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Abstract

Photovoltaic (PV) panels are a promising technology to harness renewable en-
ergy using solar irradiation. PV power plants are more useful in regions with
high solar irradiation, which mostly have arid and desert environments.
However, the performance of PV panels deteriorates primarily due to two
problems. The first problem is high diurnal PV cell temperature. High PV cell
temperatures have a negative impact on both the performance and durability
of the PV panels. The second problem is nocturnal condensation (dew forma-
tion). Dew formation causes an accumulation of soil dust from the surround-
ing environment. Thus, mud is easily formed on the PV panels. Both dust
accumulation and mud formation reduce the transparency of the PV panels’
glass cover and further reduce the PV cell efficiency.
In the present study, a classical PV panel with a rear water pocket (PV/T) is in-
tegrated with a ground soil heat exchanger (GSHEX). The PV/T-GSHEX system
is proposed as a collective solution to mitigate both problems by balancing the
diurnal and nocturnal loads. The GSHEX allows to cool the PV panels during
the day and heats them above the dew point temperature during the night. To
investigate the increased efficiency potential of the proposed solution under
real climatic conditions at different locations, a mathematical model for the
PV/T-GSHEX system with an accuracy of > 96 % was developed. The model
was applied to two locations (Qatar and Malaysia). It was shown that the pro-
posed system is able to reduce the diurnal PV cell temperature by about 10 K
and to keep nocturnal temperature above the dew point by about 2-5 K. This
contributed to a 10 % - 11 % improvement in the system performance.
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Zusammenfassung

Photovoltaik(PV)-Module sind eine weit verbreitete Technologie zur Nutzung
von Solarenergie. Besonders sinnvoll ist der Einsatz von PV-Anlagen in ari-
den, wüstenartigen Regionen mit hoher solarer Einstrahlung. Gerade in
diesen Regionen unterliegt die Leistung von PV-Modulen jedoch zweierlei
Einschränkungen.
Die erste Einschränkung entsteht tagsüber durch die hohe Temperatur der
PV-Zellen. Hohe Zelltemperaturen haben negative Auswirkungen sowohl auf
die Leistung als auch auf die Haltbarkeit der PV-Module. Die zweite Ein-
schränkung entsteht durch nächtliche Kondensation bzw. Taubildung. Taubil-
dung begünstigt die Anlagerung von Staub aus der Umgebung und kann
sehr schnell zur Bildung einer Schlammschicht auf den PV-Modulen führen.
Sowohl die Staubansammlung als auch die Schlammbildung verringern die
Transparenz der Glasabdeckung der PV-Module und reduzieren somit deren
Effizienz.
In der vorliegenden Arbeit wird ein konventionelles PV-Modul mit einem
rückseitigen, wassergeführten Wärmetauscher (PV/T) und einem Erdregister
(GSHEX) ausgestattet. Durch Ausgleich der tagsüber und nachts enstehen-
den Wärmelasten kann das PV/T-GSHEX-System somit beide Probleme ab-
mindern. Das GSHEX ermöglicht es, die PV-Module tagsüber zu kühlen und
nachts auf Temperaturen oberhalb des Taupunktes zu heizen. Um das Ef-
fizienzpotenzial der vorgeschlagenen Lösung unter realen Klimabedingun-
gen an verschiedenen Standorten zu untersuchen, wurde ein mathematis-
ches Modell für das PV/T-GSHEX-System mit einer Genauigkeit von > 96 %
entwickelt. Das Modell wurde beispielhaft für zwei Standorte in Katar und
in Malaysia angewendet. Es konnte gezeigt werden, dass das vorgeschlagene
System in der Lage ist, tagsüber die Temperatur der PV-Zellen um bis zu 10 K
zu senken und nachts die Temperatur um 2–5 K über dem Taupunkt zu halten.
Dies resultiert in einer Steigerung der Systemleistung um etwa 10 %.
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1 Introduction

The application of photovoltaic (PV) panels is a promising technology to har-
ness renewable energy using solar irradiation. PV power plants are more use-
ful in regions with high solar irradiation, which mostly have arid and desert
environments. Installing PV panels in these environments faces two major
problems. The first and most important problem is high diurnal PV cell tem-
peratures due to high solar irradiation and high ambient temperatures. High
PV cell temperatures have a negative impact on both performance and dura-
bility of the PV panels [1, 2]. The second problem is the nocturnal conden-
sation of air humidity on the panels or in other terms dew formation. Dew
formation causes an accumulation of soil dust from the surrounding environ-
ment [127]. Thus, mud is easily formed on the PV panels. Both dust accumula-
tion and mud formation reduce the transparency of the PV panels’ glass cover
and further reduce the PV cell efficiency [3, 4]. Besides, the maintenance cost
is increasing due to cleaning requirements [3–5]. In this context, active ther-
mal management of the PV panels can be a promising solution to overcome
these two critical problems.
In the present study, the two locations of Doha city in Qatar and Ipoh city in
Malaysia were chosen as two case studies for a systematic investigation of the
above-mentioned phenomena. The first location of Doha in the Emirate of
Qatar (latitude of 25.28◦ N and longitude of 51.53◦ E) is one of the desert re-
gions in the Middle East, which is exposed to dusty winds. Furthermore, the
present dissertation project is part of a project on PV-driven solar cooling in
Qatar [7, 8].
Figure 1.1 shows the annual weather data of Qatar as an example for harsh
climate conditions. In Figure 1.1a, it can be seen that both air and dew point
temperatures are strongly fluctuating between summer and winter and be-
tween day and night.
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The maximum air temperatures of about 45◦C are occurring in July and Au-
gust, while the maximum dew point temperatures of up to 28◦C reach from
July to September. In Figure 1.1b, the yearly distribution of the hourly so-
lar irradiation curves is shown. The maximum solar irradiation reaches up
to 1080 W/m2. Due to these high temperature and irradiation values, Qatar
was chosen as a typical representative for harsh desert climates, where the ad-
dressed problems of diurnal overheating and nocturnal dew formation mainly
occur. Therefore, in the present study, Qatar weather data was taken to con-
duct yearly performance simulations of PV systems with and without active
thermal control.

Figure 1.1: Annual weather data for Qatar (a) air and dew point temperature
as well as (b) irradiation flux.

Figure 1.2 shows a satellite image of the Arabian Sea and the Middle East re-
gions (e.g. Qatar) exposed to a dust storm. Here, it can be seen that the Middle
East is prone to problems with developing mud layers on PV panels, especially
with the background of occasionally high dew point temperatures. In the case
of nocturnal dew formation, the exposure to dust and sandstorms leads to
subsequent mud formation.
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Figure 1.2: Dust blowing across the Arabian Sea and the Middle East regions
[9].

The second location is Ipoh in Malaysia (latitude of 4.39◦ N and longitude of
100.90◦ E), which has a humid and warm climate. With its extremely high dew
point temperatures, it is a suitable location to systematically study the effects
of dew formation on the PV surface and to expose the proposed system to
systematic efficiency tests. The four main factors reducing the performance
of PV systems in desert areas can be summarized as:

• high diurnal PV cell temperature [1-6,11,16,17],

• nocturnal condensate formation [15,22],

• deposition of dust particles [12-14,18-27],

• subsequent mud formation [15,28-30].

In Figure 1.3, an overview of the problem scenario is given. The harsh climate
conditions causing the problems of diurnal overheating and nocturnal mud
formation are identified in the red box section. The major setbacks under a
desert environment are the high ambient temperature during the day as well
as the high relative humidity (%RH) at low ambient temperatures during the
night in combination with exposure to dust-loaded winds.
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Figure 1.3: Problem description and solution strategy.

The problems resulting from these conditions are derived in the yellow box.
The diurnal overheating leads to a reduction of the PV performance [11,16].
Additionally, it has been reported that the PV lifetime is reduced by elevated
PV module temperatures [5,6]. During the night, the absolute humidity re-
mains approximately constant, while the relative humidity rises due to the
large drop in the ambient temperature between day and night. This can cause
saturation. Together with a PV-surface exchanging radiation with the cold
night sky, subcooling and finally dew formation occurs. Consequently, the ex-
posure of a dew film to dust-loaded winds or sandstorms leads to mud layer
formation on the PV surface. An accumulated mud layer effectively reduces
the solar irradiation transmittance through the PV modules’ glass cover. This
again is causing a considerable reduction in the PV electrical efficiency [28-
30]. Given this background, the problem solution lies on hand and is derived
in the green box. Cooling the PV modules during the day helps to overcome
the diurnal performance reduction. On the contrary, heating the modules to
temperatures slightly above the nocturnal dew point is preventing condensa-
tion and subsequent mud formation.
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1.1 Problem-Solving Approach

In the present study, the novel approach is the introduction of an active ther-
mal control system. This thermal control system includes a water bearing
cooling and heating device on the backside of the PV panels together with a
ground heat exchanger. Like this, the waste heat from cooling the PV panels
during the day can be charged to the soil to provide thermal power for noctur-
nal heating.

1.1 Problem-Solving Approach

As was already described, diurnal overheating of the PV cells can be reduced
by actively cooling the PV panels during the day. During the night, dew and
mud formation can be prevented by heating the PV surface to temperatures
above the dew point. For this purpose, an active thermal control system is
needed for shifting the diurnal waste heat to the nocturnal heating appli-
cation. As a heat transfer medium, water is a viable option because of its
favorable thermal properties.
The proposed thermal control system is shown in Figure 1.4. It consists of a
classical PV module with a rear water pocket filled with porous medium. In
the further discussion, these two components will be addressed as so-called
PV/T. It should be noted that the PV/T is not to harness both electrical and
thermal energy as in conventional “PV/T hybrid collectors” but for providing
an active cooling and heating system. The other main component of the
thermal control system is the pipe loop heat exchanger (HEX). The HEX is
buried in the ground soil (GS), which is used as thermal storage. The HEX
transfers heat between the water flowing in the pipe and the GS. Thus, the
two components can be called “ground soil heat exchanger” (GSHEX) and
the overall system can be abbreviated as (PV/T-GSHEX). As was already
indicated, the operation of the proposed system is divided into two phases:
the diurnal cooling phase and the nocturnal heating phase. Figure 1.4 shows
the operation of the proposed system during day (a) and night (b) with the
main heat transfer phenomena.
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Figure 1.4: Operational principle of the proposed system with the main heat
transfer phenomena (a) diurnal cooling, and (b) nocturnal heat-
ing.

