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Abstract

The residential and service sectors are responsible for the 39% of the total energy consumption. 80%
of this energy is used for heating purposes. Achieving nearly zero energy buildings is a major goal for
the near future. The design of an integrated electrical and thermal system can substantially help to
reach such objective. The facade is the biggest area of a building and could be utilised to convert
incident solar energy to electrical and thermal energy. In previous work (2019), the combination of
building integrated PV modules with solar chimney on a facade was investigated to study its energetic
performance. One of the main findings was that using the thermal energy from the photovoltaic
modules on the air inside the cavity of the chimney is not possible due to its low quality of heat. It was
concluded that the utilization of heat could be better by using auxiliary systems, like photovoltaic
thermal systems for water heating. The aim of this work is to create a computational model to
calculate the thermal and electrical performance of PV thermal (PV/T) modules combined with a solar
chimney.

Two new designs for better heat utilization where considered and compared. The first design is for
the PV modules to be installed at the front of the solar chimney with fins (Fins design) and the second
design is to couple the PV modules installed on the wall inside the solar chimney with water pipe
system (Water pipe design). These designs are also compared with the same configurations but
without the thermal systems (No fins & No water pipes designs). In addition, two new strategies are
introduced to improve the performance of the model. The first strategy is the optimization of the solar
chimney openings with respect of time for the highest power generation. The second strategy is the
variation of the water mass flow with respect to time for highest water-thermal energy and optimum
cooling of the PV cells.

The model was developed in MATLAB and it is based on 2D finite difference transient implicit method.
To reduce the computational time, the density of the nodes varies in respect of temperature gradient.
In addition, secondary models were created to increase the accuracy and sensibility of the model such
as water tank and water pump models.

The models were studied for a building in Delft, Netherlands, and the scale of the chosen system is
10m?2. It is concluded that Water pipes design provides the overall best energetic performance mainly
because of the high water-thermal energy with yearly energy efficiency of 64.3%. However, the best
electrical performance is observed from the Fins design and the best air-thermal performance from
the No water pipes design.
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1 Introduction

It is well known that greenhouse gases cause serious problems worldwide with carbon dioxide being
of the biggest contributor. The most important effect is the rise of average global temperature, which
is estimated to rise on a worst case scenario about 3°C in the current century [1]. This will lead to
droughts, rise of sea level and many other effects on nature and humanity [2]. Therefore, renewable
energy is the solution for the reduction of CO, emissions and fossil fuel consumption.

Figure 1-1-a displays the energy consumption per sector in Europe. The highest energy consumption
sector is buildings (residential and services). In addition, Figure 1-1-b illustrates the different usages
of energy in the residential sector [3]. Heating takes up to 80% of the overall energy usage and
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therefore is the most important energy to tackle.
m Space heating ® Water heating

a) l b)
u Lighting and appliances = Cooking

= Buildings = Transport = Industry Agriculture = Other m Other

Figure 1-1 a) Final energy consumption per sector in Europe (2015). b) Final energy consumption in the residential sector in
Europe (2017) [3]

Therefore, the integration of renewable energy systems on buildings can provide essential help to the
reduction of CO, emissions. Solar systems are the most preferable energy systems for residential areas
(PV modules and solar collectors) mostly installed on the roof. However, a significant amount of area
is not utilised, and this is the facade of the building. The ratio between roof and facade is in average
0.33 and M. C. Brito et al [4] stated that PV modules on facades can be an important contributor to
zero energy buildings. In addition, they stated that in the winter, PV modules installed on facades can
double the solar energy due to better alignment with winter sun paths. Moreover, other energy
systems that can be installed on facades are solar chimneys and Trombe walls which provide thermal
energy and ventilation to the building from solar energy[5][6].

Consequently, PV modules combined with solar chimney would be an optimum configuration for
ventilation and generation of electrical and thermal energy. Juan Camilo Ortiz and Sander Wapperom
already developed in 2019 a thermal model for a solar chimney combined with PV modules and
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validated it with experimental results[7][8]. The model is based on 2D transient finite different
method. The primary goal was to estimate the energetic performance of a naturally ventilated facade
combined with PV modules. They optimized the geometry and configuration of the system by placing
the PV modules in the front and inside cavity of the solar chimney, but also by adjusting the depth of
the cavity and the distance between the PV modules and the wall. The main conclusion was that the
system provides more than the necessary ventilation for a room in a building, but it could not provide
thermal energy because of the low quality of heat generated due to low temperature differences. In
addition, when the PV modules are inside, the thermal energy is more than when the PV modules are
in the front, but the electrical yield is reduced. The optimum place for PV modules inside the solar
chimney cavity is in the middle. When PV modules act as front layer of the facade, the optimum cavity
depthis 0.2m.

The current thesis is a sequel of the work mentioned above and therefore it is highly recommended
for the reader to revise it. The main goal of this thesis is the improvement of the thermal energy
performance from the previous work. To achieve that, the design of the system must be reconfigured
by combining a solar chimney with PV/T. In addition, new strategies must be introduced for utilisation
of the thermal energy and ventilation. Lastly, an improved thermal model must be developed for high
accuracy and low computational time. Therefore, below are the main objectives of the current thesis

e Design two configurations of PV/T with solar chimney. PV/T with fins and PV/T with water
pipes are the main designs.

e Optimize the door openings of the solar chimney for each time step to achieve the highest
energy yields. In addition, optimize the water mass flow of the PV/T with water pipes system
for each time step to achieve the highest efficiency of the thermal system.

e Develop afinite difference transient implicit method where the density of the control volumes
is highly depended on the temperature gradients to achieve high accuracy and low
computational time.

e Compare both design options between them and with standard PV facade systems.

e Develop a MATLAB code which is user friendly and the inputs are reconfigurable.



2 State of the art

2.1 Solar chimney/ Trombe wall

Solar chimney and Trombe wall are used to increase the energetic performance of a facade. By using
a glazing cavity in front of the fagcade, a Trombe wall or a solar chimney is created. There is also an
absorptive material installed inside the cavity and is heated due to radiation. Therefore, the air inside
the cavity is also heated. A different density is created between the air inside the cavity and the outlet
environment. Consequently, buoyancy forces are acting on the air particles inside the cavity and mass
flow is created. A solar chimney is combining the building and ambient environment as inlets and
outlets for ventilation, heating and cooling [5]. Whereas, the Trombe wall has as inputs and outputs
the building environment and therefore is used only for heating [6]. However, solar chimney and
Trombe wall most of the times are referred for similar configurations of openings and therefore there
is no difference between them. Figure 2-1 illustrates these two technologies for more clarification. In
this document the chosen term is “solar chimney” even though there is a part of Trombe wall
configuration.

a) b) c)
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Figure 2-1 Solar chimney for a) cooling, b) Heating and ventilation[9]. c) Trombe wall for heating[10]
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There are several studies published about Trombe walls and solar chimneys in the last decade. K.
Sergei et al [10] pointed out the most important key findings of Trombe wall structure. The glazing has
to be double and the wall has to be thick with insulation for better thermal resistance. In addition, the
thickness of the air gap is recommended to be between 29-35cm and external fans are recommended
for better automation. M. Raghib Shakeel et al[11] investigated the performance of solar chimney.
They indicated that heat losses from the glazing are essential for a thermal model because the air mass
flow errors are reduced. In addition, it was found that the optimum air gap is at 0.3m. L. Shi [9]
compared different configurations of solar chimney/ Trombe wall (see Figure 2-1). It was concluded
that the chosen configuration has significant performance effects. In addition the configuration where
the inlet of the cavity is the ambient environment (Figure 2-1-b) gives the highest volumetric rate.

2.2 Building integrated photovoltaic

Building integrated photovoltaic (BIPV) technology is an integration of PV modules at the building
envelope. There are several BIPV product technologies aiming for aesthetic and efficient ways to use
unused area at the external of a building.



A. K. Shukla et al [12] provides information about recent advancements of BIPV technologies. It is more
efficient to place BIPV modules on the roof rather than the facade because of the better angle of the
PV modules. However, the facade area is most of the times more than the roof area and therefore
more potential energy yield is available. In addition, m-Si BIPV have the highest energy payback time
and thin film BIPV have the lowest energy payback time. Lastly, 80% of BIPV technologies are installed
on roofs and 20% on facades as can be seen from Figure 2-2.

Roof Top mounted Facade mounted
80% of BIPV market 20% of BIPV Market
ROOF Integrated Skylights 8
(shingles,slates,tiles, (Solar windows)
standard modules) Shading
7\ (Windows Integrate, Surface mounted)
Atria Roof Curtain Wall
(Window Integratted) (traditional panels) (Windows
Integrated)

Cladding
(Standard modues material Integrated)

Figure 2-2 BIPV market[12]

2.3 Photovoltaic thermal

The term Solar systems is known as either the photoelectric type (PV modules) or the thermal type
(for example solar collectors). However, the combination of those two systems creates the hybrid
solar systems which are known as Photovoltaic Thermal (PV/T). A. H. A. Al-Waeli et al [13] provided
status and future prospects of PV/T. The research of PV/T started 50 years ago, although there is a
need of more development and improvements. One advantage of PV/T compared to standard PV
modules is that they use a wider spectrum of radiation. The reason is that, only part of the visible light
is converted to electricity but most of the solar spectrum is converted to thermal energy. In addition,
the installation cost is less when using PV/T and the used area is less. A drawback of these systems is
that the heat is low or medium and consequently the applications are limited (building air heating or
domestic water heating). Lastly, A. H. A. Al-Waeli et al [13] concluded that most common fluids used
for PV/T are water and air. An overview of all the PV/T can be seen in Figure 2-3. However only water
and air-based PV/T will be introduced which are the ones used in this work.
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Figure 2-3 An overview of the PV/T technologies[14]

2.3.1  PV/T water

Water is a fluid with high heat capacity and very accessible, which is why it is widely used for PV/T
applications. S. Dubey et al [15] analysed the performance of PV/T solar collectors. It was confirmed
that PV/T solar collectors will provide great help in the reduction of carbon dioxide if they are used in
residential areas. This is because the hot water can be used for heating the building and for domestic
hot water, and also the PV modules can provide electricity. In addition, they recommended that if the
primary need is hot water, then solar collectors should be partialy covered with PV modules. But if the
primary need is electricity then the solar collectors should be fully covered with PV modules. H. A.
Zondag et al [16] investigated the thermal and electrical yield of a PV thermal collector shown in Figure
2-4. Three models (3D, 2D and 1D) are compared to experimental results and it was found that a 1D
and a 2D models performed as good as the 3D model for the calculation of annual energy yield. T. T.
Chow et al [17] also developed a model to calculated the performance of a PV thermal collector. It
was suggested that using a steady state model is a wrong approach because the PV/T collector is
inherently dynamic.

