature as a function of the area-weighted
average on the bottom of the glass package.

The simulation framework is validated by field measurements over 59 days in an experimental field
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test. The model shows good agreement with the measurement data. The DC electrical energy yield
shows a relative AMBE of -0.8%, whereas the thermal energy of the collected air shows a AMBE
of 0.8%. In conclusion, the applied experimental and numerical modeling approach is suitable for
the analysis of outdoor performance and the optimization potential of a custom BIPVT module
design. These findings contribute to a more precise planning of system concepts, such as effective
heat utilization, and to the estimation of optimization potentials. However, several simplifications
and assumptions have been made, so verification for various module and system designs remains.
These simplifications include air leakage caused by the connection to the ridge structure, which is
difficult to quantify. The ridge construction is simplified with a constant factor as a function of the
mass flow rate, and therefore the results are limited. Accordingly, it is recommended to consider the
ridge construction in more detail.

Future research should expand the simulation framework to include a suitable thermal building model
with thermal storage and heating load profiles. These extensions can help calculate usable energy for
heating and the economics of such systems. Another point to consider is that the thermal modeling
parameters are based on simulations. Experimental measurements of these parameters are therefore
recommended to further improve the predictive accuracy of the model.

The second research question in this area was how to accurately simulate the AOI performance of
colored modules. Therefore, the short-circuit current of PV single-cell laminates has been simulated
with different colored glass covers using experimental ASR and spectral irradiance measurement
data. Moreover, field validation is done for 25 days of measurement on a south-oriented rack under a
tilted angle of 42° in Risg, Denmark (55.7° N). In addition, simulations were performed with a less
elaborate measurement procedure using SR measurements at normal incidence, and broadband IAM
was performed to account for AOI reflection losses.

The simulations show good agreement with field measurements. A statistical error analysis reveals a
relative ARMSE ranges between 1.9% and 2.5% for simulations using ASR and between 1.7% and
3.0% using broadband IAM model approach. The absolute mean differences of the presented ASR
modeling approach consistently show lower differences for samples with non-uniform decreasing EQE
(blue, blue-green, gold) with increasing AOI. To justify the alternate methodology, the 95% confidence
interval of the mean absolute differences is evaluated. It shows that the lower differences of the ASR
model approach for the colored samples are statistically significant. In contrast, the broadband IAM
approach shows significantly lower mean absolute differences for samples with neutral EQE (grey,
control). Nevertheless, the absolute error differences are very small, and comparability is limited
due to the larger dependency of the broadband IAM modeling approach on the IAM model applied.
Finally, it can be concluded that simulations using ASR measurement data have the most value in
colored BIPV applications. Nonetheless, both presented model approaches show improved prediction
accuracy compared to simulation studies on the outdoor performance of BIPV modules found in the
literature. However, it is important to emphasize that the findings of this thesis are limited to colored
glasses with a thin-film multi-layer interference coating on the inner surface and a structured outer

surface.
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The application of spectral measurement data provides accuracy suitable for energy yield estimates of
BIPV applications. In particular, the ASR model approach helps to predict accurate energy yields of
colored BIPV systems for a wide range of operating conditions. This contributes to better planning of
investments in BIPV installations with custom design options.

In subsequent research, the simulations should be done for various locations with different prevailing
solar spectra distributions to compare the findings presented here. Beyond an angular resolved mod-

eling approach can also be applied to the diffuse irradiance component to improve simulation accuracy.

6.2 Conclusion on the optimization of BIPVT modules

The optical and thermal optimization potential of BIPVT module performance has been quantified to

answer the following research question:
How do the optimizations impact the module performance?