Diurnal operation: The proposed system absorbs one portion of the incident
solar irradiation (G) and converts a part of it into electric power. Another
portion of the absorbed irradiation is wasted as heat losses by convection and
by radiation to the environment. The larger part of the absorbed irradiation
is removed convectively by the cooling water mass flow. The removed heat is
charged to the GS by the HEX and stored there. Later, the stored heat is used
for the nocturnal heating process. During diurnal operation, the GS acts as a
heat sink, see Figure 1.4a.

Nocturnal operation: During the night, the GS acts as heat source. Thus, the
heat transfer process is reversed (from soil to water) and the heating water
temperature is increased. Like this, the stored heat is used to keep the PV mod-
ule temperature at values higher than the dew point temperature. As a result,
both condensation and mud formation are prevented (Figure 1.4b) and the GS
is regenerated for diurnal operation.
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1.2 Motivation

The challenges for a good PV performance under harsh desert conditions or
in arid regions are characterized by very high environmental temperatures to-
gether with high solar irradiation during the day. Under these conditions, the
module temperatures are rising to 70◦C or higher [8]. This does not only re-
duce the efficiency of the PV cells but also causes thermal stress to the mod-
ules, which significantly reduces their lifetime [5,6 - 13].
As can be seen in Figure 1.5, the issue of nocturnal dew formation under expo-
sure to dusty winds is a real threat to the reliable operation of PV installations.
The resulting mud layers are no theoretical issue but occur in daily practice.

Figure 1.5: PV Panels in a solar power plant in Qatar [15]. Mud formation can
be observed in the center and right photograph.

1.2.1 PV Cell Efficiency Reduction Due to High Temperatures

Compared to the nominal Standard Test Conditions (STC) for PV panels
(TPV = 25◦C, G = 1000 W/m2 and AM 1.5) [32], elevated temperatures reduce
the electrical efficiency of the cells. This reduction is described by a temper-
ature coefficient βMPP ranging from −0.5 %/K to −0.2 %/K, depending on the
applied PV cell and module types [33]. This means that for instance in poly-
crystalline PV panels, every 1 K increase in PV temperature leads to a decrease
in the electrical efficiency by up to 0.5 % [16,31]. The main influence is due to
the cell types and to a lower extent also to the module design.

7



Introduction

The PV system must be engineered not only according to the maximum,
minimum, and average environmental temperatures at each location, but
also with an understanding of the materials used in the PV panel. The effect
of temperature on the electrical power P of a PV module can be traced to its
influence on the current I and the voltage V as P is given by [32]:

PMPP =VMPPIMPP = (F F )VOCISC (1.1)

In this fundamental expression, which also serves as a definition of the fill
factor F F , subscripts MPP, OC and SC denote the Maximum Power Point,
Open Circuit, and Short Circuit values, respectively, where:

ISC = ISC(STC)

G

1000
[1+βSC(TPV −25)] (1.2)

and

VOC =VOC(STC)

G

1000
[1+βOC(TPV −25)]. (1.3)

βSC and βOC are the temperature coefficients of short-circuit current and
open-circuit voltage, respectively. TPV is the PV temperature at real conditions
and the fill factor F F describes the non-ideality of the real I -V curve.
It turns out that VOC decreases substantially with temperature. Even though
ISC is slightly increasing, the substantial decrease in VOC leads to a reduced
power output PMPP. Figure 1.6 shows the effect of temperature elevation on the
PV cell characteristics [33]. As mentioned before, the output of a PV module is
evaluated according to STC [32]. However, due to varying weather conditions,
the actual PV output strongly differs from STC conditions.
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1.2 Motivation

Figure 1.6: Temperature effect on the I -V characteristics of the PV cell [33].

Another issue is the negative influence of high PV module temperatures on
their durability [13-15]. Regarding the degradation of PV modules under fluc-
tuating ambient temperature and solar irradiation, Dhimish and Alrashidi [39]
conducted a study on solar panels in two regions with hot (Australia) and cold
(UK) climate. The results showed that the degradation rate in the hot region is
higher than in the cold region with degradation rates -1.35 %/a to -1.46 %/a in
Australia and -1.05 %/a to -1.16 %/a in the UK. Another crucial problem con-
cerning the PV cell temperatures is the mud formation itself. The mud causes
a glass transmittance reduction and absorption increment, which leads to a
further decreasing performance of the PV panel. Furthermore, nonuniform
dust accumulation causes partially shaded areas on the PV module. In case of
severe partial shading, the voltage in the shaded cell becomes negative, and a
hot-spot can emerge. In case of minor partial shading, the I −V curves of the
cells differ. This leads to efficiency reductions due to the mismatches [83].
Thus, diurnal cooling of the PV modules together with a mitigation strategy
for mud formation is a beneficial approach for the reliable operation of PV
systems under desert or humid conditions. The mechanisms of condensation
and mud formation will be described in the next section.
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1.2.2 Condensation and Mud Formation

Sandstorms are a frequent and challenging weather phenomenon in deserts
that can even be witnessed in large urban areas such as Doha and Bagh-
dad [15,17]. Combined with the possibility of dew formation due to the pre-
vailing high ambient air humidity, the dust particles are accumulated and stick
on the PV glass surface.

Soil Dust Deposition on PV Glass Cover

Even though the phenomenon of dust accumulation is crucial for the oper-
ation of PV systems in desert areas, the current knowledge on characterizing
the deposition of dust and its impact on PV system performance is lim-
ited. This is because dust deposition is a complex phenomenon, which
is influenced by diverse site-specific environmental conditions [18, 19].
Hamdy et al. [20] investigated dust formation after thunderstorms using
an experimental test rig with different tilt (θ) and azimuth angles (γ). The
glass transmittance was evaluated over seven months. The results revealed
a reduction in glass transmittance, being a function of the dust deposition
density [g/mm2] in conjunction with the inclination angle, the surface orien-
tation, and the wind direction. A reduction in solar transmittance by 5 % over
10 days was observed in the study of Malizia et al. [21], using pyranometers.
Despite instances of rain, less than 1 % decrease in this value was observed
for unclean pyranometers. Some other studies [18,22-24] investigated dust
accumulation using varying parameters (e.g. environmental conditions,
dust characteristics, surface characteristics). The soiling effect is of high
concern for areas with high dust deposition, condensation, and low rainfall.
An outdoor installation showed a reduction of PV efficiency by 30 % for 150
days [26,27], see Figure 1.7. However, the mechanisms and effects of dust
accumulation and mud formation were not adequately investigated and
described yet.
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Figure 1.7: Accumulated effect of dust deposition on PV performance under
different weather conditions and inclination angles [26].

Effects of Water Vapor Condensation on PV Glass Covers

Generally, if humid air is cooled below the so-called dew point temperature,
air humidity reaches saturation and condensation is setting in [35]. In the
present application, this is happening at the surface of the PV glass cover. Due
to the high spectral emissivity of glass in the long-wavelength region of ther-
mal radiation and the low nocturnal sky temperatures, radiative heat losses
from the PV glass cover lead to low surface temperatures of the PV modules.
The onset of condensation is a function of relative humidity, the air temper-
ature at the boundary to the solid surface, and the presence of condensation
nuclei [127, 128]. In real PV applications, stronger cooling might occur. How-
ever, it is reported by both Bing et al. [37] and Figgis et al. [38] that conden-
sation set in even at glass temperatures that were by 2 K higher than the dew
point temperature. The reasons were not discussed in their report, but it was
recommended for a future study to investigate this phenomenon. Dew forma-
tion enhances dust settling on the modules’ flat surfaces, while evaporation,
on the other hand, reinforces dust adhesion to these surfaces as shown in Fig-
ure 1.8 [42]. Here, the removal of the mud layer is shown.
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Figure 1.8: Dust adhesion on PV panels due to dew formation and exposure
to dusty winds [42].

Some studies were conducted on the effect of condensation and dust on light
transmissivity as well as on the related measurement methods [59-64]. Most
of the investigations were focusing on the effect of condensation on green-
house applications [109,117-127]. A few publications [38,39,66] were dealing
with the effect of condensation on the performance of PV panels. However,
the adhesion of dust particles and mud formation on the PV protective glass
was barely covered.
The transmittance and the reflectance of the glass surface change according
to the current state of the surface (e.g. wetness). Graefe et al. [60] revealed that
the measured difference of hemispherical transmittance between a dry and
wet surface for an incidence angle of 5◦ were ∆τ = 4.31 %. In another study,
the average loss in transmission due to dust accumulation and condensation
was approximately 9 % - 15 % [61]. A transmittance reduction of up to 23 % in
greenhouse cladding (with / without condensation) was observed by Pollet et
al. [62]. Transmission properties of dry and wet greenhouse cladding materi-
als showed a maximum degradation of 4 % in glass transmittance for 90◦ tilt
angle [63]. Dew formation was also identified as a promotor of dust deposition
on the surfaces of solar thermal collectors [158].
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Mud on PV Glass Covers

As already mentioned, the combination of sand or dust storms and dew for-
mation on the PV surface can cause mud formation. This could damage the
PV modules and the antireflective coating on the front glass. Moreover, due
to heavy losses in transmittance, mud layers on the PV modules must be re-
moved. This adds to the need for efficient maintenance planning [27]. The
mud formed on the glass surface significantly influences the glass properties,
including reflectance due to changes in microhardness and surface texture as
well as absorbance of the glass [27]. The dust particles were found to be com-
posed of a non-uniform distribution of alkali and alkaline earth metals, oxy-
gen, silicon, sulfur, iron, etc. The average size of the particles is in the order of
1.2 µm [28,29]. Due to the dissolving of the ground composites (alkali and al-
kaline) in the mud, a reactive solution between mud and glass is formed. This
solution alters the texture of the surface. Furthermore, potassium increases
the surface hardness, which finally results in a slight difference in absorbance
and reflectance. Figure 1.9 shows that the light transmittance was reduced
even after the glass was cleaned [28].