Figure 2-4 PV/T solar collector[16]



2.3.2 PV/Tair

It is well known that the water as thermal collector is better than air, but air can be used directly for
heating and ventilating the building or assist on other systems. In addition, air is more accessible than
water. M. |. Sohel et al[18] investigated the performance of an air based PV system. There is a duct
below the PV modules where forced air is pacing through. The main conclusions of this model are that
efficiencies are becoming less sensitive for air flow values of more than 300 I/s and that if the
irradiance is less than 400 W/m? then there is not a significant thermal energy. J. K. Tonui et al [19]
investigated the performance of improved PV/T air systems with installation of fins or suspended
metal sheet inside the duct as can be seen from Figure 2-5-a. They found out that the fin system was
better in both thermal and electrical performance than the other configurations. Also, the decrease
of channel depth and increase of flow rate, increases both the thermal and electrical efficiencies. In
addition, the fins can be easily installed on the system. J. C. Mojumder et al[20] also investigated the
performance of PV/T air with fins (Figure 2-5-b). They also concluded that PV/T with fins increases the
overall performance of the system. By installing fins the electrical and thermal efficiencies can increase
by 0.81% and 18% respectively.

a) Z PV moduIeI 7 b)
Back wall—

PVT/AIR - REF +UNGL

7 Upper channel
TMS sheetT Lower channel

PVT/AIR - TMS + UNGL
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g ~
Z Lttt iiiiiil
0000000000004 /// 7

PVT/AIR - FIN + UNGIL

Figure 2-5 PV/T air configurations. a) the air flow direction is perpendicular to the page[19][20]

2.3.3 PV/T air and water

The combination of air and water at a PV/T system provides both the advantages of PV/T air and PV/T
water. D. Su et al [21] investigated the performance of a PV/T with dual channels as can be illustrated
in Figure 2-6. Water and air can pass through the channels and therefore 4 configurations are
compared. Water-water PV/T was found to be the most efficient in both thermal and electrical
energies. However, with water-air configuration, the water outlet had the highest temperatures.
Lastly, the air-air configuration provides most thermal energy from air.
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Figure 2-6 PV/T with two flow ducts for air and water combination[21]

2.4 Combinations

PV/T, BIPV and Solar chimney (Trombe wall) technologies can create combinations that provide
essential energetic advantages and blend in with the aesthetics of the building. T. Yang et al[22]
provided a review of building integrated PV thermal systems (BIPV/T). BIPV/T technology is a relatively
new concept and therefore research and development are in need. The authors proposed BIPV/T
systems with air, can be integrated to multiple building elements, like facades roofs and windows.
Such systems could be Trombe walls and solar chimneys with PV modules which are also providing
fresh air to the building. They also suggested that the system is most efficient when PV modules are
the first layer. However, because air has low heat capacity the systems are not very efficient. Therefore
BIPV/T with water are an alternative for better efficiency.

J. Jie et al [23] developed a Trombe wall with PV cells in the front glass. By combining PV cells with
the Trombe wall, the thermal efficiency of the system is decreasing. However, the overall efficiency is
increasing because of the additional electrical energy generation. A. K. Athienitis et al[24] created a
BIPV/T with PV installed on a transpired collector (Figure 2-7-a). With this design thermal energy,
ventilation and electricity are generated. Compared to only the transpired collector, the system
provides less thermal energy but because there is electricity generation the overall efficiency is higher.
Lastly, the space that the PV modules are taking can be adjusted for the thermal and electrical needs
of the consumer. T. T. Chow et al [25] investigated an experimental performance of BIPV/T with water
installed on a fagade and can be seen in Figure 2-7-b. They concluded that the system also provides
thermal insulation for the inside of the building. It was also determined that the natural circulation
performed as good as the forced circulation of water for a small system. In addition, it is recommended
that the water tank to be investigated better because a bigger volume will provide a better
performance.
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Figure 2-7a) BIPV/T with air. It is a combination of PV modules and a transpired collector [24].b) BIPV/T with water. Solar
collectors on facade combined with PV modules [25]

There are also several publications about BIPV/T with transparent PV modules, especially in
combination with solar chimneys. However, this is not in the scope of this thesis. But, S.H.Wapperom

[8] (thesis of similar topic in the previous year) already provided a detailed literature for this topic.
The interested reader is referred to his work.



3 System designs and strategies
3.1 Designs

The choice of designs and configuration of the system is one of the most vital aspects of the model.
Ortiz Lizcano et al [7] created a model with a PV/Solar-chimney design. Even though there were
promising results of electricity, thermal energy and ventilation, the issue was that the thermal energy
was not utilised due to the low quality of heat. In addition, the PV modules were reaching high
temperatures because of the relatively high temperature (higher than environment) of the air inside
the solar chimney. Consequently, the average efficiency of the PV modules was low. Therefore, new
designs had to be introduced which with the combination of system components and strategies could
lead to a system with higher and more utilised thermal energy and lower temperatures on the PV
modules.

The designs therefore had to combine also a thermal system attached behind the PV modules. The
combination of a conventional thermal system with PV modules is call PV/T, where T stands for
thermal. There are several types of PV/T but in this model only water- and air-cooled PV/T are used.
The chosen designs are shown in Figure 3-1. These two designs are chosen because they have some
important advantages and can lead to substantial improvements from the design of Ortiz Lizcano et.
al [7].

a) c)

1. L
X X X
Glass PV wall Door.
modules openings
Water Aluminium Thermal Aluminium
Pipes Bulk Insulation fins

Figure 3-1 The chosen designs which combine a solar chimney with a PV/T. Environment is in the left and building in the
right. a) Water pipe design seen from the side, b) Water pipe design cross-section, seen from above, c) Fin design seen from
the side, d) Fin design cross-section seen from above

1.1 1,

X




3.1.1 Water pipes design

The water pipe (Figure 3-1-a&b) design is the most common PV/T design, which is a solar collector
where the absorber is replaced with the PV module which has high absorptivity. With this
configuration the thermal energy of the PV module not only flows to the cavity and heats the air but
also flows to the water pipes behind the PV module that heat up the water. Therefore, the benefits of
this design are that electricity, ventilation and thermal energy of water/air, are utilised from one
system. In addition, the temperature of the PV module is decreasing and can be monitored to avoid
high fluctuations as the mass-flow of the water can change throughout time. Consequently, the
efficiency of the PV modules will increase. A drawback of this configuration is that it is active because
of the need of a water pump. Subsequently, a part of electrical energy generated from the system will
be needed for the water pump. In addition, because the temperature of the water will increase as it
flows through the system, the temperatures of the PV modules will not be uniform. Last disadvantage
is the additional reflection losses due to the glazing in front of the PV modules for the configuration
of the solar chimney.

3.1.2  Findesign

The second design is with fins (Figure 3-1-c&d). Aluminium fins are attached behind the PV module
for more heat transfer to the air in the cavity. Equation 4.8 confirms that the heat transfer of a solid
to the fluid is proportional to the area subjected to it. By implementing fins, the area factor increases
because more area is exposed to the cavity. Therefore, the advantage of this design is that the
temperature increase of the air inside the cavity will be higher. In addition, because of the
temperature increase the mass flow will also increase with a consequence more heat flow and
ventilation. The advantage of this design compared to the water pipe design is that is passive and
consequently, there are no active parts. Furthermore, the design is simpler than the water pipe design
with less parts and therefore less maintenance. Moreover, there is no additional reflection losses
because the PV module is the first component subjected to the environment. However, this design
will provide less thermal power than the water pipe design because thermal energy is lost in the
environment and air has lower specific heat than the water.

3.2 System

The external system components are as important as the main system, because they are interacting
continuously. External system components are the parts that are not installed on the solar chimney.
These components can be seen in Figure 3-2.
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T Inverter ;
Water Water Water Electrical
Pipes Pump Tank Wires

Figure 3-2 External components of the system for electricity and thermal energy from water. a) Water heading to the
system b) Water heading back to the water tank from the system, c) Water heading to the load (Domestic or industrial), d)
Water heading to the water tank from the mains

Both designs (fins/water pipes) have the electrical components which are electrical wirings and
inverter. However, for simplicity of results the electrical energy given from the model is before the
inverter. This is because the scale of the system in the model can be adjustable with respect of the
user needs and therefore different inverter types might be needed for different scales which means
different efficiencies of inverters.

The water pipe design has another external system which is for the water storage and the flow of the
water. It consists a water tank, a water pump, and water pipes that pass also from the back of the PV
modules as can be seen from Figure 3-2. Although, it is not exactly realistic because heat exchangers
should be also in the system, nonetheless it is a reasonably accurate system. The design and
methodology of the water tank were taken from E. M. Kleinbach et.al [26] which are explained in
detail in a further chapter (4.6). As can be observed from Figure 3-2, there are four openings on the
tank for the water to flow. The opening a is for the water that flows to the solar chimney which its
temperature is equal to the temperature of the lowest-level water in the tank. The opening b is for
the water that leaves the solar chimney and enters back to the water tank. This temperature is
dependent from the amount of heat that is collected from the system. The opening c is for the water
that goes to the load and its temperature is equal to the temperature of the highest-level water in the
tank. Lastly, the opening d is for the water that comes from the mains to replace the water that went
to the load. The temperature of that water is equal to the temperature of the mains.
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3.3 Strategies
3.3.1 Door openings

The Door Openings Strategy (DOS) is essential to achieve optimum results of the system for all
different weather scenarios. There are four doors installed on the system. Two are facing the ambient
environment and the other two are facing the inside of the building. With these four openings, four
configurations can be achieved as can be illustrated in the Figure 3-3. This strategy is inspired from M.
Haase et.al [27] which introduces a similar approach. The left doors are facing the ambient
environment and the right doors are facing the building.

a) b) c) d)
—— — -

—

::‘::_}

Air stream Door
. . System
line opening

Figure 3-3 Four different strategies of door openings. Environment is in the left and building in the right. a) Bottom door
environment and top door building, b) Bottom and top door building, c) Bottom and top door environment, d) Bottom door
building and top door environment

A strategy has to be formed to descide which configuration must be used at each timestep. To create
the strategy, the physics of massflow have to be considered. To have massflow, the temperature on
the outlet of the cavity must be higher than the environment that is entering (Building or ambient) or
else the opposite effect will occur. Massflow will flow downwords. This is something to avoid because
it will have negative effect. For example, the configuration is the one illustrated in Figure 3-3-3, if the
temperature of the air entering the building is not higher than the temperature of the building air then
the opposite effect will happen and thermal energy will be extracted from the building which is not
effective for this configuration. Because it is impossible to precisly predict the temperature of the air
in the outlet, the strategy is formed accordingly as illustrated in Table 3-1.
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Table 3-1 Strategy for door openings in respect of temperature differences

Bottom: Ambient Top:Building a) Tenv>Tauiding & Tceavg>Temt+l &  Ten<25°C
Bottom: Buildning Top:Building b) Tenv<Tguilding & Tcellavg>Tuilding+1

Bottom: Ambient Top:Ambient c) Tenv<Tauilding & Tcellavg<T uilding

Down: Building Up:Ambient d) Never

For the first configuration (Figure 3-3 a), the temperature of the ambient environment must be higher
than the temperature of the building and the reason is explained in the previous paragraph. In
addition, it is required for the temperature of the PV modules to be higher than the temperature of
the environment so the buoyancy forces can be applied and create mass-flow. Lastly, the temperature
of the ambient environment must be less than 25°C because thermal energy is not needed (Hot
day/Summer). Worth mentioning is that with this configuration there is also ventilation.

The second configuration (Figure 3-3 b) takes place when it is cold outside and no thermal energy from
the environment can be used. Therefore, there is a circulation of the building air which is heated when
is passing through the cavity. However, the average temperature of the cell is required to be higher
than the temperature of the room, to heat the air and create a mass flow.

The third configuration (Figure 3-3 c) is applied when the ambient environment is cold, and the
average temperature of the cells is lower than the temperature inside the building. With this
configuration there is air mass flow, but it is not utilised because the air is entering and exiting the
ambient environment. Although this mass flow keeps cool the PV system which is an important
parameter.

The fourth configuration (Figure 3-3 d) unfortunately is never applied. This configuration is important
in the summer where the building air can exit from the cavity and cooler air can enter from a different
opening. However, because of the uncertainty what of the temperature value of the air in the exit of
the cavity, it is not evident if this temperature is higher from the environmental temperature and
therefore there is a risk of opposite results as explained above.