The impact of different nano-imprinted textured front covers on the annual angular-dependent optical
losses was investigated. Therefore, the effective irradiance has been simulated for different locations
and module tilt angles. In order to determine the relative annual increase in effective irradiance, each
textured sample is compared with an identical non-textured sample. The relative transmittance of PV
single-cell test samples has been measured using a rotational sample stage and a sun simulator to
derive modeling parameters. The study includes two different rolled-texture glasses available on the
market to compare the results. In order to identify the exact input parameters for the annual simulation,
a suitable model for the relative transmittance must be qualified by a comparison. However, a poor
agreement was observed, and therefore the relative transmittance curves are linearly interpolated. The
results for the nano-imprinted textures show a relative increase between 2% and 2.2% for Cologne,
Germany. In comparison to the rolled textured samples, a relative increase of 2.4% was observed.

It can be concluded that the nano-imprinted textures contribute to a reduction in angle-dependent
optical losses, which is particularly relevant for building-integrated systems with suboptimal orien-
tation. However, the results are limited by the angular-dependence of the textures, and therefore a
more detailed investigation including optical parameters is recommended. A module design with
nano-printed textures has the potential to reduce the LCOE, depending on the additional costs. Future
work should focus on the estimation of cost efficiency and long-term outdoor testing.

The optimal operating point for the BIPVT module under investigation was determined by varying
the operating mass flow rate and air leakage. Therefore, a wide range of steady-state operation points
was simulated using the validated BIPVT model. In order to find an optimal operating point for the
particular design, the effective thermal efficiency is calculated. The effective efficiency is taking into
account the energy consumption of the fan used to operate the rear ventilation system. The results

show maximum effective efficiencies of 21.5% for an airtight system and 24.3% for a system with air
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leakage in between the modules. The optimal operating point with an effective thermal efficiency of
24.3% has been observed at a mass flow rate of 180 kg-h~! for a single air duct system consisting of
12 modules connected in series. It can be stated that the efficiency of the investigated BIPVT system
can be increased up to 24% at an optimal mass flow rate. In addition, leakages of the air duct lead to a
higher effective efficiency and therefore overall energy yield. However, the results are limited to an

airtight connection to the manifold pipe in the ridge construction.

6.3 Conclusion on the assessment of BIPVT systems

The third research objective is to assess the electrical and thermal performance of the optimized
BIPVT system under real operating conditions. Therefore, the annual energy yields and efficiencies
of the improved BIPVT module arranged in a system have been measured and simulated.

A BIPVT system is set up in an experimental large-scale field test in Cologne, Germany. The average
PR has been calculated for a total period of 14 months and shows 86%pr and 88%pr stc. A compari-
son with recent studies of roof-integrated BIPV systems reveals a relative increase of up to 16%.
Therefore, it can be stated that the BIPVT system under study shows a significant increase in electrical
energy yield in comparison to non-ventilated BIPV. However, the module temperature analysis and PR
calculation regarding the reduction of the PV cell temperature show no significant difference between
active and passive rear ventilation. Accordingly, the BIPVT system shows considerable passive rear
ventilation functionality. In the literature, 70°C is stated as the critical temperature threshold for the
deterioration of PV modules. The maximum module temperature was observed at 74°C. This indicates
that the system without active rear ventilation has operating temperatures that are only slightly above
this temperature threshold. Therefore, it can be stated that slightly improved thermal management can
achieve acceptable overheating protection through passive rear ventilation. Nonetheless, results are
limited to different operating conditions during the measurement series. Accordingly, a comparison
with a test series under more realistic operating conditions is recommended.