Figure 1.9: Transmittance of the as-received glass, glass after dry mud re-
moval, and glass with the dried solution [28].
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This reduction is associated with:

• mud residues that remain after cleaning the glass surface and

• chemical changes in the glass surface due to chemical reactions with
alkaline and alkaline earth hydroxide.

Yilbas et al. [28] conducted a chemo-mechanical study of mud formed from
environmental dust particles in humid air. They suggested that the adhesion
work should be higher than the frictional work performed on the glass sur-
face during the mechanical removal of dry mud from the glass surface. In ad-
dition, mud formed from dust particles on a polycarbonate surface was ex-
perimentally investigated [29]. The quasi-crystalline structure results in a sur-
face made up of pyramids to reduce the light reflection losses. However, mud
residues on the surface could cover the micro/nano texture and lower the
surface hydrophobicity. Mud residues, remaining on the surface after water
cleaning, can also increase the friction coefficient between the mud residues
and the PV surface, which increase the sediment accumulation on the PV pan-
els and lower the optical transmittance [28,30]. In addition to scratching the
glass cover [120], this leads to a decrease in PV efficiency and life time. Few
investigations [35-37] were conducted on the nature and the characteristics of
the dust particle itself like its composition, size (coarse or fine), and accumu-
lation rate during the mud formation.
The influence of varying wind regimes on dust deposition was investigated by
Goossens and Van Kerschaever [23]. The results of their investigations indi-
cated that high wind speeds promote dust accumulation on surfaces. A com-
prehensive study on the impact of dust accumulation on the PV panels has
been conducted by El-Shobokshy and Hussein [37]. This study includes in-
vestigations on the physical properties of dust accumulation and deposition
density and their impact on parameters degrading the PV efficiency. The re-
sults showed increasing deterioration of PV performance for all investigated
dust types.
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1.2.3 PV Cleaning Methods

As was already concluded, proper cleaning methods are required to maintain
the original performance of the PV panels. The most common methods that
have been established for the cleaning of the PV panels are:

(1) Mechanical methods such as manual and robot cleaning [69,71,72,75].
The manual method requires handwork, which exposes workers to risks,
while the robot method requires special cleaning materials, periodic
maintenance, and energy for operation.

(2) Electrostatic method. In this method, the dust particles are ionized on
the surface, attracted by the positively charged electrode, and collected
there [73,74]. Particles attached to positively charged plates should be ex-
pelled or periodically removed either manually or automatically to keep
the electrode dust-free. However, both energetic effort and cost are high.

(3) Standing wave electric curtain. Although this method needs only a single
phase current rather than three phases like the previous one, dust parti-
cles residue on the surface is high [71,72,79].

(4) PV coating. This method assists the cleaning process and could be in
the wet or dry state [70,76]. In the case of wet cleaning, droplets of wa-
ter of 20 µm are used to roll onto the glass surface, carrying away the
dust particles. However, dry cleaning needs a vibrational excitation to en-
sure the movement of the particles. In both cases, dust residues were ob-
served on the surface after the cleaning procedure [72,75,79]. This phe-
nomenon becomes more significant in wet cleaning when using large
droplets. Large droplets will stably attach to the surface, promoting mud
formation instead of removing the dust.

Table 1.1 shows an overview of PV cleaning methods and their advantages
and disadvantages, which are summarized from relevant publications in this
field [68-79]. Some of these methods, such as electrostatic cleaning, standing
wave electric curtain, and the coating method become ineffective when there
is already a condensation layer on the PV surface [68,72]. Other methods clean
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the glass surface after the mud is already formed [28,71].

Table 1.1: Overview on PV cleaning methods and their pros and cons [68-79].
(↑↑↑ [high], ↓↓↓ [low], −−− [zero])

Cleaning method Cost Energy
consuming

Time
and
effort

Efficiency
deterioration

Risk for
workers

Particles
residue

Mechanical cleaning
(Manual cleaning) ↓↓↓ ↓↓↓ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑
Mechanical cleaning
(Robot cleaning) ↑↑↑ ↑↑↑ ↓↓↓ ↓↓↓ −−− ↓↓↓
Electrostatic cleaning ↑↑↑ ↑↑↑ ↓↓↓ ↓↓↓ −−− ↑↑↑
Standing Wave
Electric Curtain ↓↓↓ ↑↑↑ −−− ↓↓↓ −−− ↑↑↑
Hydrophobic/philic
coating ↓↓↓ ↓↓↓ −−− ↓↓↓ −−− ↑↑↑

It can be concluded that cleaning methods are either expensive (installa-
tion/energy cost) or cannot guarantee dust removal before or when conden-
sation occurs. Besides, none of the discussed cleaning methods restores the
glass to its original state before mud formation [28-30]. None of the proposed
methods can get to the root of the problem, which is to avoid mud forma-
tion in the first place. Therefore, an effective method to prevent condensa-
tion, which in turn mitigates mud formation shall be developed in the present
project.

1.3 Established PV Thermal Management Strategies

1.3.1 Diurnal Cooling of the PV Modules

Generally, cooling management of PV modules in hot climates can be
achieved by either passive or active cooling strategies:

Passive Cooling: here, no additional power is required. Passive Cooling
can be achieved by natural (air) convection [49], radiation, or by any other
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natural sources. Radiative cooling promotes heat exchange with the cold sky
in the infrared (IR) wavelength range [79-82]. Sun et al. [82] suggested using
some materials that promote radiative cooling, such as soda-lime glass to
cool a single PV cell. The study applied two panes of soda-lime glass at the
front and rear sides of the PV cell for more cooling. Soda-lime glass has a
high emissivity, which is close to unity in the medium IR wavelength region.
Although the rear side did not face the sky, both sides contributed a signifi-
cant amount of cooling. An improvement in module’s efficiency around 18 %
can be achieved compared to conventional setups without radiative cool-
ing [80,82]. However, radiative cooling also promotes condensation. Thus, the
problem of mud formation is even intensified. Therefore, this method is not
feasible for the present application.

Active Cooling: here, artificially forced convection by air or water cool-
ing is applied. Air cooling methods were found to decrease the temperature
of the solar cell by 4.7 K, which corresponds to an increase in solar panel
efficiency by 2.6 % [48]. However, at high ambient temperatures of up to
50◦C, air cooling is less effective compared to water cooling [50]. In this case,
water cooling techniques are widely used. Front water film cooling is one of
these techniques. It can achieve a reduction in PV module temperature in
the range of 20 %−26 % with an improvement in electrical efficiency up to
15.5 % maximum [41,42,44-46]. Water spray is another PV cooling technique
that can achieve an increment in the maximum PV module efficiency of up
to 12.1 % [47,48]. Hence, water cooling becomes a necessity for efficient PV
temperature reduction. However, these cooling systems are economically
and practically not feasible in desert climate conditions due to water scarcity.
In many ways, the performance of active cooling systems with a rear heat
exchanger is much better. The setup of these PV modules with integrated heat
exchanger is quasi similar to hybrid PV/T collectors. Rear heat exchangers
achieve a reduction in the PV cell temperature as high as 30 K with an im-
provement in electrical efficiency of up to 22 % [42,49-58]. PV/T collectors
have been established in a wide range of applications such as domestic water
heating, space heating and cooling. They have the flexibility to connect to
close or open fluid circulation systems [51-55].
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In the present study, a PV module setup similar to PV/T collectors was applied
in order to achieve active thermal control of the PV cells. Active thermal
control means both diurnal cooling and nocturnal heating.

1.3.2 The GSHEX System

As was already described, the proposed active thermal control system can
be used for both cooling during daytime and heating during nighttime.
Therefore, it would be beneficial to shift the waste heat from diurnal cooling
to the nocturnal heating process. Thus, the system shall be equipped with an
underground heat storage, which has two main components. As thermal stor-
age medium, simply the ground soil storage (GS) is used. In order to enable
heat exchange between cooling/heating water and the storage medium, the
GS is equipped with a water-soil heat exchanger (HEX), which can consist of
a water pipe buried below ground level.

Ground Soil GS: In general, the GS is suitable for thermal energy storage
because, in most cases, the ground soil has a high heat capacity and a low
thermal conductivity (which reduces the heat losses). Therefore, it can act
as a heat source/sink. Moreover, heat storage is possible on a short-term
or seasonal basis [85-87]. Such systems can provide largescale storage of
cold and heat in natural underground sites [88,89]. Without any external
disturbances (e.g. aquifer water flow), they are barely affected by local climate
variations above ground and maintain a stable soil temperature [90,91].
Hence, they provide a low-effort possibility for storing thermal energy from
solar collectors or, as discussed in the present study, from the active cooling
of PV panels. To determine the optimal depth of the HEX is one of the tasks
in the present work. During the daytime, the waste heat from the PV modules
can be stored for around 12 hours or less. In the diurnal operation mode, the
soil serves as a heat sink. Removing the heat for nocturnal heating purposes
means cooling down the thermal storage and regenerating it as a heat sink for
the following day.
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Heat Exchager HEX: The HEX can be of various designs, with pipes or tubes
that can be aligned in the ground either vertically or horizontally [92-96]. Both
variants have their benefits and drawbacks, which are briefly summarized in
Table 1.2. A horizontal HEX is designed for relatively small heat loads [100].
For small heat load applications, like the thermal management of PV mod-
ules in the present study, horizontal heat exchangers shallowly situated un-
derground are more cost-effective than vertical arrangements. It has to be
pointed out that, preferably, this type of HEX is located where the surround-
ing soil temperature is more or less uniform [92]. Compared to vertical HEX,
where the soil temperature varies with depth [93], heat transfer in the horizon-
tal HEX arrangement is more effective [88]. Considering all factors, a horizon-
tally aligned HEX with GS as thermal storage is applied in the present study.