3.3.2  Water mass-flow variable speed

Another important strategy is the control of the water mass flow for the water pipe system. The
control of the flow can be achieved with a variable speed water pump. Figure 3-4 Illustrates what is
the difference if the water mass flow is low (a) or high (b) when passing through a hot plate. When
the water mass flow is low, the temperature of a control volume moving through the system will
increase rapidly during the flow because the lower the velocity the more time is passing through the
hot plate. However, the lower the temperature difference between the water and the hot plate, the
lower the thermal power is extracted (see equation 4.8).

[ Cold
A = = ==

[
| <m <= = <= Hot

Figure 3-4 Example of water temperature in respect of space below a hot surface. a) Small Velocity, b) High velocity.
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For example, if the temperature of the controlled water mass reaches almost the same temperature
of the hot plate at a certain point, then there will not be a significant heat transfer from that point
until the end. Therefore, higher mass-flow has better results because the temperature of the water
will not increase significantly, and consequently more thermal power will be extracted. But the higher
the mass-flow, the higher is the power needed from the water pump. As a result, regulation of the
water mass-flow must take place for optimum outcome continuously. A suggested strategy is that
when the temperature difference between the PV modules’ (Tedlar for this model) back and the water
in the inlet of the system (Figure 3-2-a) is higher than zero then there is a water mass-flow. If this
difference increases, then the mass-flow increases.

Myater = PsA 3.1

Equation 3.1 proves that the water mass-flow is dependent from the specific flow rate (¢s) and the
area (A) of the PV modules. As a starting point of specific flow, R. Santbergen [28] suggested that ten
kilograms per meter square per hour are enough for a good efficiency of the system. Figure 3-5 clearly
illustrates the difference for different specific flow rates and it can be observed that for a specific flow
rate from 10 kg/m?h and more, the temperature of the water does not rise substantially.

100

o0z 04 06 08 1
relative distance along tube (-)

Figure 3-5 Temperature of the water along the tube for various specific flow rates (kg/m?h) (Temperature of the plate is
equal to 100C°) [28]

Therefore, trial and error simulations were attempted to find the optimum specific flow rates for
various temperature differences. Table 3-2 highlights all the specific flow rates for various
temperature differences.
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Table 3-2 Strategy of specific flow rate in respect of temperature differences

Temperature difference [°C] Specific flow rate
s [ke/(m’K)]

TAvg Tedlar <TWater Tank Down 0

TAvg Tedlar >TWater inlet TAvg Tedlar <TWater inlet+3 4
TAvg Tedlar >TWater inlet+3 TAvg Tedlar <TWater inlet+6 10
TAvg Tedlar >TWater inlet+6 TAvg Tedlar <TWater inlet+9 18
TAvg Tedlar >TWater inlet+9 TAvg Tedlar <TWater inlet+12 25
TAvg Tedlar >TWater inlet+12 32

An important note is that the water tank is interacting with the system and therefore its average
temperature will increase during the storage of hot water and the temperature of the PV modules will
decrease. Consequently, the lower level temperature of the storage tank which is the temperature of
the water inserting the system (Figure 3-2-a)will also have an increase. The result is that there is low
possibility to have very high differences in temperature from the PV modules and the entering water.
Hence, the probability of having 32 or 25 kg/(m?k) specific flow rate is small.
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4 Methodology

4.1 Introduction

The model is a MATLAB software that provides as output the temperatures and energy yields (thermal
and electrical) of the chosen design with respect to space and time for different scenarios, locations,
dimensions and accuracy. The scenarios are, day with highest/ lowest irradiance on system, day with
highest/lowest ambient temperature, average day of any month and results for the whole year. In
addition, the dimensions of the design are variable for the needs of the user.

The model is divided to several main models that are interactive with each other for each timestep. In
simple form, data are taken from software Meteronorm[29] and imported to the irradiance model to
extract the irradiance on the PV for the chosen scenario. Then, the irradiance on PV is imported to the
thermal model which interacts with the mass-flow model and electrical model for the calculation of
the temperatures. The temperatures and power of the system then are imported to the energy model
for the electrical and thermal energy yields. Worth mentioning, is that there are also numerus other
secondary models that provide important data for the main models to run.

4.2 Irradiance model

To find the Irradiance on PV, the Direct Normal Irradiance (DN/), Diffused Horizontal Irradiance (DH/)
and the orientation of the sun and the modules are needed. Thankfully, Meteonorm provides the two
Irradiances as well as Global Horizontal Irradiance (GHI) which can be calculated from DNI and DHI.
DNI is the non-scattered irradiance of the light arriving on a surface normal to the sun’s path, DHI is
the scattered irradiance arriving on a horizontal surface and GHI is the non-scattered and scattered
Irradiances arriving on a horizontal surface.

The total Irradiance on PV is the sum of the direct irradiance (G%"), the diffused irradiance (G) and
the Irradiance reflected from the ground (G?°“™) to the PV as shown in Figure 4-1-a and equation 4.1.
G, G and G°“" depend from DN/ DHI and GHI respectively.

GPV = gdir + Gaif + G9ground 4.1
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Figure 4-1 a) All the radiation on the PV module (Direct, Diffused, Ground) b) Azimuth and altitude of the PV module [30]

Equations 4.2, 4.3 and 4.4 calculate the direct, diffuse and ground irradiance on a PV module
respectively. [30]

G4 = (DNI)cos(AOI) 4.2
GY = (DHI)(SVF) 4.3
GIround = (GHI)(a)(1 — SVF) 4.4

Where AOI is the angle of incidence, SVF is the sky view factor and a is the albedo of the ground. AO/
is the angle between the direct sunlight direction and the normal of the surface. This angle is
depended from the azimuth (As)and altitude (as) of the sun as well as from the azimuth (Auy) and
altitude(awm) of the module as shown in Figure 4-1-b.

AOI = cos™1(cos(ay) cos(ag) cos(Ay — As)) 4.5

SVF is a factor that represents the actual percentage of diffused radiation that arrives on the PV
surface. It is dependent on the module tilt angle (6yv). The equation of SVF is 4.6.

1+ cos(6y) 4.6
2

Because of the design limitations, G/am will be always 90°/0° and therefore SVF will be always 0.5. As

and as are given from Meteonorm. For albedo, it is assumed that the ground area is asphalt and 0.15

factor is chosen which is a representative number for urban areas [31].

SVF =

With all the above considerations and assumptions, the Irradiance on PV can be calculated with very
small errors.

After the calculation of the irradiance on PV modules, the next step is the irradiance that is absorbed
(Gabs). To find this type of irradiance, reflection losses must be considered. Two types of reflection
losses are considered. The first reflection loss is the reflection of the glass of the PV module and the
glass of the system. If the chosen design is the water pipe system, then the effect of glass reflection
losses will be squared. The other reflection loss is due to the AOI of the sun on the PV module [32].
The higher the angle of incidence the higher the reflection losses.
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4.3 Thermal model

43.1 Introduction to heat transfer

The thermal model has the three fundamental heat transfer methods. Conduction, convection and
radiation which all must be implemented for accurate results. This chapter introduces these three
heat transfer methods. To have heat flow, there must always be a temperature difference and this
rule applies to all the heat transfer methods. An overview of the three heat flows can be seen in Figure
4-2 and is explained in more detailed below [33].

Convection from a surface

Conduction through a solid
or a stationary fluid

to a moving fluid

Met radiation heat exchange
between two surfaces

I = ?'2| T

I=T

1 2 Surface, T}
L |

Moving fluid, T_

=
— i ’ \‘\ Surface, 15
" . { o / \i\ f/

Figure 4-2 Examples of the three fundamental heat transfer methods. In the left is the conduction, in the middle is the
convection and in the right is the radiation [33]

Conduction is the flow of heat inside a solid bulk. Therefore, conduction as an example, is the flow of
heat inside the PV module (from high temperature to low temperature). In addition, conduction is
occurring also when two materials are attached with each other and have different temperatures. The
important parameter of conduction is conduction coefficient (k) which explains how easy a material
can transfer heat and is different for each material. Equation 4.7 calculates the conduction. Where A
is the cross-section area AT is the temperature difference and L the distance that heat travels.

kA(AT) 4.7
dcond = I
Convection is the heat flow from or to a fluid that passes through or in contact with a surface. As an
example of this, is heat flow that goes from the PV (high temperature) to the environmental air (low
temperature) when there are high wind velocities. The important parameter of convection is the
convection coefficient (h) which describes how easy the heat flows to or from the fluid. The two types
of convection are forced and natural. Forced convection occurs when the fluid moves by an external
mechanical force, for example a fan. Natural convection occurs because of buoyancy forces on the
fluid (air inside solar chimney). The buoyancy forces are created due to the difference in temperatures
of the fluid in different levels. These two types have different approaches for finding the convection
coefficient which are derived in a later chapter (4.3.4). In general, forced convection coefficient is
mainly dependent on the velocity of the fluid and natural convection coefficient is mainly dependent
on the temperature difference between the surface and the fluid. In addition, the most common
calculation of the convection coefficients is from experimental data. Therefore, convection coefficient
is one of the most difficult values to be calculated in heat transfer, because for each different design,
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experiments must be used for its calculation. Equation 4.8 calculates the convection. Where A is the
exposed area.

Qcony = hA(AT) 4.8

Radiation is the heat emission from a surface to another surface (or to the sky) due to radiation. As an
example of this, is the increased temperature of the ground behind the PV module due to exchange
radiation between the PV back and the ground. Important parameters of radiation are the emissivity
() and the view factor (F). The emissivity is a material property which explains how strong the
radiation is. Emissivity can be found for all the materials. The higher the emissivity the more the
radiation. The view factor represents a percentage of the radiation that travels from one surface to
another and the derivation of it is explained in later chapter (4.3.5). Worth mentioning is also that
radiation is becoming very important at high temperature differences because the temperatures in
the equation are in the power of four. Equation 4.9 calculates the radiation. Where o is the Stephan-
Boltzmann constant.

Ao (T = T3)
qRrad = 1 1 1

—F=—4++—-2
& & Iy

4.9

4.3.2 Finite difference method

Several heat transfer models can be solved easily by analytical solutions. However, as the complexity
of geometries and boundary conditions increase it is almost impossible to use analytical solutions.
Therefore, a numerical technic can be used if the complexity is high. Such numerical techniques are
finite difference, finite element and boundary element methods [33]. For simplicity only finite
difference method will be explained because is the one used also for the model.

— T—— "™ Ax ““_
] “-«H_Lh

/ mn+1

m, n
p—
|
L
L]
|
L

m+1,n

| E S |

m, n—1

Figure 4-3 Example of a nodal network inside a bulk. In the right side there is a focus of a node and the neighbouring nodes
[33]
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As Figure 4-3 shows, to use numerical technique, the geometry must be divided into small control
volumes. Each control volume has a nodal point in the centre which represents the temperature and
properties of the volume.

m-1,n

mn-1

-« Ay —»

Figure 4-4 Example of finite difference method at a node and the conduction with the neighbouring nodes [33]

Every node depends of the neighbouring nodes or boundaries as can be seen from Figure 4-4. For each
node, an energy balance equation can be derived which has as unknown, the temperature of the node
and the neighbouring nodes for the next timestep. Energy balance equation is the conservation of
energy (Energy stored= Delta Energy). Therefore, the temperatures can be calculated because there
is the same number of equations as unknowns. Equation 4.10 represents the energy balance of centre
node at Figure 4-4. The left side of the equation is the energy stored in the control volume at a
timestep and the right side represents the energy transferred from or to the neighbouring nodes.
Where C, is the specific heat capacity and m the mass of the control volume.