The thermal performance of the collected air is measured under steady-state outdoor conditions
according to solar air heater testing standards. The maximum thermal efficiency was observed at
12%, while the rear ventilation system with 12 parallel rear ventilation air ducts was operated at
400 kg -h~!. It shows that BIPVT modules have the potential to increase the overall efficiency of
residential solar systems. However, the results are limited to the outdoor conditions during the test. In
addition, fan power is not included in the maximum thermal efficiency because it is not specified by
the standard. Moreover, an ASHP on the test roof has been connected to the air outlet of the BIPVT
system. For comparison, a reference ASHP is connected to ambient air. The relative increase in the
COP between these heat pumps was calculated for 119 days over 10 months of measurement data.
An average relative increase of 20%; in COP was observed. In conclusion, a significant gain can be
expected when the preheated air of a BIPVT system is used as an inlet for an ASHP. However, the
results are limited to a test roof without a realistic heat demand profile. It is important to consider a

thermal storage system for load shifting to take advantage of these gains.
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A case study with the developed simulation framework has been performed to assess the annual
performance of the improved BIPVT modules. The study includes annual simulations in hourly
resolution at two different locations and in three different orientations. TMY data and electrical
energy load profiles, as well as DHW generation load profiles for a single-family house, were used
as input for the time-series simulation. Maximum electrical, thermal and overall efficiencies of
12.7%, 11%, 23.2% have been observed, respectively. The performance indicators, solar coverage
and self-consumption rate, were found to average 0.26 and 0.46, respectively, without battery storage.
The SPF has been simulated and shows a relative increase of 7%. A maximum relative increase of
20.7% was found for heat pump operation with increased air outlet temperature. In summary, the
values of the simulation and experiment are consistent. However, the results are limited by several
assumptions in the simulation models. Since the performance of the system is strongly influenced by

climatic conditions, it is recommended to simulate different climate zones.

6.4 General conclusions and outlook

An improved BIPVT module design has been studied using an experimental and numerical approach.
It can be stated that the presented and validated simulation framework optimizes the planning and
quantification of optical and thermal optimizations. Likewise, a significant contribution towards the
state of the art in the simulation under real operating conditions of modules with high-transmissive
colored glasses has been presented. These findings significantly contribute to quantifying performance
optimization potential and the implementation of improved system designs. Likewise, a contribution
is made to the performance prediction accuracy of customized modules with a colored appearance.
Future work should integrate thermal building load profiles into the simulation framework and extend
the BIPVT system model to include space heating and storage applications. The performance of
the BIPVT module has been improved by optical and thermal optimizations. While the optical
optimization potential is comparatively low and limited to angular-dependent enhancements, the
thermal potential, in contrast, is large. However, the quantified potential is far from its maximum.
Therefore, future work should include thermal optimizations with a focus on an improved system
design considering mass flow rate, air leakage and heat utilization concepts to maximize performance.
The key findings of the performance assessment can be summarized as follows: The electrical
performance of the BIPVT module is above average, while the observed thermal performance is
comparatively low. Nonetheless, the overall performance is improved compared to a BIPV system
due to heat utilization. The results indicate that heat utilization by an ASHP can save a considerable
amount of energy for residential space heating and DHW generation. In order to utilize the energy
savings due to the improved SPF, an adequately sized thermal storage system for load shifting is
recommended. However, the PR is influenced by the climate, and therefore these findings are limited
to systems located in temperate climates. Nonetheless, the determined performance indicators of the

ASHP system in the field test are very limited due to operation without realistic load profiles.
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This thesis contributes to pave the way for the BIPVT technology to become a standard building
component. Nonetheless, subsequent research has identified a need for improvement in order to
introduce this technology into the market. Future work should consider expanding the simulation
framework by building simulations to improve prediction capabilities. In addition, variations of the
module design should be integrated into the simulation framework to compare their performances. A
number of research questions were only briefly touched upon, and these should be further investigated
in future studies. In particular, how the heat in the building can be effectively used with a heat pump

or other systems.