Table 1.2: GSHEX system arrangements with their benefits and drawbacks
[85-96]. (↑↑↑ [high], ↓↓↓ [low], −−− [zero])

GSHEX systems Cost Space
flexibility

Arrangement
flexibility

Effective heat
transfer

Small
applications

Vertical ↑↑↑ −−− ↓↓↓ ↓↓↓ −−−
Horizontal ↓↓↓ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑

1.4 Study Objectives and Research Approach

As was discussed in the previous sections, the application of an active thermal
control system for PV modules in desert regions seems to be a viable option
for tackling the addressed problems. The primary goal of a thermal control
strategy is to avoid diurnal overheating and nocturnal dew formation with
the subsequent build-up of mud layers. These are crucial factors to improve
the efficiency and prolong the lifetime of PV systems under harsh desert
conditions. This objective is supposed to be fulfilled by cooling the PV panels
during the day and heating them to temperatures above the dew point during
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the night. To avoid additional energy consumption and thus low PV net
efficiency, the stored waste heat from daytime operation can be used as a heat
source during nighttime. A detailed description of the research approach is
outlined in Figure 1.10.

Figure 1.10: A detailed description of the proposed research approach.

Firstly, an experiment is carried out to investigate the performance of the
proposed system. In this experiment, two distinct cases of indoor and outdoor
experiments are involved:

The outdoor experiments are including comparative measurements on
a conventional PV module and on a structurally identical, but improved PV
module with thermal control system (PV/T with GSHEX).
In the indoor experiments, condensation phenomena on the PV modules’
glass cover are studied. Here, the impact of varying ambient conditions
together with dust accumulation on the onset and characteristics of conden-
sation are of particular interest.
Secondly, a numerical model for the proposed system using the Mat-
lab/Simulink platform is developed. The model is designed to predict the
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electrical performance of the PV modules with and without active thermal
control. The results are validated using the experimental data.
The knowledge of the yearly soil temperature distribution is crucial for the
optimum placement of the HEX, which consequentially has an impact on the
efficiency of the proposed system. Therefore, a one-dimensional theoretical
model for computing soil temperatures at different depths is included in
the study. Another theoretical model to investigate the effect of different
conditions on the onset of condensation on the PV surface is also developed.
Subsequently, the two models are validated with indoor experiments and
applied to optimize the proposed PV/T-GSHEX system.

1.5 Thesis Overview

The present study is organized into six chapters with the following content:

Chapter 1 - Introduction: The study background, problem statements,
study objectives, and the research approach were presented in the current
chapter. A novel thermal control approach was developed in order to mitigate
the main problems of applying PV in desert conditions. The state of the art
for different types of PV cooling systems was described and a comprehensive
overview of their performance was given. Different techniques for enhancing
PV performance were discussed. Furthermore, the effects of condensation,
dust and mud formation on the PV performance were presented.

Chapter 2 - Experimental Investigation of the PV/T-GSHEX System: The
experimental investigation on PV/T panels with coupled GS and HEX will be
discussed in this chapter. The test results will be compared with results from
parallel measurements on a structurally identical, but conventional PV panel.

Chapter 3 - Analysis of the Soil Temperature Distribution (STD): In this
chapter, an analytical model of the vertical STD with experimental validation
will be presented. In the calculations, the meteorological data as well as the
thermophysical properties of the soil were considered. Based on the assump-
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tion that a quasi-constant temperature is favorable for the HEX installation,
the model can predict the optimum installation depth under different climate
conditions.

Chapter 4 - Modeling of the PV/T-GSHEX System: In this chapter, the
mathematical model of the proposed PV/T-GSHEX system will be presented.
The mathematical model was implemented in Matlab/Simulink and validated
with the outdoor experiments during both day and night. The model will be
used to conduct a parametric study to verify the performance of the system
under different weather conditions.

Chapter 5 - Experimental and Theoretical Investigations of the Condensa-
tion Phenomena: In this chapter, experimental and theoretical investigations
on the effect of environmental parameters such as the air velocity and the
micro-dust layer thickness on the onset of condensation and on the droplet
growth will be presented. The results will be used to verify the PV/T-GSHEX
model, which is assuming a clean PV surface. It will be investigated, whether
the assumption of a clean PV surface is strongly deviating from real-life
behavior in the field.

Chapter 6 - Conclusion and Outlook: In this chapter, the main findings
and their relevance for further work will be presented.
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2 Experimental Investigation of the
PV/T-GSHEX System

In the present chapter, an outdoor test series with the PV/T-GSHEX system
was carried out. A comparative experimental study on PV with/without ther-
mal control was performed. Malaysia with its harsh, hot and humid climate
was chosen for the outdoor test series. Malaysia is a location, where conden-
sation phenomena are likely to appear frequently, which serves experimental
studies on the topic. The developed technique will be proven to be highly ef-
ficient as PV thermal control method [101].

2.1 Outdoor Experiment

In the following sections, the test equipment will be described. The ground
soil heat exchanger GSHEX system was designed and integrated with a PV/T
panel. Measured parameters of each test were the PV surface temperature,
cooling water and soil temperatures and the electrical power output of the
PV panel. Later, a mathematical model was developed and validated with the
experimental results.

2.1.1 Experimental Setup

The experimental setup was installed at the solar test site at University Tech-
nology Petronas (UTP). The setup consists of four primary components: the
PV/T panel, the GSHEX, the water circulation pump, and the measurement
devices. Figure 2.1 shows the experimental setup in a flow diagram (left) and
in the constructive implementation (right).
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The figure shows the arrangement of the GSHEX unit with the PV/T panel and
the location of the water flow meter, the pump and the thermocouples. During
the daytime tests, the water is heated up inside the PV/T panel and then passes
through the GSHEX pipe, where the heat is discharged to the soil and the water
is cooled back.

Figure 2.1: Schematic diagram of the PV-GSHEX system (left) and the system
during the installation stage (right).

PV Panel

The PV panels used in the present study are Solarland SLP100-12 with Poly-
crystalline silicon cells consisting of 36 cells in 4 strings. The module dimen-
sions are 106.2 cm× 65 cm× 3.0 cm, and the weight is 8.9 kg [145]. The PV cells
are covered with a 4 mm thick protective solar glass. The material of the frame
is anodized aluminum. Detailed specifications of the PV panels are listed in
Table 2.1.
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Table 2.1: PV module electricity performance parameters at Standard Test
Conditions (STC 1000 W/m2, AM 1.5 and TPV = 25◦C).

Model SLP100-12, Polycrystalline

Rated Power [W] 100

Rated voltage [V] 17.2

Rated current [A] 5.81

Open circuit voltage [V] 21.6

Short circuit current [A] 6.46

Temperature coefficient [%/K] -(0.5±0.05)

Reference electrical efficiency [%] 14

PV Rear Cooling System

One PV panel was modified with a rear cooling water pocket with dimensions
1.04 m × 0.61 m × 0.02 m, as shown in Figure 2.2.

Figure 2.2: Rear cooling water pocket.

The water pocket was equipped with a porous media packing to guarantee
a uniform water flow distribution and to enhance heat transfer from the PV
backside. The dimensions of the packing material are 0.94 m × 0.61 m. It was
made of Polyethylene with a thermal conductivity of 0.86 W/mK and a maxi-
mum applicable temperature of 115◦C. The PV/T system was insulated from
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the backside by 4 cm glass wool insulation with a density of 55 kg/m3, thermal
conductivity of 0.032 W/mK and a maximum operation temperature of 400◦C.
A DC water pump (4.2 W, 240 l/hour, and 300 cm head) is used to continu-
ally circulate the water between the water pocket and GSHEX unit. The PV/T
panel was mounted on a metal frame with an angle of inclination of 27◦. The
hydraulic connection to the GSHEX was insulated with a standard pipe insula-
tor with thermal conductivity of 0.32 W/mK, density 55 kg/m3 and maximum
applicable temperature between 50◦C - 110◦C.

Ground Soil Heat Exchanger GSHEX

The HEX was made of a copper pipe loop. The copper pipe had a diameter of
15 mm, 3 mm thickness and a total length of 22 m. The HEX was located at
0.8 m depth, which was determined by preliminary calculations with ANSYS
Fluent platform. Figure 2.3 shows the arrangement of the HEX unit during the
installation process.

Figure 2.3: The GSHEX during the installation.
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2.1 Outdoor Experiment

The location of the soil thermocouple at 0.8 m is also shown in the figure. Two
thermocouples were used to measure the soil temperature at different depths:
0.5 m and 0.8 m. A tarpaulin was used during the installation of the HEX to
prevent the potential impact of water flow.
For the GS, two soil types were used: dry soil (low thermal conductivity) with
low moisture content of 0.06 % to simulate the dry soil in semi-arid regions
or arid zones and wet soil (high thermal conductivity) with a high moisture
content of 24.62 % for tropical areas, see appendix A. The thermal conductivity
of both types of soil has been measured by using a thermal properties analyzer
model KD2 Pro. The different moisture contents were used to investigate the
effects of different thermal conductivity and heat capacity of the soil on the
heat exchanger efficiency.