Mo CplTmn _ pCpAxByW (T — T )

At At =qm-1n T Qm+1n ¥ Imn—-1 + mn+1 4.10

There are two main methods to solve these equations, the explicit and implicit methods. The
difference of these two methods is illustrated at equation 4.11. This equation represents the heat
transferred from [m-1,n] node to [m,n] node, illustrated in Figure 4-4. The upper term in the right-
hand side is explicit and the lower term is implicit. Consequently, the difference is that the right-hand
side temperatures of equation 4.10 are from the previous timestep (known) if it is explicit and from
the next timestep (unknown) if it is implicit. Where W is the width of the control volume

kAyW(Trfl—l,n - Trzr)L,n)

Explicit
q _ Ax xpact 4.11
m-1n = +1 +1
kAyW(T3lin = Ton )
A Implicit

The advantage for explicit method is that it offers computational conveniences compared to the
implicit method. This is because the only unknown in the equations is the temperature of the node as
opposed to implicit method where the unknowns are also neighbouring node temperatures. However,
the explicit method has a limit of what At is chosen because the temperatures will be unstable and
wrong if the limit is passed. In addition, due to this limit, there is a possibility that At must be very
small with a consequence high computational time. Therefore, for this model the chosen method is
implicit because low computational time is essential, and no limit will be necessary.
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The energy balance equations are linear with one exception. The exception is the radiation because
the temperatures are in the power of four as can be seen from equation 4.9. To eliminate this
situation, the equation is transformed to equation 4.12.

Ac(TE + T#) (T, + T,)(AT)
qRaa = 1 1 1 4.12
e s )
& & Fp

Where the temperature terms before AT are taken from the previous timestep. Therefore, the type
of equations that must be resolved if the chosen method is implicit are illustrated at equation4.13.

allTl + alsz + a13T3 + -+ alNTN = Cl
a21T1 + azzTZ + a23T3 + -+ a2NTN = C2
. 4.13

aN1T1 + aN2T2 + aN3T3 + b + aNNTN = CN

There are several methods of solving these equations, however the best method for this model is
matrix inversion because the software used is MATLAB and it is very effective with the handling of
matrices. To solve the equations with matrix inversion, the equations must be translated to matrix
and vectors (4.14 & 4.15).

[A][T] = [C] 4.14

ayq A1z Aq3 - alN T;
ayq App a23 T2

A= T=|-|C= 4.15
Ayq Anz N3 o TN

Then the inverse of matrix A can be easily calculated, and the equations can be solved (4.16, 4.17 and
4.18)

[T] = [A71]IC] 4.16

4l= o 4.17
le bNZ bN3 bNN

T1 = b11C1 + b12C2 + b13C3 + -+ blNCN

Tz =b21cl+b22C2+b23C3+"'+b2NCN 418

TN = bN1C1 + bN2C2 + bN3C3 + M + bNNCN
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4.3.3  Thermal model approach

Before the explanation of the approach, the main criteria must be introduced. The first criterion is
that distances between the nodes (Ax, Ay) are not constant throughout the whole system and change
in respect of temperature gradients. This can be seen in the closeup of Figure 4-5.

[ [ ]
Ayl
¢ ¢ T Ay2
[ ] [ ]
_>IAx1I‘_ _.IAxI;_

PV

Aluminium
modules Bulk

Glass

Figure 4-5 Focus on a small area of the water pipe design for the demonstration of flexible Ax and Ay

For example, Ax at PV module is magnitudes smaller than Ax at the front facade glass, because there
are larger temperature gradients in the x-axis at the zone of PV modules rather than the zone of front
glass. In addition, the Ay at the water-cooling system is smaller than the Ay at other areas of the
system. The reason is that at the water-cooling system there are water pipes that are small and
therefore the temperature gradients in the y-axis are high.

Another important criterion is that the dimensions of the model are only 2. It is assumed that in the
x-axis (depth) and y-axis (height) (see figure) there are changes of temperature. In the x-axis the
changes are because of the heat flow due to different temperatures of materials (For example PV
modules and wall). In the y-axis the changes are because of the chimney effect and the water cooling.
The temperatures of the air and water change in respect of height and therefore all the materials are
influenced from these changes. However, it is assumed that in the z-axis (width) there are no
temperature changes. This assumption is not going to influence the results because there are no
important causes that change the temperature in the z-axis throughout time.

For the derivation of each node equation, two important conditions are considered. The first condition
is the type of material. This condition is important because each material has different properties. The
second condition is the type of node. Type of node is a title of each node that has different boundaries.
For example, there are surface nodes, inside nodes, corner nodes and a lot more that are displayed in
Figure 4-7.
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Therefore, equations for each type of node are derived and then different factors are used depending
from the material. For an easier formation of the code and better programming, numerous factors
(Fourier, Biot and combinations) are used. An example of an equation derivation is shown below. The
example represents a node inside the PV module which receives also heat from irradiance shown in
Figure 4-6.

" Qaen
V I 5
i | m, n
m—l,n‘ : T : $m+1, 0
P I |

l«— A x—»

Figure 4-6 Example of a node inside the solar cell. This node has conduction with neighbouring nodes and is subjected to
radiation from the sun [33]

The starting point is equation 4.10. Where each component is converted, and the result is equation
4.19. Where Gpy is the incident irradiance nes the electrical efficiency and refl the reflection coefficient

1
pCpAxAyW (Th3 — TP )

At
kbW (TR — Thy) . kAyW (TPY] = TP

m—-1n m+1,n n

4.19
mn-1_ ‘mn mn+1 -~ ‘mn

Ay Ay
+ Gpy AyW (1 — ng)(1 — refl)

Ax Ax
kAxW (TPXL —TPHY)  kaxw (TEYL, — 24!
+ +

By introducing the factors needed (4.20) the equation is rewritten to equation 4.21. Where, « is the
thermal diffusivity and Fo./Fo, is the Fourier number.

alt alAt

4.20
Fo,=— Fo, = —
pC, Tz T Ay?

+1 +1 +1 +1 +1 +1 +1

Trft,n - Trft,n = Fo, (Trzr)l—l,n - T£,n ) + Foy, (Trfl+1,n - Trfl,n ) +F Oy(TrIr)z,n—1 - Trfl,n )

Gpy (1 — no)(1 — refl)At 4.21
pCpAx

Continuing by rearranging the components of equation 4.21, the final version is equation 4.22.

+ Fo, (TP*L  — TP ) +

mn+1 n

(1 + 2Fo, + 2Fo) )To3! — Fo, TP L — Fo, Tht]  — Fo, TP ! — Fo, TP*"

m-1n m+1n mn—1 mn+1
_p oy Gpy (1 —ng)(A —refl)At 4.22
mn C,Ax
Plp
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The factors of each temperature in the left side are imported in the matrix A and the right side is
imported in the vector c. The above derivation is the simplest and this is done for each type of node.
Below you can see all the different types of nodes used in this model (Figure 4-7).

Control Material A Material B Fluid Air Fins (fluid &
or Water Material)
Volume

Figure 4-7 Type of nodes which have different equations. The nodes that are outside the control volume are affecting the
node in the control volume. a) Node inside a material, b) Node in the intersection between two materials, c) Node in the
intersection between two materials where material B has more dense nodes in the y-axis, d) Surface node facing the
environment, e) Surface node facing the cavity (radiation with nodes in the other side), f) Node in the intersection between
two materials which is also on a surface, g) Node inside the cavity, h)Water pipe corner node in the intersection of two
materials, i) Node inside water pipe, j) Surface node in the cavity that also has conduction with the fins, k) Node inside the
fins which are also have convection with the cavity. |) Surface node on fins.

4.3.4 Convection coefficients

Convection coefficients are significant parameters for this model because numerous materials are
exposed to fluids (air or water). In addition, most of the type of nodes shown in Figure 4-7 are exposed
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toafluid(d, e, f, g h, i, j, kandl). Therefore, there is no room for error and the convection coefficients
must be accurate enough.

There are four convection coefficients in this model. There is the convection coefficient of the
environment, the convection coefficient in the cavity at the hot side (PV modules), the convection
coefficient in the cavity at the cold side (wall or glass) and the convection coefficient at the water
pipes. All convection coefficients are averaged. The meaning of averaged is that all the nodes in the y-
axis for an x, will have the same convection coefficients. Local coefficients would give more accurate
results, but in the same time the computational time would substantially increase and therefore it will
be implemented in future works.

The environment convection coefficient is taken from J. A. Palyvos et.al [34] where a thorough
research was performed for the best convection coefficients of a facade. Two type of convection
coefficients are used for the environment (equation 4.23). These convection coefficients are averaged
from numerous equations derived from different publications. Where Viinq is the velocity of the wind.

74 + 4.0Vyying Windward

i :{ 4.23
Env = 14.2 + 3.5Vyina  Leeward

To find out which of the two equations is used at a certain time, the wind direction must be known.
Fortunately, Meteonorm provides this information. Windward equation is applied when the angle of
incidence between the direction of air with the normal of the facade is less than +90°. Leeward
equation is applied when the angle of incidence is more than £90°. For example, if the systems normal
is facing south, then, when the wind direction is in the north-east or north-west the windward
equation is applied.

To find the convection coefficients inside the cavity it was quite a challenge because of lack of research
in that field. Convection coefficients are directly proportional to the Nusselt number (Nu) as can be
seen from equation 4.24.

=

uk

h= 4.24

h ‘

Where k is the conduction coefficient of the fluid and L is the height of this material. The only unknown
in equation 4.24 is the Nusselt number. The Nusselt number depends of dimensionless parameters. If
the convection is forced, then the Nusselt number depends on the Reynolds and Prandtl number and
if the convection is natural, then is derived from Rayleigh and Prandtl number.

As it was mentioned before, the literature for convection coefficient in cavity is limited and after a
detailed research, it was concluded that convection for a vertical wall is going to be used. There are
some publications that give convection coefficients for a cavity, but they are very limited in their
boundaries. There are equations for symmetric isothermal plates, symmetric isoflux plates and
adiabatic plates [35] . However, the case for this model is not in match with these boundaries. The
reason is that the only surface that is heated is the surface with the PV modules and the other surface
is heated in much lower levels (radiation from surface of PV modules and convection with hot air in
the cavity). Therefore, the convection coefficients used for both surfaces (hot and cold) are well known
and used equations for convection on vertical plates. For the heated area (PV module surface) there
is natural convection and due to natural convection, there is air mass-flow parallel with the walls inside
the cavity. Due to this mass-flow there is also forced convection at the other surface of the cavity. This
other surface could be the wall if the design is with the fins or glass if the design is with water pipes.
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The Nusselt number for the surface with the PV modules (natural convection) can be calculated from
equation 4.25. [36]

2
0.387Ra,’® tas
(1 + (0.492/Pr)°/16)8/27
Where Rayleigh (Ra;)and Prandtl (Pr) number equations are 4.26 and 4.27 respectively.

Nu,, = <0.825 +

_ 9B(Ts — Tair)L3 4.26
Ra; =
va
pr=2 4.27
a

Where, g is the gravity and S is the volumetric thermal expansion coefficient. The Nusselt number
for the surface of the wall or the glass (forced convection) is calculated from equation 4.28. [33]

Nu,, = 0.664Re,/*Pr'/3 4.28

Where Reynolds number (Re;) equation is equation 4.29.

ReL — (mair/XCtLvWCavp)H 4.29

Where, mg; is the air mass flow, X and W.q are the cross-section dimensions of the cavity and H is the
height of the cavity. For the water convection coefficient, an internal flow equation had to be
considered. The pipes are assumed to have a circular cross section even though in the simulation of
the pipes have square cross section for computational convenience (see Figure 4-7 h and i). The
Nusselt equation used is 4.30 and the Reynolds number (Rep) for this equation is calculated from
equation 4.31. [37]

- 0.0668(D/L)RepPr
Nuy,, = 3.66 + (D/L)Rep 73 4.30
1+ 0.04((D/L)RepPr)
Rep = —water 4.31

UAYwater

Where, D and Aywqr are the diameter of the water pipe, L the length of the pipe and muater is the
water mass-flow. The calculation of the convection coefficients is determined for every timestep. The
reason is that, the parameters that affect the Nusselt number are changing for every timestep. For
example, the temperature difference of PV modules and air inside the cavity are affecting the Rayleigh
number. In addition, the mass-flow of air inside the cavity and water affect the Reynolds of water and
air respectively.