Appendix A

Experimental measurement setup
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Fig. A.1 Overview of module temperature measurement sensors mounted on the backside of the
building-integrated PVT modules in the test facility.
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Fig. A.2 Overview of air outlet temperature measurement sensors mounted on the backside of the
building-integrated PVT modules in the test facility.

e - Sensor .
| - S\
[P \ /,1' | .\ \ l \

o

- s

s o,
| Ap sensor |8

_—
e

Fig. A.3 Relative humidity (RH) and pressure difference (Ap) sensor mountings on the backside of
the aluminum frame of eight building-integrated PVT modules.
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Fig. A.4 Front view and dimensions of the considered gross area of the experimental building-
integrated PVT system.
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Fig. A.5 Schematic diagram of the electrical string connections of the building-integrated PVT test
system. Each string is connected to a separate inverter installed in the attic.
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Fig. A.6 Module and air temperature measurement sensors on the backside of the glass-glass module
of the BIPVT module.
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Fig. A.7 Air-source heat pump and CAN field bus installation for module and fluid temperature

measurement sensors in the roof construction.
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Fig. A.8 Schematic representation of the roof constructions of the test and reference system. Adapted

from [163]
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Fig. A.9 Interior of the test roof structure with air-source heat pump and data acquisition system.
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Fig. A.10 Interior of the reference roof structure with air-source heat pump.



Appendix B

Experimental measurement data

Table B.1 Measured coefficient of performance values of an air-source heat pump connected to an
experimental BIPVT system (SAHP) and ambient air (Reference).

Month/Year | COP (SAHP) | COP (Reference) | ACOP | Days
Mar/22 3.37 2.86 17.83 3
Apr/22 3.65 2.99 22.07 6
May/22 4.06 3.32 22.29 7
Oct/22 3.77 3.16 19.30 15
Nov/22 3.27 2.87 13.93 22
Dec/22 2.41 2.24 07.59 10
Jan/23 3.07 2.71 13.28 4
Feb/23 2.87 2.3 24.78
Mar/23 3.05 248 22.98 30
Apr/23 3.17 241 31.54 17
Mean Mean Mean | Sum
3.269 2.734 19.56 | 119




119

Table B.2 Measured performance ratio (PR) values of an experimental BIPVT system and standard
PV system (Reference) over 14 months.

Month PR PR Dev. | PRgrc PRstC Dev.
/Year BIPVT | Reference | % BIPVT | Reference %

Mrz/22 | 0.87958 | 0.88516 | -0.63 | 0.90829 | 0.86559 | 4.93
Apr/22 | 0.86213 | 0.87425 | -1.39 | 0.88427 | 0.87578 | 0.97
Mai/22 | 0.84989 | 0.86225 | -1.43 | 0.90231 | 0.89337 | 0.02
Jun/22 | 0.83772 | 0.86141 | -2.74 | 0.89667 | 0.90029 | 0.40
Jul22 | 0.83674 | 0.84653 | -1.16 | 0.89809 | 0.88991 0.92
Aug/22 | 0.82487 | 0.84998 | -2.95 | 0.90188 | 0.90709 | -0.57
Sep/22 | 0.85147 | 0.84608 0.64 | 0.88736 | 0.86140 | 3.01
Okt/22 | 0.86417 | 0.87255 | -0.96 | 0.88996 | 0.87965 1.17
Nov/22 | 0.88653 | 0.90015 | -1.51 | 0.87922 | 0.87684 | 0.27
Dez/22 | 0.88066 | 0.90357 | -2.54 | 0.82170 | 0.85630 | -4.04
Jan/23 | 0.87122 | 091648 | -4.94 | 0.83144 | 0.86433 | -3.81
Feb/23 | 0.89881 | 0.91883 | -2.18 | 0.88732 | 0.89009 | -0.31
Mrz/23 | 0.85916 | 0.89901 | -4.43 | 0.84110 | 0.86795 | -3.09
Apr/23 | 0.87247 | 0.89233 | -2.23 | 0.88408 | 0.88584 | -0.20
Mean | 0.86253 | 0.88061 | -2.03 | 0.87955 | 0.87960 | -0.01




Appendix C

Simulation case study data
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Fig. C.1 Monthly averaged solar coverage and self-consumption rate for the simulation case of
Cologne with 30° module tilt angle.
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