2.1.2 Measurement Equipment

All thermocouples used in the present study were Type-K. The temperature
measurement ranges of Type-K thermocouples are -270◦C to 1260◦C with a
systematic uncertainty of ± 0.75 %. All thermocouples were calibrated with
the temperature calibrator DRUCK DBC650. Special care has been taken to
account for the solar irradiation effect on the thermocouples by using radi-
ation shields placed around them. All the thermocouples were connected to
a Multi-Channel GRAPHTECH Data logger, for instant temperature data col-
lection and storage. A Multifunction KIMO AMI 300 hygrometry probe with a
measurement range from 3 % RH to 98 % RH and 0.1 % resolution was used to
measure the relative air humidity and the dew point temperature. Measure-
ment accuracy was ± 0.3 % for the instrument, ± 0.6 % for the dew point, and
± 0.1 % for the relative humidity. A rotameter type MBLD was used to control
and measure the water flow rate with a maximum flow rate of 4.0 l/min and
operating temperature between 0◦C and 65◦C. The global solar irradiation was
measured at the module level using a solar meter KIMO SL200 with a measure-
ment accuracy ± 5 %. The output parameters, voltage and current for the two
100 Wp solar PV modules are measured using a voltmeter and amperemeter,
respectively.
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The maximum output power (MPP) for every hour during the day, is measured
by using a rheostat (10 Ω, 120 W). By collecting the MPP for every hour, a
MPP-Power output over the day of both PV and PV/T-GSHEX system can be
obtained.

2.1.3 Experimentation Environment

The system was run for five days with two types of soil (high and low moisture
content) for three water flow rates. During the five experimentation days, only
the fair days with no clouds were considered. The thermal performance of all
system components was determined using temperature data and water mass
flow rate with a temporal resolution of 5 minutes. Then, average values were
calculated then for every 30 minutes. The results presented in the following
sections were obtained by comparing the efficiency and temperature of the
PV/T panel with the data of the conventional PV module. Both PV panels had
the same measurement specifications.

2.2 Experimental Results

In the following subsections, the experimental results will be analyzed in de-
tail. In particular, the PV surface temperature, the electrical efficiency, and the
heat flow (charge and discharge) between GS and HEX for soil with high and
low thermal conductivity will be discussed.

2.2.1 Experiment Verification Test

Interesting facts can be observed from the measurement of the PV and PV/T
surface temperature and the dew point, see Figure 2.4a. The red and the blue
curves represent the PV and the PV/T surface temperatures while the black
and the green curves represent the air and dew point temperatures. To verify
the practicability of the proposed method, comparative dew formation tests
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on a PV system without a thermal control system were performed. Condensa-
tion was found on the PV solar glass surface from 3:30 AM until 7:30 AM on
the experimentation day, while no condensation built up on the PV/T surface
at the same time and under the same weather conditions.

Figure 2.4: Measurement data of the condensation period (a) and photos of
the dry PV/T surface and condensation on the PV surface (b) at
the same time, 7:30 AM.

This phenomenon is represented by the rectangular area on Figure 2.4a where
the PV surface temperature is lower than the dew point temperature. This phe-
nomenon is also observed in another study by Al-Kayiem et al. [158]. This can
be also visualized as clearly seen in Figure 2.4b, as was theoretically expected.
Condensation phenomena could be observed on different days during the
test period. Therefore, dew formation on conventional PV panels, even during
early daylight, can be confirmed. It could also be shown that no condensation
appears on the PV/T-GSHEX system.
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2.2.2 PV and PV/T Surface Temperatures

Figure 2.5 shows the effect of the thermal control system on the PV/T surface
temperatures. The blue line shows the surface temperature of the modified
PV/T system with GSHEX, the red curve that of the conventional PV system.

Figure 2.5: Measurement of the ambient, PV surface (PV), PV/T surface
(PV/T), and dew point temperature and solar irradiation.

It can be seen that at noon time, the surface temperature of the actively cooled
system is by 8-10 K lower than that of the PV panel. This is enough to keep the
PV cell temperature close to the nominal operating cell temperature NOCT,
around 47◦C [145]. During the condensation period from 3:30 AM to 7:30 AM,
the GSHEX can keep the PV/T surface temperature 2-4 K above the dew point
temperature. This can be seen more clearly in Figure 2.4a with Tdew ≈ 24◦C and
TPV/T ≈ 28◦C. TPV lies below the dew point at around 23◦C. As can be seen, the
temperature profiles of PV and PV/T clearly show the dew mitigation potential
of the proposed system.
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2.2.3 Electrical Efficiency of PV and PV/T Panel

A comparison of the PV/T electrical efficiency with the conventional PV sys-
tem is presented in Figure 2.6. It can be observed that the PV/T panel signifi-
cantly improves the electrical efficiency for the maximum solar irradiation of
up to 1000 W/m2. Due to the already described PV cell temperature reduction
of 8-10 K, the electrical efficiency increased from 10.9 % to 12 %. This result is
equivalent to an improvement of 10.1 %, which matches the data from previ-
ous studies [1-7].

Figure 2.6: Comparison of the electrical efficiency of the PV/T-GSHEX system
and the conventional PV system.

However, in the early hours of sunrise and sunset, the rear cooling water
pocket and the insulation increase the PV surface temperature, which leads
to a slight decrease in the efficiency. Anyway, in these minimum output hours,
this problem isn’t really severe.

2.2.4 GSHEX Results

The soil types considered for the present study (dry and wet) have a moisture
content of 0.06 % and 24.62 %, respectively. The thermal properties of the wet
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and the dry soil samples are listed in Table 2.2. Depending on the moisture
content and density, the specific heat capacity was estimated following the
procedures reported by Abu-Hamdeh et al. [133]. The moisture content and
the thermal conductivity for both types of soil were measured by the Civil
Engineering Department’s Lab in UTP.

Table 2.2: Soil properties used in the experiment.

Soil Properties Wet soil Dry soil

Density [kg/m3] 1905 1555

Moisture Content [%] 24.62 0.06

Thermal Conductivity [W/mK] 2.08 0.21

Heat Capacity [kJ/kg K] 1.8 0.64

Based on the temperature drop of the PV/T cooling water pumped through
the HEX, the heat flow transferred to the soil thermal storage is estimated by;

Q̇ = ṁwC pw(THEX,in −THEX,out) (2.1)

The time-dependent, stored heat flow for these two soil types is presented in
Figure 2.7. From these results, the heat storage efficiency can be estimated
by integrating the heat flow curves. The ratios between charge and discharge
heat (the efficiency of the heat storage) for low soil thermal conductivity (k
=0.21 W/mK) and high soil thermal conductivity (k = 2.08 W/mK) were 40 %
and 70 %, respectively. The charging and discharging rate were estimated
based on the area under the curve for the daytime (G > 0) and nighttime(G = 0)
as the following:

Energy charged to soil = Heat flow to the soil × hours of the day.
Energy discharged from soil = Heat flow from the soil × hours of the night.
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Figure 2.7: Heat storage for dry and wet soil, water volumetric flow rate
1.6 l/min.

Therefore it can be confirmed that the soil with high moisture content is a
more suitable storage material for the task of shifting thermal energy from
diurnal to nocturnal operation. Due to the much higher thermal conductivity
and heat capacity this was to be expected.

2.3 Summary

Comparative measurements on a conventional PV and the proposed PV/T-
GSHEX system have been performed. The experiments show significant bene-
fits of the proposed system both during day and night. At noon time, the differ-
ence between the conventional PV and the thermally controlled PV/T surface
temperatures was between 8 K and 10 K due to the active cooling effect of the
GSHEX. In the early morning hours, the proposed PV/T-GSHEX system suc-
cessfully prevented condensation. As a result, the PV/T efficiency was higher
than that of the conventional PV panel. The electrical efficiency increased by
10.1 % only due to the diurnal active cooling. According to literature, the losses
due to mud formation can be up to 35 % of the glass transmissivity [28].
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The results also reveal that due to higher thermal conductivity and heat capac-
ity, soil with high moisture content is much more suitable as a filling material
for the GSHEX than low moisture content soil. However, both types of soil were
suitable for both daytime cooling and nocturnal heating. Hence, the proposed
PV/T-GSHEX system has a high potential to increase diurnal efficiency and to
mitigate nocturnal dew formation.
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3 Analysis of the Soil Temperature
Distribution

The evaluation of thermal performance in many applications connected
to ground heat exchangers requires the estimation of the ground temper-
ature, which is affected by the location, the climatic conditions and the
depth [161,162]. The Soil Temperature Distribution (STD) greatly impacts the
heat transfer for ground storage applications [97,98,102,104]. The higher the
temperature difference between the heat transfer fluid and the soil, the higher
the efficiency of the heat storage. Therefore, the estimation of STD and the
depth at which the Ground Soil Heat Exchanger GSHEX should be installed
are crucial to modeling and designing the PV/T-GSHEX system. Usually, nu-
merical techniques are used to solve this kind of problems. However, they are
computationally expensive and take hours of calculation time [112-116].
In the present study, an analytical model based on the Green’s function
method (GF) is proposed to solve the complex thermodynamic problem of
STD [157]. The GF method is a basic solution of a specific differential equa-
tion with homogeneous boundary conditions [159]. The proposed analytical
method can estimate a 1-D STD in a few minutes. Moreover, it can be extended
to a 2-D geometry with similar computational efficiency by multiplication of
the 1-D case. The convergence of series can be improved by partitioning time.
The problem at hand incorporates meteorological data and the thermophys-
ical properties of the soil. The model and the results have been published
in [102]. Compared to the usual analytical methods [108-111], the GF method
requires a lower level of mathematical complexity for the solution of partial
differential equations. The proposed analytical model is validated with ex-
perimental data and tested for different weather conditions of two locations
(Malaysia and Qatar).
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3.1 Mathematical Modeling

Different thermal boundary conditions are applied to the ground surface (e.g.
short/long wave radiation, convection and conduction through the soil lay-
ers). The ground heat transfer mechanisms are described in Figure 3.1. The
formal solutions of the GF method can be written directly in terms of inte-
grals, which can be calculated using a numerical integration method.