4.3.5 View factor of radiation

View factor is a percentage of radiation that travels to another surface or sky/ground. For the designs
used, there are three surfaces that have radiation. The first is the surface which faces the environment
and the other two are the surfaces in the cavity.

Starting with the surface facing the environment, the calculations of the view factor for each node are
relatively easy. The reason is that the surface is always vertical with respect to the ground. Therefore,
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half of the radiation is exchanged with the sky and the other half with the ground. The reason is
because, the radiation is diffused, and the intensity is uniform

To find the view factor of each node at the surfaces in the cavity is more complex. This is because the
node is exchanging radiation with more than one node at the opposite surface and the view factor for
each node is different as can be seen from Figure 4-8.

Figure 4-8 View factor of the cavity surface node and nodes on the other side.

M. Isidoro [38] developed an equation for the view factor of long surfaces for very small areas dAl
and dA2 as shown in Figure 4-9-a. However, for the model used, there is no third dimension and
therefore dA1 and dA2 are becoming the whole area of the long surfaces. Figure 4-9-b also illustrates

the nodes of the model.

27



Figure 4-9 a) Schematic of two long narrow surfaces that exchange radiation in 3D [38] b) Translation of the schematic to
the design used for this model in 2D

The equation taken from M. Isidoro [38] is 4.32 where the parameters are shown in Figure 4-9-b

P cos(0,4) cos(0p)Ay
B 2X

The factor Ay shown in the equation above represents the height of the node’s control volume and D
the depth of the cavity. By replacing the unknown factors with the equations 4.33-4.35

4.32

D
cos(04) = cos(0p) = X 4.33

X = /D2+L2 4.34

L =nAy 4.35
the equation rearranges to 4.36 which is the final.
_ D?Ay
2(02 + (nay)2) 2

Where, nis the absolute difference of the y-axis digit between the two nodes exchanging the radiation.
For example, in Figure 4-9-b, n is equal to 2.

F 4.36

The equation derived above has the assumption that there is no radiation escape to the sky from the
sides of the cavity. The reason is that the equation is correct for infinite long surfaces. However,
because the depth/width ratio of the cavity is very small there is no important error. Worth
mentioning, is that there is view factor for all the nodes in the opposite surface if the above equation
is applied. Therefore, there is a limit in the model which exchanges radiation with nodes until the view
factor will reach 99% (Usually no more than 10 nodes). In addition, if the node is near the ceiling or
ground of the system, then a percentage is exchanged with the sky.
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For better understanding, Table 4-1 displays the view factors for the neighbouring nodes when Ay is
0.15m and the depth (D) is also 0.15m. Except the view factor F1 which is in the same height as the
inspected node, the other view factors are implemented to two nodes mirrored between F1 due to

symmetry (see Figure 4-8).

Table 4-1 View factors for Ay=0.15m and D=0.15m

Fi

F,

Fs

Fa

Fs

Fe

Fai

0.5

0.177

0.045

0.016

0.007

0.003

0.996

Worth mentioning, is that if the Ay is very big (0.5m), then there is a possibility of view factor more
than 1 for F;. Therefore, a limit is put to view factor equal to 1 if this is the case, and the node is

exchanging all the radiation only with the opposite node.

4.4 Air mass-flow model choice

The aim of a solar chimney is to create air mass flow for ventilation and heating of a building. Due to
the heat of a high absorptive material inside or in the front of the solar chimney (in this case PV
modules), also the air inside the solar chimney is heated. Consequently, there is density difference
between the air inside the solar chimney and the air in the outlet. This density difference is creating
buoyancy forces which are acting on the air particles inside the chimney and therefore movement is

generated.
There are several publications for a solar chimney models [10]. However, the chosen model is taken

from [39]. In this article, three mass-flow models for a solar chimney were explained and compared.
These three models are, single zone model, stratification model and plume model and they are

illustrated in Figure 4-10.
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Figure 4-10 Different methods of solar chimney model. a) Single zone model, b) Stratified method c) plume model [39]

In the single zone model (Figure 4-10-a) it is assumed that the temperature inside the cavity is uniform
and there is no variation with height. In the stratified model it is assumed that the temperature
changes throughout the height as can be also seen from Figure 4-10-b. Lastly in the plume model a
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boundary layer is also taken into account and therefore there is also variation of temperature in the x
direction (alongside the cavity).

Ortiz Lizcano et.al [7] chose the plume model because it is the most accurate and can provide the
optimum depth inside the solar chimney. However, the plume model needs more computational time
compared to the other models because iterations must be established at each time step for the
calculation of the discharge coefficient (Cy). In addition, if the mass-flow inside the cavity is relatively
high (0.05kg/s and above) the boundary is eliminated because the air becomes turbulent and
therefore the plume model is becoming the stratified model.

Figure 4-11 provides results for the comparison between the models and experimental results. For
low mass flows (Figure 4-11-a) the plume model has the least error, while the stratified and single
zone models have large deviations and overpredict the mass flow. However, for high mass flows (b)
the stratified model performs very well with very small deviations. It can also be seen that the plume
model underpredicts the mass flow, but with provided correction factors these errors can be
eliminated.
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Figure 4-11 Comparison of models with experimental results. a) Experiment for low mass flows b) Experiments with high
mass flows.

Considering the results presented in [7], the air change per hour (ACH) is 78% of the time in a year
more than 2. The mass flow of ACH equal to 2 for the chosen reference room (720m?3) is 0.49kg/s
which is very high. Therefore, the stratified model is chosen because is accurate for high mass flows
and needs less computational time than the plume model. One drawback is that with the stratified
model is impossible to get optimum depth results. However, [7] the authors already calculated the
optimum depth (0.2m) and it will be taken as reference.

Therefore, to find the mass-flow for each time step, equation 4.37 is used.

4.37

2gH(T; - T;)

Mgir = CapiA T,
i
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Where the lower-case letter i represents the average properties of the air inside the cavity and r
represents the properties of the referenced air entering the cavity (environment or building). For the
calculation of the density inside the cavity equation 4.38 was used.

o prTy In (T_H) 4.38

Pi=qp — M\T

Where Ty is the temperature in the outlet of the cavity. Worth mentioning also is that the discharge
coefficient (Cp) which depends on the overall friction of the cavity is most of the times in between
0.56-0.8 and therefore a number in that range is taken.

4.5 Electrical model

The electrical model is an important parameter for the accuracy of the overall model. Fortunately,
Andres Calcabrini (PVMD group of TU Delft) provided an electrical model which is based on the two-
diode model. This model can provide in great accuracy the I-V curves of a cell (or a module) for
different combinations of temperature and absorbed irradiance.

This is very important because the temperature change influences in great matter the voltage. As the
temperature increases, the open circuit voltage (Voc) of the cell decreases and the short circuit current
(Isc) increases by a smaller factor. In addition, the irradiance mostly affects the Isc. When the irradiance
is increasing, the Isc is increasing but also the Voc is increasing in a smaller factor. Lastly, the fill factor
is also affected by the temperature and irradiance. Therefore, the maximum power point is affected
by these two parameters and consequently the electrical power [30]. The maximum power point is
the point in the IV-curve where the maximum electrical power can be generated. The effects of
temperature and irradiance on IV curves are illustrated in Figure 4-12.
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Figure 4-12 IV-curve of a cell and the effect of a)irradiance and b)temperature[40]

After extracting all the IV-curves for each combination of temperature and irradiance, the maximum
power point of each configuration is taken. As a result, a 2D table is created with the power density
for each absorbed irradiance and temperature configuration. This table then is imported in the model,
and for each timestep the electrical power of the system is determined. Therefore, there is a
correction and recalculation of the efficiency for each timestep.

4.6 Water tank model

The water tank is an important component in the water pipe design. It is essential to develop an
accurate model for it. After an extensive research it was decided that, a similar as the one used by R.
Santbergen [28] will be considered. This approach was taken from E. M. Kleinbach et.al [26] which
provides three different methods for a storage tank model. The name of the method taken is stratified
storage tank model.

Stratified storage tank model is a method to calculate the temperatures of a storage tank that provides
water to the system and to the load. Because there is stratification in the storage tank, it must be
divided into several volumes. The stratification is occurred because there are different levels of
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temperatures in the tank with lower temperatures at the bottom and higher temperatures at the top.
Consequently, it is a wrong approach to take one temperature for the whole tank. For this model the
storage tank is divided into three volumes as can be seen from Figure 4-13(Top, Middle and Bottom).
Three volumes will give a good estimation of the water tank average temperature. One disadvantage
of this method as opposed to the other methods, is that it does not consider mixing of the
temperatures due to turbulence. Nevertheless, is a suitable approach.

S . ]

Top

—t

System Middle Building

—t

Water Water from
from/to . Mains and

system to load

Figure 4-13 Storage water tank. The tilted arrows represent the mass flow coming and leaving from the tank and the
straight arrows represent the mass flow movement between the volumes

The calculation of the temperature at each volume for each timestep in the simulation, is similar to
the calculations of the temperatures for the system nodes which is explained in chapter 4.3.3. Every
volume has an energy balance equation which depends on the boundaries and the neighbouring
volumes.

However, there is a complexity with the inputs and outputs of water coming from the system and
from the mains. When the temperature passes through the system and is heated up, then it is
returning to the water tank (look yellow arrow Figure 4-13). But, if the temperature is not higher than
the temperature of the Top volume, then it is stored either in the Middle volume or in the Bottom
volume. Similarly, when the temperature coming from mains (look grey arrow Figure 4-13) is lower
than the temperature of the Bottom volume then it will be stored either in the Middle volume or the
Top volume. Consequently, the input water mass-flows are stored to a volume with the nearest
temperature.

Another complexity of this model is that conservation of mass must be considered. This means that if
input water mass-flow is stored in one of the volumes then water from this volume will move to the
neighbouring volume (straight arrows Figure 4-13). Similarly, if water mass-flow is extracted from a
volume either to the system or to the load, then mass-flow will come from a neighbouring volume.
This leads to energy moved to another volume. The equation used for each node is 4.39.

MyotumeC ATyor
olume va;ter orme — Energy in — Energy out + Convection 4.39
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Where energy in and energy out are related to the mass-flows entering and leaving the volume and
convection is happening with the environment outside of the tank.

The storage tank, load profile and water mass-flow that goes to the system are related to the systems
scale (PV modules area).Worth mentioning, is that the equations of the approach where derived with
the explicit method from E. M. Kleinbach et.al [26], and therefore they are adapted to the implicit
method used in this model.

4.7 Energy vield model

4.7.1  Electrical energies

There are two electrical energies that are consider in this model. The electrical energy extracted from
the PV modules is the main because it is used in both designs. In addition, if the design is with water
pipes then there is also the electrical energy needed for the pump.

To calculate the electrical energy yield it is a simple process. The power density (Ppy) calculated from
the electrical model is saved for each timestep and multiplied by the area (A) taken from the PV
modules. Then the energy for each step is calculated by multiplying the power with the time (At) of
each timestep. Lastly all the timestep energies are added for the calculation of the yearly electrical
energy yield. However, if the design is with water pipes, then the energy needed for the water pump
(Epump) is removed from the PV modules energy. This assumption was considered so the system will
provide results for energy that can be used outside of the system. Equation 4.40 represents the energy
yield (Epy) for the simulated period.

timesteps
Epy= ) Poy'AAt = Epumy 4.40
i=1
To calculate the energy needed from the pump, the hydraulic power equation was considered [41].
The hydraulic power depends on the height difference of the water transfer, from the mass-flow and
from the friction of the pipes. Because it is assumed that the water is leaving and entering the same
water tank, there is no dependence from the height. Therefore, only friction and water mass-flow are
considered for the calculation of the hydraulic power as can be seen from equation 4.41.

PPump Hydralic = MyqtergHead 4.41

Where Head, is calculated from the friction of the pipe and is derived from the overall loss coefficient
(Kan) and the velocity of the water: the overall loss coefficient relates to three factors. The length of
the pipe, the inlets/outlets types and the type/number of bends in the system. The equations of the
Head and loss coefficients are 4.42 and 4.43 respectively.

K V,*
Head = AllYw 4.42
29
Kay = KPipe + Kintet + Kouttet + Kpena 4.43

The inlet/outlet (Kine: and Kouter) and bend loss (Kzend) coefficients are taken from literature [41]. For
the bends, loss coefficient for 90° bend is considered. Although, this loss coefficient is multiplied with
the number of bends in the system which are related to the height of it. There are two 90° bends every
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0.1 meters height at the system. Therefore, if the system height is 10 meters then the bend loss
coefficient is multiplied by 200.

The loss coefficient of pipe length (Kpipe) is given by the friction coefficient (f), the length (Lpipe) and the
diameter (Dpire) Of the pipe as can be seen from equation 4.44.

Kp; _ [ Lpipe 4.44
Pipe — D

pipe

Where the friction coefficient is depended from the roughness (r), diameter of the pipe and the
Reynolds number (Re) of the water (equation 4.45).

~ 0.25
f - 5.74 2 4.45

(108 (373, * ev))

After calculating the hydraulic power, the mechanical and electrical losses (Nmech and ne) are
considered for the calculation of the required electrical power (equation 4.46). Then a similar
approach as the electrical energy from PV is taken to calculate the electrical energy yield of the pump.
Therefore, the overall equation for the energy yield needed for the water pump is defined 4.47.

p _ PPump Hydralic 4.46
pump —
NimechNel
timesteps
4.47
pump z s pump

4.7.2  Thermal energies

Because of the configuration of the system, there will be also thermal energy coming from the air in
the solar chimney for both designs. However, there is also thermal energy coming from water if the
design is with the water pipes.

For the calculation of thermal energy of air, the inlet and outlet temperature difference of the air
inside the cavity is considered (Tair outlet and Tairiniet). In addition, because of the door opening strategy,
there is a possibility of having temperature difference, but the thermal energy is not utilised (see
Figure 3-3-c). Therefore, thermal energy of air is modified with regards of the type of door openings.
The statement is, if the building door in the top of the system is open then there is thermal energy
and if not, the thermal energy is zero. The equation that gives the thermal energy of air is 4.48.

timesteps

4.48
— 1
EAir - Z malr CpalTAt( air outlet — alr mlet)Doorstatus

For the calculation of water thermal energy, the same approach is taken. However, there is no
additional term for strategy as before, because the strategy of water is already implemented in the
water mass-flow (see equation 4.49).

timesteps

— E i
Ewater = mwater praterAt( water outlet Twater inlet)
i=1

4.49
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5 Results and discussion

5.1 Introduction

5.1.1  General description of results

The configurations introduced in chapter 3.1, will be also compared with the same designs but without
the thermal systems. This means without the water pipe system and without the fins. These designs
and their configuration are illustrated in Figure A 1 located in the appendices. With this comparison,
the advantages (or disadvantages) of each thermal system will be clearer. The four design names are
Water pipes (Figure 3-1-a), No water pipes (Figure A 1-a), Fins (Figure 3-1-c) and No fins (Figure A 1-
c).

The results are divided into two sections. The one section is extreme weather conditions scenario
results and the other section is yearly results. The scenario results are illustrated in a three-day period
and the scenario day is in the middle (second). Both sections focus more on the water pipe
configuration because of the additional results (water temperatures/thermal energies). However, all
the configurations are compared between them in respect of energy, temperatures and strategies.

Worth mentioning is that the calculated energy of the water pump is relatively very small compared
to the energy extracted from the PV modules for the water pipe system. More precisely the yearly
energy yield of the pump is less than 0.5% fraction of the yearly energy yield of the PV modules.
Therefore, the pump energy is excluded from the plots. The low energy consumption of the water
pump was also discovered from other PV/T solar collector simulations in other publications [42].
Therefore, this hypothesis is expected to be valid. However, a more thorough look for the pipe
diameter in respect of water mass flow is recommended for future work

5.1.2  Main Inputs and parameters

The model software is developed in such a way that everything is reconfigurable and can be changed
easily from the user. However, for the results of this thesis, the parameters and inputs are introduced
in the tables below. Table 5-1 shows the main inputs of the system and the location which is Delft,
Netherlands. This location is ideal for solar chimney PV/T configuration due to the weather conditions.
Table 5-2 provides the thermal properties and thickness about the PV and non-PV materials that are
used. Table 5-3 provides the main information about the thermal systems (fins and water pipes).
Worth mentioning is that the fin inputs are not optimized. The reason is that to optimize the fins, a
new mass flow model must be developed because the fins influence the friction inside the cavity.
However, this is not the aim of this thesis and it is recommended for future work. Table 5-4 shows the
chosen accuracies for the two result sections. The Ax depends on each material and the number of x-
nodes it has. For example, all the PV materials have each 3-xnodes, but the front glass and wall have
each 5 x-nodes. Therefore, the smallest Ax’s are located at the PV materials due to their small
thicknesses. In addition, the number of nodes for each configuration are shown. This number also
represents the number of equations that must be resolved for each timestep. Lastly from the electrical
model, a 2D matrix was extracted which calculates the electrical power of the chosen modules (see
Table 5-5) in respect of their temperature and absorbed irradiance (see Figure 5-1).
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Table 5-1 Inputs and system dimensions

Location Delft, Netherlands
Orientation South
Weather data Meteonorm TMY
Height [m] 10
Width [m] 1
Depth [m] 0.2

Table 5-2 Materials, thermal properties and thicknesses[43][7][28]

PV Materials PV EVAl C-si Al EVA2 Tedlar
glass
k [W/mK] 1.8 0.32 149 237 0.32 0.56
p [kg/m3] 2700 960 2300 2700 960 1370
Cr [J/kgK] 750 2090 838 900 2090 1176
Thickness[mm)] 4 1 0.16 0.1 1 1
Other materials | Front | Wall (brick masonry | Insulation | Aluminium
glass & insulation) bulk
k [W/mK] 1.58 0.61 0.038 237
p [kg/m3] 2700 1922 2100 2700
Cr [J/kgK] 750 900 160 900
Thickness[cm] 2 20 5 1
Table 5-3 Fin and water pipe design parameters
Fin Design
Number of fins Fin thickness [cm] Fin height [cm] Material
2 Aluminium

90

0.5

Water pipe design

Distance between pipes [cm]

Number of bends

Water Tank volume|[L]

Diameter of pipe [cm]
2 10 200 1000
Table 5-4 Accuracy parameters
Accuracy parameters Scenarios Yearly
At[s] 900 3600
Ay[m] 0.25 0.50
Ay near pipes[m] 0.02 0.02
Ax Different for each material
Number Water pipes 3257 2879
of Fins 1025 525
Nodes | No water pipes 943 483
No Fins 779 399
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Table 5-5 General information about the PV modules

Cell type

C-Si with surface texturing and
optimized anti reflection coating

module

Cell Area [cm?] 253
Cell thickness [mm] 7.26
Configuration of 4x4 in series
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Figure 5-1 Electrical power density in respect of absorbed irradiance and temperature of the cell

5.2 Yearly results
5.2.1 Energies

This chapter provides information about the yearly results of the four designs. Figure 5-2 lllustrates
the monthly energy yields of the Water pipe design compared to the monthly Irradiance on the
system. The thermal energy of water is the highest for all the months electricity being the second. The
thermal energy of the air is almost negligible compared to the other energies and it is occurring mainly
in summer. In addition, most of the irradiance is utilised due to the high energy extracted from the

water.
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Figure 5-2 Monthly Irradiance on the system and energies of water pipe design for a year

Figure 5-3 compares the monthly electrical energy gained from each configuration. Fins design
generates the most electrical energy each month. The electrical energy of Fins design is slightly higher
from the No fins design since Fins design has lower temperatures at the cells (Figure 5-10) and
consequently higher efficiency. Water pipe and No water pipe designs provide lower electrical energy
than Fins and No fins designs because of the additional reflection losses occurring from the front glass
of the system. Lastly, the Water pipe design provides more electrical energy compared to the No water
pipe design even though a fraction of energy is taken from the water pump. The reason is that the
temperature of the No water pipes design cells is overall much higher than the Water pipe design cell
temperatures.

39



180 T T T T T T T T T T T T
I \Vater pipes
160 |- I Fins .
[ INo Water pipes
140 + I No Fins i
—_ 120 q
K -
2 100} -
>
S 80t -
c
Ll
60
40
20
0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

Figure 5-3 Monthly electrical energies of each configuration for a year

Figure 5-4 provides the monthly thermal energies of air for each configuration. The air thermal
energies are relatively high, and this is thanks to the door openings strategy, where there is thermal
energy usage also when the ambient temperature is low. The thermal energy of the No water pipes
design is magnitudes larger than the thermal energies of the other configurations. The reason is that
the PV modules provide most of their thermal energy to the air inside the cavity as opposed to the
other configurations that provide a fraction of thermal energy to the environment (Fins and No fins)
or to the water (Water pipes design). In addition, the thermal energy gained from Fins design is almost
double the amount compared to the No fins design in the summer. The reason is that more thermal
energy is provided inside the cavity because of the fins. Worth mentioning is that the thermal energy
of Water pipes design is slightly higher than the thermal energy of Fins in the winter but is magnitudes
smaller in the summer.
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Figure 5-4 Monthly air thermal energies of each configuration for a year

Table 5-6 provides information about the yearly energy yields for each configuration. The best
electrical performance is given by the Fins design, the best air-thermal performance is given by the No
water pipes design and the best thermal energy of water performance is given by the Water pipes
design (The only one with this energy). Overall, the best performance is given by the Water pipes
design due to the high thermal energy that water provides.

Table 5-6 Yearly electrical and thermal energy yields with the highest energies highlighted.