Figure 3.1: Power balance on the soil surface.

The STD depends on the ratio of energy absorbed during the day to energy lost
at night. This is affected by the time-dependent weather conditions and the
thermodynamic properties of the soil. The soil properties like thermal con-
ductivity and heat capacity vary with the temperature and moisture content
[93,105,148]. The time-dependent boundary conditions (e.g. ambient temper-
ature T∞(t ) and solar irradiation G(t )) make the problem inhomogeneous.
Thus, it cannot be solved using the conventional analytical methods, (e.g. the
method of separation of variables).
In the present section, the GF method is applied to obtain a standard solution
for such problems. It also allows considering the soil thermophysical proper-
ties.
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3.1 Mathematical Modeling

The energy conservation equation and boundary conditions are given by
[150] with

ρs(T )C ps(T )
∂T

∂t
= ∂

∂x

[
ks(T )∂T

∂x

]
, (3.1)

the initial condition
T (x, t = 0) = T0 (3.2)

and the following boundary conditions.

For the convective heat flux, the heat transfer coefficient ki can be determined
as

ki
∂T

∂ni

∣∣∣∣
xi

= hconv(T
∣∣

xi
(t )−T∞(t )) , (3.3)

whereas the absorption of solar irradiation is

ki
∂T

∂ni

∣∣∣∣
xi

=αab G(t ) (3.4)

and the long wave-length thermal radiation heat flux is

ki
∂T

∂ni

∣∣∣∣
xi

= εhLWrad(T
∣∣

xi
(t )−Tsky(t )). (3.5)

In the aforementioned description, the shortwave solar irradiation heat flux
G(t ) is obtained from the yearly weather data. For the long wave-length radia-
tion, the heat transfer coefficient is obtained according to Larwa et al. [162]
with hLWrad = 4.83 W/m2K. Surface temperature of the soil Ts is defined at
xi = 0. For the long wave-length heat transfer, Tsky must be calculated. Tsky

usually depends on the ambient temperature T∞ and the dew point tempera-
ture Tdew and can be obtained from the following empirical correlation [156],
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Tsky = T∞
[

0.711+0.0056 Tdew +0.000073 T 2
dew +0.013 cos (0.15 t )

]
1
4 (3.6)

where t is the time since midnight expressed in hours.
In a first step, the homogeneous solution of the problem in terms of GF is
obtained. Then, the problem is made homogeneous by applying an instan-
taneous delta source at location x0 and at time t0. The problem is assumed
to be a one-dimensional semi-infinite problem as the primary heat flux (e.g.
solar irradiation) acts along the vertical direction. Heat losses in a horizontal
direction are assumed to be negligible. The resultant temperature can then
be expressed in terms of a homogeneous solution.
The homogeneous governing equation in terms of a GF can be written as [155]

∂2GF

∂x2
+ 1

α
δ(t − t0) = 1

α

∂GF

∂t
; 0 < x <∞; t > 0 (3.7)

with initial condition

GF (0, t |x́,τ) = 0; GF (∞, t |x́,τ) = 0 · (3.8)

The boundary conditions for convection and radiation on the ground surface
are

ki

∂GF

∂ni

∣∣∣∣
xi

+hconvGF
∣∣

xi
= 0 and

ki

∂GF

∂ni

∣∣∣∣
xi

+hradGF
∣∣

xi
= 0 ·

(3.9)

The solution of the problem on hand is the GF of this boundary value problem:

GF (x, t |x́,τ) = 1

[4πα(t −τ)]
1
2

{
exp

[−(x − x́)2

4α(t −τ)

]
−exp

[−(x + x́)2

4α(t −τ)

]}
, (3.10)

and

∂GF

∂x́

∣∣∣∣
x́

= 0 = x

(4π)
1
2 [α(t −τ)]

3
2

exp

[
x2

4α(t −τ)

]
= x

α(t −τ)
K (x, t −τ). (3.11)
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Here, the particular form of GF for an infinite one-dimensional body, which
is the fundamental heat conduction solution by Cannon [163], K (x − x́, t −τ)
is used. Two different methods can be applied to the STD problem [117-119].
In the first approach, the ground surface temperature can be applied as a
boundary condition. In such cases, it is assumed that the surface temperature
is a result of the power balance on the ground surface. Though this method is
simplified, it requires actual measured data of the soil surface temperatures,
which is not always available.
In the second approach, the surface heat fluxes can be applied as boundary
conditions. The surface heat fluxes are a result of conduction, convection
and radiation. Therefore, the actual weather data (air and dew point tem-
peratures, air velocity, and solar global irradiation) is needed. This method
is more accurate and easier to implement, as the actual climate data can be
utilized. For the present analysis, the spatio-temporal STD was estimated
based on the second approach. The STD can be obtained as a superposition
of all boundary conditions as follows:

T (x, t ) = T0(x, t )+Tconv(x, t )+TLWrad(x́ = 0, t )+TSWrad(x́ = 0, t ) , (3.12)

where the contribution from the initial temperature distribution of the soil is
given by

T0(x, t ) = T0

∫ L

x́=0
[GF (x, t/x́,τ)]τ=0 d x́ . (3.13)

Here, L is the depth of the soil domain where the temperature profile is
obtained. The contribution of the solar irradiation(short wave) is given by

TSWrad(x, t ) =
∫ t

τ=0
αabG(τ)

α(τ)

k(τ)
[G(x, t/x́,τ)]τ=0 dτ , (3.14)

while the contribution of the sky radiation (longwave) is

TLWrad(x, t ) =
∫ t

τ=0
εhLWradTsky(τ)

α(τ)

k(τ)
[GF (x, t/x́,τ)]τ=0 dτ . (3.15)
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Convection is described as

Tconv(x, t ) =
∫ t

τ=0
hconvT∞(τ)

α(τ)

k(τ)
[GF (x, t/x́,τ)]τ=0 dτ . (3.16)

The resulting temperature distribution can be written in terms of initial
conditions, convection and radiation:

T (x, t ) = T0

∫ L

x́=0

[
GF (x, t/x́,τ)

]
τ=0 d x́

+
∫ t

τ=0
αabG(τ)

α(τ)

k(τ)

[
GF (x, t/x́,τ)

]
τ=0 dτ

+
∫ t

τ=0
hconvT∞

α(τ)

k(τ)

[
GF (x, t/x́,τ)

]
τ=0 dτ

−
∫ t

τ=0
hLWradTsky

α(τ)

k(τ)

[
GF (x, t/x́,τ)

]
τ=0 dτ (3.17)

The integral term in the resulting solution can be numerically solved. The
forced convective heat transfer coefficient is difficult to determine accurately
due to fluctuating wind speed values. For this reason, an empirical correlation
proposed by Kumar et al. [159] was used,

hconv = 5.7+3.8 uwind (3.18)

for uwind < 4.88 m/s , and

hconv = 7.2 u0.78
wind (3.19)

for uwind ≥ 4.88 m/s.
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3.2 Experimental Validation

3.2.1 Experimental Setup

To validate the mathematical model, an experiment was conducted to simu-
late a transient soil temperature profile as it can be expected in real soil con-
ditions. The setup consisted of a cylindrical container (0.5 m height), which
was insulated with Armaflex thermal insulation material and 0.4 m of the con-
tainer was filled with soil. Additionally, there was an outer radiation shield
to protect the insulated sidewalls of the soil container from radiation influ-
ences. For the top part of the shield, a polystyrene insulation (EPS) was used,
while for the outer lateral part, extruded Polystyrene was applied. Artificial so-
lar lamps were installed on the upper frame of the test rig. With these lamps,
an irradiation heat flux of up to 800 W/m2 was applied to the soil surface at
the top of the container. This value was measured with a pyranometer. Fig-
ure 3.2 shows a schematic diagram (left) and a photo (right) of the experimen-
tal setup.

Figure 3.2: Schematic experimental setup (left) and photo for the soil cylinder
and the arrangement of the sensors in the experiment (right).
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The wall thickness of the container was 1 cm and the diameter was 41 cm.
Temperature sensors were placed at the cylindrical axis of the container. For
the main experiments, a laboratory thermostat was used to keep the temper-
ature of the sand at the bottom of the container at ≈26◦C constantly.
The tests were conducted as long-term heating with subsequent cooling ex-
periments as is shown in Figure 3.3. Therefore, the lamps were turned on for
eight hours. After that time, the data logger continued recording until the soil
sample had almost completely cooled.

Figure 3.3: Results for long term heating and cooling experiments.

The temperature profile reveals that the temperature fluctuation decreases
strongly with increasing depth. At a depth of 63.50 mm, the maximum tem-
perature was around 8 K lower than that at 36.75 mm. Even though strongly
damped, an increase in the temperature, which is induced by the lamps, is still
measurable at a depth of 143.75 mm. After turning off the lamps, all temper-
atures that were influenced by the lamps decreased, and after a certain time
reached an equilibrium. For the recorded time that value amounts to ≈26◦C,
which corresponds to the set bottom temperature. At a depth of 449 mm, the
curve takes a different shape. This is due to a malfunction of the temperature
sensor at this depth.
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3.2.2 Model Validation

Figures 3.4 (a and b) show the validation of the model by experimental data
at two different time steps. The abscissa represents the soil depth (x) and the
ordinate represents the soil temperature.

Figure 3.4: Comparison between experimental and simulation results after
(a) 1.1 h and (b) 2.1 h test duration.

The soil physical properties used in the validation are tabulated in Table 3.1.

Table 3.1: Soil properties used in the experiment and applied to the model.