Designs Electrical [kWh] | Air thermal [kWh] | Water Thermal[kWh] | Overall [kWh]
Water pipes 1203 169 3336 4708
Fins 1284 283 - 1567
No water pipes 1168 1147 - 2315
No fins 1267 187 - 1454

5.2.2 Ventilation

The chose designs can also provide ventilation if the air in the cavity enters from the environment and
exits into the building. However, this door opening strategy has as a condition for the temperature of
the environment to be higher than the temperature of the room (explanation in chapter 3.3.1).
Therefore, the most ventilation is occurring in the summer (see Figure 5-5). Figure 5-6 is a zoom-in of
Figure 5-5 during the summer for better clarification of the differences between each configuration.
The No water pipes design has higher daily ventilation than the other configurations because the
temperature of the air inside the cavity is higher due to the high temperature of the cells(Figure 5-10)
and therefore more mass flow is occurring. Worth mentioning is that the daily ventilation of Fins
design is higher than the No fins design because more thermal energy is provided to the air inside the
cavity and therefore more mass flow is created. Table 5-7 provides information about the yearly
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ventilation in metric tonnes. The highest yearly ventilation is occurring from the No water pipes system
and the second highest from Fins design. Lastly, if the ventilation is zero it does not mean that there
is no heating because the inlet air to the cavity might be from the building, forming a closed loop.
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Figure 5-5 Daily ventilation of four configurations for a year
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Figure 5-6 Daily ventilation of four configurations for three months in the summer
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Table 5-7 Yearly ventilation of air with the highest ventilation highlighted

Water pipes Fins No water pipes No fins
Ventilation [Metric tonnes] 204 343 564 281

5.2.3 Efficiencies

The efficiency of the system can determine how much of the irradiance is utilised from each energy.
Starting with the water pipe design, Figure 5-7 demonstrates the daily efficiencies of electricity,
thermal energy of air and thermal energy of water in respect of solar energy subjected on the system.
The highest efficiency is from the water thermal energy which was expected due to the high heat
capacity and density of the water. In addition, there are several days where the water thermal energy
efficiency is very high and reaches or even surpasses the 100%. There are two scenarios for this
unusual situation. The first scenario is a situation where there is no high irradiance for a day but at the
previous day the irradiance was high. Therefore, thermal energy was stored in the PV modules and
was extracted slowly from the water passing from behind with a consequence this gain of energy to
continue after midnight which is the next day. Subsequently, the thermal energy taken from the
previous day is compared to the solar energy of the current day. The second scenario is that there is
very high temperature but not high irradiance. Because the temperature of the water that comes from
the mains is assumed to be always 10°C, there is a possibility that thermal energy of water is gained
from the high ambient temperatures and not from the solar energy. The second scenario is a bias to
the simulation and therefore it is recommended for future work to implement a variable temperature
of the water that comes from the mains. Most probably the temperature of the water coming from
the mains is heavily relies on the ambient temperature.
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Figure 5-7 Daily efficiencies of water pipe design for a year
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Figure 5-8 illustrates the daily electrical efficiencies of each configuration for a year. There is a linear
decrease from winter to the summer and the opposite for all configurations. The reason is that the
efficiency decreases with the increase of cell temperature. The cell temperatures in the summer are
much higher compared to the winter (Figure 5-10). The highest daily electrical efficiencies are found
for the Fins design. The reason is that fins design has lower temperatures compared to the No fins
design and less reflection losses compared to the Water pipes and No water pipes design. The worst
electrical efficiencies are occurred for the No water pipes design because the cell temperatures of this
design are also very high compared to the Water pipe design.

Continuing with Figure 5-9, the highest daily thermal efficiencies are occurred from the No water pipe
design which was expected because of the high temperatures of the PV module. Worth mentioning,
is that the Fins design has higher thermal efficiencies of air from both the No fins and Water pipes
designs because it provides more thermal energy to the system due to the larger contact area
provided by the fins.

Table 5-8 provides information about the yearly efficiencies of the energies for each configuration in
respect of incident solar energy throughout a year. The best efficiency is from the Water pipe design
which utilises more than half of the overall solar energy. The No water pipes design utilises also a large
amount of the incident solar energy.
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Figure 5-8 Daily electrical efficiencies of each configurations for a year
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Table 5-8 Yearly electrical and thermal efficiencies with the highest highlighted for each energy

Designs Electrical [%] Air thermal [%] Water Thermal [%)] Overall [%]
Water pipes 16.4 23 45.6 64.3
Fins 17.5 3.8 - 21.3
No water pipes 15.9 15.7 - 31.36
No fins 17.3 2.5 - 19.8
5.2.4  Temperatures

The operational temperatures of the PV modules on the system are very important because it is a
parameter that significantly affects all the energies. Figure 5-10 illustrates the daily maximum average
temperatures of cells for each configuration throughout a year. The No water pipe design has the
highest maximum temperatures which was expected because it is not providing thermal energies to
the environment or to the water pipes. The No fins design has the second highest temperatures of
cells and the Fins and Water pipe designs have similar temperature patterns.
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Figure 5-10 Maximum daily cell average temperatures of each configuration for a year

Figure 5-11 illustrates the maximum daily temperatures of the tank levels. The top-level temperatures
have relatively high temperatures throughout the year compared to the mains temperature which is
10°C. In addition, the difference of the temperatures in the tank levels proves that is important to take
a stratified model for the tank. In the scenario chapters the behaviour of the tank temperatures is
clearer.
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These temperatures although are slightly underestimated. The reason is that the accuracy (see Table
5-4) for the yearly results is not so high compared to the scenarios results in order to have a small
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Figure 5-11 Maximum daily tank level temperatures for a year

computational time.

5.3 Scenario results

This chapter explains the energetic behaviour of the system in extreme weather scenarios. The chosen
scenarios are based on extreme values of irradiance and ambient temperature. The scenarios are
shown in Table 5-9. The figures provide information for three days, but the discussions are only for
the middle day which is the day with the extreme condition. The figures are for three days to show

how the performance of the previous or day affect the next day.

Table 5-9 Scenarios and their dates

Scenarios Date
Highest incident Irradiance 15/09/2005
Lowest incident Irradiance 23/11/2005
Highest ambient temperature 03/07/2005
Lowest ambient temperature 12/01/2005

53.1

The highest irradiance on the system is a very important scenario to show how the temperatures
change throughout the day and how much power can be extracted in such conditions. Starting with

Highest Irradiance
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the performance analysis of water pipe configuration, Figure 5-12 illustrates the electrical and thermal
(air and water) performances for the day with highest irradiance. The thermal energy of water is the
highest compared to other energies and second highest is the electrical energy. In addition, more than
half of the irradiance is utilised if all the energies are added together. Lastly, thermal energy of water
is extracted also at the evening where there is no irradiance.
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Figure 5-12 Incident Irradiance and powers from water pipe design for highest irradiance day (Middle day)

Continuing with the main temperatures of the water pipe configuration (see Figure 5-13), the average
maximum cell temperature (about 38 °C) is relatively low for such high irradiance. The reason is that
the water behind the PV modules extracts most of the thermal energy and cools down the cells. The
highest temperature difference of inlet and outlet of the water reaches almost 10 °C. In addition, there
is air temperature increase inside the cavity which provides thermal energy and sometimes
ventilation. The yellow line of Figure 5-13 represents the air inlet in the cavity and the different
strategies are observed. When the air inlet is constant at 18°C, it means that the inlet air is from the
building and if not then is coming from the ambient environment.
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Figure 5-13 Temperatures of water pipe design for highest irradiance day (Middle day)

Figure 5-14 illustrates the air and water mass flows of water pipe configuration. In addition, the water
mass flow of the load is shown, which relates to the scale of the system. It can be seen that the water
mass flow strategy is working perfectly and increases as the temperature difference of the PV modules
and inlet water increases (see Figure 5-13).

Figure 5-15 shows the temperature distribution of the water tank throughout the day. The
temperature increase of the water stored in the tank changes with the thermal energy gained from
the system. On the contrary, the temperature increase of the water stored in the tank is depends on
the water load. The highest and lowest temperatures inside the tank are in the range of 10-35°C. Lastly
the tank temperatures can influence behaviour of the system for the next day because every night the
temperatures are different.
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Figure 5-14 Water/air mass flows and water load of water pipe design for highest irradiance day (Middle day)
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Figure 5-15 Temperatures of water tank levels for highest irradiance day (Middle day)
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The figures below show the differences of each configuration. Starting with Figure 5-16, the electrical
energy of each configuration is illustrated. The configurations where the PV modules are in the front
(Fins, No fins) give more electrical power compared to the configuration of PV in the back (Water
pipes, No water pipes). This is because when the PV modules are in the back there is an additional
reflection from the glass and if the design is Water pipes then there is also electrical power loss for
the pump. The highest electrical power is generated from the Fins design because the PV modules are
in the front and also their temperature is lower than the No fins design (see Figure 5-18)which will
give higher efficiency (see Figure 5-1 for efficiency dependence). In addition, the No water pipes design
provides the lowest electrical power because the module temperature is very high compared to the
Water pipes design as can be seen from Figure 5-18.

Continuing with air thermal power Figure 5-17, the highest air thermal power is extracted from the
No water pipes design. The reason is the high temperature of the PV modules because it is not
providing thermal energy to the environment or to the water as opposed to the other designs. The
second highest air thermal energy is extracted from the Fins design. The reason is that the fins provide
more thermal energy to the cavity.

Comparing the cell temperatures (Figure 5-18), the lowest temperature is from the Fins design
because a big amount of thermal energy is extracted from the environment (due to convection) but
also from the cavity due to the fins. The highest temperature is from the No water pipes design.
However, these results are heavily influenced from the high wind speeds (Figure B 1-d). If the wind
speeds are lower, the lowest temperature profile might be observed from the Water pipe design (see
Figure 5-18 first day)
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Figure 5-16 Electrical power of each configuration for highest irradiance day (Middle day)
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Figure 5-17 Air thermal power of each configuration for highest irradiance day (Middle day)
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Figure 5-18 Average PV cell temperatures of each configuration for highest irradiance day

Figure 5-19 lllustrates the temperature distribution of the cells in respect of height for the time with
the maximum temperature. All configurations show an increase in temperature with respect of
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increase in height. The reason is that, the air temperature inside the cavity is increasing with height
and therefore is influencing the temperature of the cells. However, the Water pipe design has a very
high increase in temperature with respect of height which is almost 8°C. The reason is that the Water
pipe design has also water behind the PV modules which has also increasing temperatures with height
like the air. However, the water temperature has higher increase (Figure 5-13 see water inlet and
outlet temperatures). Therefore, the influence is essential on the PV modules.

Figure 5-20 illustrates the ventilation and heating status of the four configurations in respect of time.
Ventilation is on only during the day for a small period for all configurations, where the temperature
of the environment is high enough. However, heating is On, more hours because the building air is
entering the cavity and heated without ventilation. Worth mentioning is that the heating for the Water
pipe and No water pipe designs is On, more hours than the other configurations. This is because the
cell from the other configurations are cooled down from the environment. Lastly, the heating status
of the No water pipe design show that there is heating throughout the whole night and this is because
of the high temperatures of the PV modules.
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Figure 5-19 Maximum temperature distribution of PV cells in respect of height for each configuration for highest irradiance
day
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Figure 5-20 Ventilation and heating status (strategy) of each configuration for the highest irradiance day

5.3.2 Lowest Irradiance

The scenario with lowest irradiance day can determine the performance of the systems in such
conditions. Figure 5-21 illustrates all the power profiles of Water pipe design. There is no air thermal
energy extracted that day and very little water thermal energy only during the afternoon. In addition,
the electricity has very low levels. Despite the low irradiance, also the ambient temperature is very
low (Figure 5-22) and therefore there is no source of solar or thermal energy.

Figure 5-22 shows various temperatures of the Water pipe design. The temperature of the cell is a bit
higher than the temperature of the environment and therefore the air inside the cavity is not heated
enough for ventilation or heat. However, there is an air mass flow inside the cavity but the air is
escaping in the environment (Figure 5-23). Figure 5-23 also shows that there is a little mass flow from
the water and therefore a small fraction of water thermal energy is extracted.