Soil Properties Value

Density [kg/m3] 1650

Thermal conductivity [W/mK] 0.585

Heat capacity [kJ/kg K] 0.691

The soil temperature values at the center area (x = 0.2 m) of the sample started
to be stable (close to the lab ambient temperature ≈22◦C), Figure 3.4a. Af-
ter around 2 hours, the temperature profile showed a similar trend as in the
first operation hour. However, the experimentally determined soil tempera-
ture value at the top position of the cylinder (at x = 0) started to increase with
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increasing irradiation time, see Figure 3.4b. This can be attributed to the di-
rect irradiation effect of the solar lamps on the thermocouples (2nd type ther-
mocouple error) [164]. Therefore, T (x = 0) was not considered for the valida-
tion. The experimental temperature data showed some fluctuation in compar-
ison to the model data. Even though there are some minor deviations between
model and experimental results, which can be attributed to sensor calibration
errors, the model shows a good agreement with the measurement data with a
deviation of 4 %.

3.3 Application of the Model

3.3.1 Case Study 1: Tropical Climate (Malaysia)

As a first case study, the STD in a tropical climate (Malaysia) was simu-
lated. The soil properties were obtained by the laboratory facilities at UTP.
Figure 3.5a shows the air and dew point temperature over a year in Ipoh,
Malaysia. There are relatively small seasonal variations. The hourly global so-
lar irradiation plotted over the year as can be seen in Figure 3.5b.

Figure 3.5: Meteorological data for Malaysia, (a) air and dew point tempera-
tures, (b) solar irradiation flux in hourly values.
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The solar irradiation flux fluctuates along the year with a maximum of
900 W/m2 - 950 W/m2. This value is slightly lower than the irradiation in
Qatar. However, in Malaysia, both temperature and solar irradiation are much
more stable due to the tropical climate conditions. Based on the weather
conditions, the soil temperature was plotted at different depths over the time
span of a year. The soil properties used in the model are shown in Table 3.2.

Table 3.2: Soil properties used in the model, Malaysia.

Soil Properties Value (wet,dry)

Density [kg/m3] 1905, 1550

Thermal conductivity [W/mK] 2.2, 0.2

Heat capacity [kJ/kg K] 1.8, 0.640

From the model results, the following observations can be made:
The STD for soil with high thermal conductivity, 2.2 W/mK (high moisture
content 24 %) is fluctuating by 4-5 K at 1 m depth as can be seen in Figure 3.6.

Figure 3.6: Annual STD at 0.01 m and 1 m depth for soil with high moisture
content (24 %) and thermal conductivity 2 W/mK, Malaysia.
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The STD is shown by an envelope function encompassing daily maximum and
minimum temperatures. However, for a depth of 0.01 m, the soil temperature
fluctuates by 13-14 K during the summer season. During the winter season,
the soil temperature fluctuates by 10-11 K.
In Figure 3.7, the annual STD was again plotted. Now, soil with low thermal
conductivity 0.2 W/mK (dry soil), see Table 3.2, was compared to the STD of
the soil with high thermal conductivity 2 W/mK (wet soil) at 1 m depth. The
black lines represent the STD for the dry soil while the red lines represent the
STD for the wet soil.

Figure 3.7: Annual STD at 1 m depth for high (2 W/mK) and low (0.2 W/mK)
soil thermal conductivity, Malaysia.

It can be observed that the average temperature of the soil with low thermal
conductivity 0.2 W/mK (dry soil) is almost constant after 1 m for all time.
Therefore, it can not be distinguished between the two black lines, as the fluc-
tuations are very low. However, the soil temperature fluctuates at the same
depth for soil with high thermal conductivity 2 W/mK (wet soil) what was to
be expected. It can be concluded that both soil properties and weather condi-
tions significantly affect the STD over the year.
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3.3.2 Case Study 2: Semi-desert Climate (Qatar)

For the second case study, the model is applied to investigate the yearly STD
in semi-desert climate conditions, e.g. Qatar. The corresponding weather data
was obtained from the Qatar Environmental and Energy Research Institute
(QEERI) in Doha [8], see Figure 3.8.

Figure 3.8: Meteorological data for Qatar, (a) air and dew point temperatures,
(b) solar irradiation flux in hourly values.

As is shown in Figure 3.8a, the air dry and dew point temperatures are increas-
ing during the summer season. The temperature of the air is maximal during
July and August where it is as high as 45◦C. The dry and dew point temper-
atures are important to estimate the sky temperature. The solar irradiation
(short wave radiation) is shown in Figure 3.8b. It shows hourly values, which
in turn form curves. This is due to the daily and seasonal fluctuation of the
solar irradiation. The yearly ambient temperature and wind velocity are the
input for the convection heat transfer part of the model, see equations (3.3),
(3.18) and (3.19). The irradiation flux and the dew point temperature are nec-
essary to estimate the short/long wave-length radiation gain and losses. The
soil physical properties used in the model are given in Table 3.3.
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Analysis of the Soil Temperature Distribution

Table 3.3: Soil properties used in the model, Qatar.

Soil Properties Value

Density [kg/m3] 1400

Thermal conductivity [W/mK] 0.8

Specific heat [kJ/kg K] 0.820

Figure 3.9a shows the annual simulation of the transient soil temperature at
different depths for Qatar.

Figure 3.9: (a) Annual STD at 0.5 m and 2 m depth (b) STD fluctuation for two
selected days in August, Qatar.
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3.3 Application of the Model

The results are shown by an envelope function, which encompasses daily
maximum and minimum temperatures. The soil temperature fluctuates
significantly (≈ 7 K) near the surface (at 0.5 m) and begins to stabilize (≈ 1 K
fluctuation) at a depth of 2 m in the winter season (from December to Febru-
ary). However, greater depth that may reach 4 m is needed during the summer
season (from May to October). For further clarification, two days of August
were chosen and are presented in Figure 3.9b, to illustrate the results during
the summer period at different depths (0.5 m, 2 m and 4 m), which show soil
temperature fluctuations around ≈ 10 K, 5 K, 1 K respectively.
The model was applied for Malaysia at the same depths (0.5 m and 2 m) which
are previously used for Qatar to compare the annual simulation of the STD for
tropical and desert climates at the same depths as can be seen in Figure 3.10.
In contrast to Qatar, soil temperature fluctuates much less (≈ 1 K) at a depth
of 0.5 m, and it stabilizes (≈ 0 K) at a depth of 2 m throughout the year.

Figure 3.10: Annual STD for Malaysia at 0.5 m and 2 m depths.

From these results, the following observations can be made:

• The depth at which the soil reaches thermal equilibrium depends on the
climate and the thermophysical properties of the soil. Both depend on
the geographic location.

• The soil temperature over the year follows two trends. Firstly, the soil
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temperature increases and decreases over the year according to seasonal
variations. Secondly, the temperature of the soil is also fluctuating in cor-
respondence to daily air temperature and irradiation fluctuations.

• Irradiation heat flux is the main heat transfer mechanism affecting the
soil temperature. This can be inferred from the similarity of the annual
curve trend for solar irradiation and soil temperature (Figures 3.8b and
3.9a).

Under tropical weather conditions, a constant soil temperature can be found
at a depth closer to the surface than under extreme weather locations. There-
fore, the weather conditions and the soil properties should be taken into con-
sideration to evaluate the installation depth of the ground heat exchanger.

3.4 Advantages of the Model

The GF-based method provides a much more straight forward way to solve the
problem considering all weather parameters. Figure 3.11 shows the numerical
solution obtained with ANSYS Fluent for a 7-days STD.

Figure 3.11: CFD solution for the STD problem.
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3.5 Summary

Running this case took a few hours, which means it will need approximately
one week to run an annual case. Using to the GF model, the annual case needs
much less time to get the results. A comparison of the computational time
needed for an annual run is displayed for standard numerical solutions (ob-
tained with ANSYS Fluent and COMSOL Multiphysics) and the GF solution in
Figure 3.12. It can be seen that the presented GF model is more efficient as
it can solve for the particular point of interest, while the numerical models
require meshing and have to reach steady state conditions. Considering com-
putational time, the GF model is a hundred times faster than the numerical
models.

Figure 3.12: Computational time for the GF analytical model in comparison
to numerical solutions (ANSYS and COMSOL).

3.5 Summary

In the present study, a Green’s function method (GF) is presented to solve the
soil temperature distribution (STD) problem. From real-time meteorological
data sets, the model can estimate the daily and annual STD at different depths.
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The model is also allowing for time-dependent thermophysical soil proper-
ties, e.g. due to varying moisture content.
The modeled soil temperature (in◦C) was compared with the experimentally
determined values and showed a deviation of only 4 %. It was found that the
soil temperature is almost constant close to the surface under tropical weather
conditions in contrast to desert weather conditions, where a depth of ≈ 4 m is
required. The depth at which the soil temperature starts to stabilize also de-
pends on the soil thermal properties (moisture content, thermal conductiv-
ity and heat capacity). The significant advantage of the presented analytical
model is the computational cost, which is a hundred times lower than that of
numerical models. The obtained soil temperature is an input parameter to the
PV/T-GSHEX model.
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4 Modeling of the PV/T-GSHEX System

In the present chapter, a mathematical model of the PV/T-GSHEX system is
presented. The model was built up using the MATLAB/Simulink platform to
investigate the diurnal and nocturnal performance of the PV/T-GSHEX sys-
tem for different weather and operational conditions. The model and the re-
sults were published in [102,103]. Two real-time weather data sets were ap-
plied: firstly, tropical climate as in Malaysia and secondly, semi-desert climate
as in Qatar. The mathematical model was experimentally validated with the
outdoor experiment results, which were presented in Chapter 2. Then, a para-
metric analysis on the PV/T-GSHEX system was performed.