The water tank temperatures are in very low levels but it can be seen that also in such extreme
scenario the top level water temperature is higher compared to the temperature of the water coming
from the mains (10°C) (Figure 5-24). The reason is that, heat is stored from previous days which had
higher irradiance.
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Figure 5-21 Irradiance on system and powers from water pipe design for lowest irradiance day (Middle day)
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Figure 5-22 Temperatures of water pipe design for lowest irradiance day (Middle day)
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Figure 5-23 Water/air mass flows and water load of water pipe design for lowest irradiance (Middle day)
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Figure 5-24 Temperatures of water tank levels for lowest irradiance day (Middle day)
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Because of the low irradiance, there are no significant differences between the four configurations.
Figure 5-25 illustrates the electrical power of the four configurations but there is almost no difference
because of the low irradiance and low cell temperatures. In addition, there is no air thermal energy
from all designs and therefore also the ventilation and heating status are continuously off. As can be
seen from Figure 5-26 all designs have similar temperatures.
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Figure 5-25 Electrical power of each configuration for lowest irradiance day (Middle day)
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Figure 5-26 Average PV cell temperatures of each configuration for lowest irradiance day

5.3.3 Highest ambient temperature

This chapter shows the performance of the designs for the day with the highest ambient temperature.
Figure 5-27 illustrates the powers of the Water pipe design. Despite the low irradiance levels, the
thermal energy of the water is high. In addition, there is thermal energy of water during the night. The
reason is that the temperature of the water coming from the mains is constant throughout the year
at 10°C. This means that thermal energy is extracted because of the high temperatures and not
because of the solar energy. Therefore, it is recommended in future work to implement a variable
water temperature from the mains throughout the year. The reason of the spikes of thermal energy,
is because the water mass flow has also spikes (Figure 5-29). This rapid increase and decrease of mass
flow throughout the day is because of the strategy of the water mass flow. The mass flow is increasing
and decreasing in respect of cell and water inlet temperature differences. Because the temperature
gradient of the cells throughout the day is very small (not high irradiance), the mass flow increases in
one timestep with consequence to significantly reduce the temperature of the cell but for the next
timestep is decreasing due to the cell and water inlet temperature difference high decrease. Lastly,
there is no thermal energy of air because the temperature of the cell is lower than the temperature
of the environment and therefore it cannot heat the air (Figure 5-28).

Figure 5-28 illustrates the temperatures of Water pipe design. One important result is that the
temperature of the cell is lower than the temperature of the environment because of the explanation
given above for the water temperature from the mains.

The temperatures of the tank (Figure 5-30) are overall lower from the ambient temperature
throughout the day and therefore there is a continues increase except the time when there is water
mass flow load.
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Figure 5-28 Temperatures of water pipe design for highest ambient temperature day (Middle day)
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Figure 5-29 Water/air mass flows and water load of water pipe design for highest ambient temperature (Middle day)
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Figure 5-30 Temperatures of water tank levels for highest ambient temperature day (Middle day)

The electrical power (Figure 5-31) of the No water pipes design is the lowest compared to the other
configurations because it has more reflection losses and higher temperature (Figure 5-33) than the
Fins and No fins configuration. Despite that the Water pipes design has also additional reflection
losses, it has similar electrical performance with the Fins and No fins configurations. The reason is that
it has lower temperature than the other configurations and therefore its efficiency is increasing.
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Figure 5-31 Electrical power of each configuration for highest ambient temperature day (Middle day)

Figure 5-32 illustrates the air thermal power for all configurations. There is no air thermal energy from
the Water pipe design and negligible energy from the Fins and No fins design. The air thermal energy
of the No water pipe design is occurring at the night. The reason is that in the day, the temperature
of the environment is higher than 25°C which is the limit to stop the thermal energy. However, at night
it drops below 25°C and the temperature of the cell is higher. Therefore, ventilation and thermal
energy are occurring at the same time (see Figure 5-35).

Figure 5-34 shows the temperature distribution of PV cells in respect with the height. Again, the Water
Pipe cells have this gradient that is explained also in chapter 5.3.1.
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Figure 5-32 Air thermal power of each configuration for lowest ambient temperature day (Middle day)
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Figure 5-33 Average PV cell temperatures of each configuration for highest ambient temperature day
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Figure 5-35 Ventilation and heating status (strategy) of each configuration for the highest ambient temperature day
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534 Lowest ambient temperature

This scenario shows the performance of the systems at the day with the lowest average temperature
(less than 0°C for the whole day Figure 5-37). However, the irradiance is relatively high that day. Figure
5-36 illustrates the energies of the Water pipe design. Surprisingly, there is a good amount of thermal
energy of water generated in such extreme conditions. This is because the PV modules are not directly
exposed to the environment.
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Figure 5-36 Irradiance on system and powers from water pipe design for lowest ambient temperature day (Middle day)

Figure 5-37 illustrates the main temperatures of the Water pipe design. There is a time in the coldest
day that the door opening of the room is open so the air of the building can be heated (it can be seen
from the yellow line). This is also illustrated in Figure 5-43. This happens because the temperature of
the cells is higher than the temperature of the air in the building. However, the outlet temperature of
air is not increasing but decreasing. The reason is that the temperature of the front glass is very low
and extracts thermal energy from the air in the cavity because of that phenomenon. Therefore, there
is zero thermal energy from air even though the strategy is to extract thermal energy from the cavity.
Contrarily, the temperature of the water increases significantly during the noon with an increase of
about 10°C.

Continuing with Figure 5-38, the mass flow of the water is relatively low because the temperature of
the cell is low.

Figure 5-39 illustrates the tank temperatures for such severe conditions. The temperatures of the tank
are very high compared to the environmental temperature which is less than zero degrees Celsius.
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Figure 5-37 Temperatures of water pipe design for lowest ambient temperature day (Middle day)

0. 1 6 T T T T T T
Water

0.14 | Air
Load

012y 7

©
—_
1

0.08 | 4

0.06 7

Mass flow [kg/s]

0.04 | .

0.02

LN AN NN

00:00 12:00 00:00 12:00 00:00 12:00 00:00
Time of day

Figure 5-38 Water/air mass flows and water load of water pipe design for lowest ambient temperature (Middle day)
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Figure 5-39 Temperatures of water tank levels for lowest ambient temperature day (Middle day)

Figure 5-40 illustrates the electrical power gained from the PV modules for each configuration.
Because the temperatures of the cells for all configurations are relatively low and close with each
other, the only difference is that the Water pipes and No water pipes designs have smaller power
production than the other two configurations due to additional reflection losses.

Figure 5-41 shows that only the No water pipe design extracts thermal energy from the air inside the
cavity. The reason is that the temperature of the PV modules is almost 10°C higher than the
temperature of the air inside the building.
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Figure 5-40 Electrical power of each configuration for lowest ambient temperature day (Middle day)
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Figure 5-41 Air thermal power of each configuration for lowest ambient temperature day (Middle day)
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6 Conclusion

In the Previous study of PV combined with solar chimney (2019) [7], it was concluded that the thermal
energy could not be utilised and therefore new designs and strategies needed to be introduced.
Consequently, a thermal model was created to find the energetic performance of PV/T combined with
solar chimney. Two designs were considered. The PV at the front of the solar chimney with fins (Fins
design) and the PV at the back of the solar chimney with water pipe system (Water pipes design).
These two designs were also compared with the same systems but without the fins (No fins design)
and the water pipes (No water pipes design), to provide results for the location at Delft, Netherlands
and a 10m? (10 meters height and 1 meter width) system.

The door openings strategy provided more realistic results and optimized the performance. It was
concluded that, ventilation with heating were occurring only during the summer. Heating was
available throughout the whole year thanks to the introduction of closed loop heating. In addition,
variable water mass flow strategy increased the efficiency of the thermal energy of water and kept
the operational temperature of the cells to less than 35°C throughout the year.

The best energetic performance is provided by the Water pipes design because of the high water-
thermal energy generation, which amounted for 3336kWh/year (334kWh/m?2year). In addition, the
water pipe design has the highest overall yearly efficiency which reaches 64.3%. This is approximately
double than the No water pipes design and more than triple than the Fins and No fins designs. The
Fins and No fins designs have such lower efficiencies because most of the thermal energy produced is
lost in the environment. However, the Fins design performs better in terms of electrical efficiency due
to the extra cooling provided from the fins. More precisely it provided 17kWh/year (1.7ZkWh/m?year)
more than the No fins design. The Water pipes design provides less electricity than the Fins and No
fins designs due to the additional reflection losses produced by the solar chimney. But it produced
more electricity than the No water pipes design even though a fraction of electrical energy is used to
run the water pump. The difference of electrical energy between Water pipe and No water pipe
designs is equal to 35kWh/year (3.5kWh/m?year). The reason is that the cells of the No water pipe
design reach very high temperatures (60°C) and the electrical efficiency is much lower. However, due
to this high temperature the No water pipes design performs significantly better in the air-thermal
energy and ventilation. It provides 4 times more air-thermal energy from the Fins design and about 6
times more air-thermal energy from the No fins and Water pipes designs. Worth mentioning is that
the Fins design provides 100kWh/year more thermal energy than the no Fins design due to the higher
convection provided from the fins. The Water pipe design has the worst performance in terms of air-
thermal energy because most of the thermal energy is driven to the water.

The performance of the four configurations was also simulated for extreme weather conditions. The
day with the highest incident irradiance showed that the Water pipe configuration extracts more than
50% of the solar energy thanks to efficient conduction of heat to the water system. In addition, the
air-thermal energy of the No water pipes design was delivered continuously throughout the whole
night until the next day because of the high PV cell temperatures. The day with the lowest incident
irradiance showed that the four designs performed similarly because no thermal energy was
generated. The day with the highest temperature showed that water-thermal energy can be extracted
due to the high temperatures. However, there is a small error because the temperature of the water
coming from the mains is considered constant at 10°C which overestimates the thermal efficiency of
the system. Lastly the day with the lowest temperature illustrated that still in such conditions, water-
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thermal energy can be generated from the Water pipes designs but also air-thermal energy from the
No water pipes designs.

All in all, the best performing configuration is the Water pipes design because not only it can use a
huge portion of the incident irradiance but also it can provide three different types of energy
(air/water/electricity) which are very important for residential and service buildings. Nonetheless, the
Water pipes design is an active system as opposed to the other configurations and has much more
components and therefore more initial and maintenance cost will be expected. However, if the priority
is electrical energy, the best configuration is the Fins design. Contrarily, if the main priority is air-
thermal energy then the best configuration is the No water pipes design. The designs prove that the
concept of a solar chimney can have multiple applications with many energetic advantages.
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7 Recommendations

The work of this thesis is to determine the energetic performance of PV/T with solar chimney by
creating a model in MATLAB. However, there is always room for improvements. The most crucial
improvements are introduced below.

Validation of the model with a full-scale system is essential. In addition, with such
experiments, empirical convection coefficient functions can be estimated which will
significantly improve the accuracy of the models.

A model of the optimal pipe diameter for different water mass-flow range is needed to provide
more realistic results of electrical energy used from the water pump.

A function of water temperature that arrives from the mains, with respect to ambient
temperature is required to eliminate any possible errors in accuracy on the water-thermal
energy calculations.

Optimization of Fin characteristics (Size and number) is needed for the calculation of the
maximum efficiency of the Fins design. In addition, the mass flow model is for flat plates,
therefore, a new mass flow model that considers the fins is vital.

An economic analysis will provide more information of which design is the most cost efficient.
Lastly, results for other locations (especially hot climates) must be evaluated.
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Appendix A: Designs without
thermal systems

b)

Yy I z L
X X X
Glass PV wall Dour_
modules openings

Figure A 1 Designs without thermal systems. a) Without fins, b) Without water pipes

L1 1

X

Figure A 1 illustrates the designs without the chosen thermal systems. This means without the water
pipes and without the fins as the designs shown in Figure 3-1. These designs are compared with the
designs of Figure 3-1 to find out the influence of the water pipe and fins installation. In addition, Figure
A 1-a is also excluding the insulation and aluminium bulk. Therefore, the PV modules are directly
attached on the wall. The names of this designs are ‘No water’ pipes and ‘No fins’.

73



Appendix B: Weather data of
scenarios
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Figure B 1 Weather data for highest irradiance a) Irradiance b) Ambient temperature c) Wind direction d) Wind speed
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