4.1 Development of the Mathematical Model

As a reference, an individual PV panel and the integrated PV/T-GSHEX sys-
tems were modeled. The model was based on the actual size and parameters
of the PV/T-GSHEX in the experimental setup. The layout of the PV/T-GSHEX
system and the incorporated heat fluxes are shown in Figure 4.1. The PV/T
was modeled as a compound consisting of several layers including: glass,
EVA foil (an Ethylene Vinyl Acetate film used to encapsulate the PV cells), PV
cells, Tedlar foil (a composite layer film used as water-vapor tight cover on
the back of the encapsulated PV cells), and a water layer as a heat transfer
fluid. The water is flowing inside an aluminum pocket, which was connected
to the backside of the PV panel. The aluminum water pocket was filled with
a porous material to improve the heat transfer and it was insulated from the
backside to reduce the heat losses from the water pocket to the environment.
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Figure 4.1: Layout of the PV/T layers and heat flow through the PV/T-GSHEX
system.

For Malaysia, the GSHEX was installed at a depth of 0.8 m. Taking into ac-
count the results from the STD model (see section 3.3), the temperature of the
soil around the pipe at this depth was assumed to be constant.
According to the experimental results, the highest temperature difference be-
tween the water and the ambient air was obtained. Then, the value of the heat
conduction through the insulation layer was calculated and compared to the
value of the maximum heat load inside the water pocket. The ratio of these two
values was small ≈ 0.36 %. Therefore, the small temperature gradient through
the insulation layer can be neglected.
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4.1 Development of the Mathematical Model

Modeling Assumptions:

The assumptions used to simplify the mathematical model are as follows:

1. The thermal properties of materials are independent of temperature.

2. The fluid properties are calculated from the previous iteration as a func-
tion of the fluid temperature.

3. The PV and PV/T panels are assumed to be clean.

4. At all given weather conditions, the PV and PV/T panels operate at their
maximum power point (MPP).

Modeling the PV Panel

A PV panel is composed of many electrically connected solar cells. The solar
cells are connected in a specific configuration, where the number of solar cells
consists of the number of cells connected in series to a cell string multiplied
with the number of strings. The I -V curve of the PV panel is given by the
superposition of the PV cells’ diode curves generated by the incident solar
irradiation. The power can be calculated from the I −V equation, e.g. Duffie
et al. [32],

P =

Ipvn − I0 ·

exp


(V + I ·Rs)

Vt

Ns

a

−1

− V + I ·Rs

Rp

 ·V · (4.1)

where Ipvn, Io, Rs, Rp, Vt and a are nominal light-generated current, diode
saturation current (nominal), series resistance, parallel resistance, thermal
junction voltage (nominal) and diode constant, respectively. As a result, the
electrical efficiency can be obtained by

ηe = P

APV G
· (4.2)
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Where, APV and G are the surface area of the PV panel and the global solar
irradiation respectively.

4.2 Modeling of the PV/T System:

Modeling of the PV/T panel include the electrical properties and the heat
transfer within the PV/T module including the PV panel, the backside cooling
pocket and the GSHEX. The thermal model evaluates thermal parameters
such as the PV surface temperature TPV, mean water temperature in the
pocket Tw,mean, and thermal gain Q̇gain. The thermal simulation of the PV/T
is based on [41, 55, 56]. The net thermal gain can be obtained as a result of
the absorbed solar irradiation by the PV cells Q̇PV, the convective heat losses
Q̇conv, the long wave heat losses Q̇LWrad and the electrical power P as the
following,

Q̇gain = Q̇PV −Q̇conv −Q̇LWrad −P · (4.3)

The input variables to the simulation (which are used in the validation) are
the measured values in the experiment, including the global irradiance G ,
water mass flow rate ṁw ambient temperature T∞ and wind velocity uwind.
For the annual run and parametric study, these variables are taken from the
weather data.
The incident solar irradiation on the PV module is transmitted through the
PV glass cover. Part of it is absorbed by the glass. The remaining radiation is
transmitted to the PV cell, where it is partially absorbed. Reflection on the
glass and the solar cell, as well as absorption and reflection on the front EVA
layer were negligible as the refractive index is similar and the EVA layer is very
thin [56]. With this assumption, the solar irradiation absorbed by the PV cells,
Q̇PV is:

Q̇PV = APV G (αabτglass). (4.4)

Part of the absorbed solar irradiation is converted into electrical power P .
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4.2 Modeling of the PV/T System:

Since the temperature of the glass cover is higher than the ambient tempera-
ture for G > 0, re-emission is occurring. Equation (4.5) describes the radiative
heat transfer between the sky at a temperature Tsky and the glass surface at a
temperature Tglass.

Q̇LWrad =σ εglass APV (T 4
PV −T 4

glass). (4.5)

Tsky can be predicted by the correlation listed in Duffie et al. [157],

Tsky = T∞ (0.711+0.0056 Tdew +0.000073 T 2
dew +0.013 cos(15 t ))1/4. (4.6)

Where t is the hour of the day, after midnight. According to Spinnler et
al. [165], this correlation gives accurate results.
The expressions for calculating the PV temperature TPV, backside temperature
Tbs and the mean water temperature Tw,mean are obtained from the energy
balance [41,56] given by equations (4.7), (4.8) and (4.10), respectively.
TPV,mean is calculated by

TPV,mean =
(αabτ)+UTT∞+Tbs

Ut +UT
, (4.7)

where UT and Ut are the overall heat transfer coefficient from Tedlar to water
and from cell to ambient through glass respectively.
Tbs is calculated by

Tbs =
(αabτ)G +UTT∞+hwTw

Ut +hw
, (4.8)

where hw is the convective heat transfer between water in the pocket and the
module backside plate. The conductive resistance from the cell back side to
the flowing water in the pocket, through the Tedlar foil, UT is given by:

UT =
1

LAl

kAl
+ LT

kT

(4.9)
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where, LAl is the thickness (1 × 10−3 m) and kAl is the thermal conductivity
of aluminum (236 W/mK). LT and kT are the Tedlar thickness and thermal
conductivity (0.38 m × 10−3 and 0.24 W/mK) respectively.
The mean water temperature, Tw,mean in the pocket is predicted using equa-
tion (4.10),

Tw,mean =
(

T∞+ (αabτ) G

Uglass,T

)
1−exp


1−

( −FUglass,T APV

ṁC p

)
APVUglass,T/ṁC p





+Tw


1−

( −FUglass,T APV

ṁC p

)
Uglass,T APV/ṁC p

 , (4.10)

where Uglass,T is the overall heat transfer coefficient from glass to Tedlar
through the cell installation [41].
The convective heat transfer coefficient hwind between the glass surface and
the ambient due to wind can be estimated by a correlation recommended by
Geoola et al. [35],

hwind =
0.86 ·ρa ·C pa ·uwind√

(uwind ·2 · APV ·
ρa

µa
)

· (4.11)

The values of the wind speed, uwind are adopted from the experimental
measurements and from the annual weather data and used as an input to the
validation and the annual simulation. Then, the heat loss from the PV surface
to the ambient, by forced convection, Q̇conv is:

Q̇conv = APV hwind(TPV,mean −T∞) · (4.12)
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4.3 Ground Soil Heat Exchanger (GSHEX)

The thermal simulation of the water pocket, which is similar to a heat ex-
changer, is carried out considering the porous filling material. The heat
exchange between the PV backside and the water pocket Q̇w is given in
equation 4.13:

Q̇w = APV hw(Tw,mean −TPV,mean) · (4.13)

Where, hw is the convective heat transfer coefficient of the water inside the
pocket as a function of the Nusselt number (Nu).

hw = Nu kw

dh
, (4.14)

where dh is the hydraulic diameter of the water pocket. Nu for water
flow through a porous material, as a function of Re, is suggested by
Dukhan et al. [147], as

Nu = 5.91Re0.53 , (4.15)

where

Re = uwdhρw

µw
· (4.16)

TPV,mean and Tw,mean can be determined from equations (4.7) and (4.10), re-
spectively.

4.3 Ground Soil Heat Exchanger (GSHEX)

On a daily basis, the heat flux from the soil to the HEX q̇s-HEX is negative dur-
ing the day time (charging) and positive during the night time (discharging).
On an annual basis, generally it is negative during the summer season and
positive during the winter season. The soil heat flux is calculated as
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q̇s-HEX = hw(Ts −Tw,mean) = 1

Acoil
ṁw C pw(Tw,out −Tw,in) . (4.17)

Where Tw,out and Tw,in are the water inlet and outlet temperatures of the heat
exchanger and hw is the reciprocal of the total thermal resistance between the
water in the heat exchanger coil and the soil, Rw,

hw = 1

Rw
· (4.18)

With the assumption that Tw,mean = (Tw,out +Tw,in)/2, equation (4.17) permits
the prediction of the water outlet temperature from the GSHEX, as

Tw,out =
1

ṁw C pw + 1

2Rw

·
[

Ts

( 1

Rw

)
−Tw,in

( 1

2Rw
−ṁw C pw

)]
. (4.19)

4.4 Results and Discussion

In the present section, the results of the simulation are discussed. The simula-
tion was performed to investigate diurnal cooling and nocturnal dew mitiga-
tion on the solar glass surface by the PV/T-GSHEX system. In the first subsec-
tion, the model is validated with the outdoor experimental data. In the second
subsection, the annual performance of the proposed system is investigated.
Therefore, a parametric analysis for different sets of weather data for different
locations and different soil types is performed.

4.4.1 Validation of the PV/T-GSHEX Model

In order to validate the developed mathematical simulation model, the pre-
dicted panel temperatures were compared to the measured temperatures, as
shown in Figure 4.2, where (a) is the day time and (b) is the night time.
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Figure 4.2: Validation of the PV/T-GSHEX model by comparison of measured
and simulated surface temperatures of: (a) daytime and (b) night-
time.

Compared to the measurement values, the maximum relative error for the
simulated temperature is 5.7 % for the conventional PV and 4.5 % for the PV/T
in terms of ◦C. The simulation slightly overestimates the PV surface tempera-
ture, with a mean relative error of 2.6 %. On the other hand, the simulation is
underestimating the PV/T surface temperature with a mean relative error of
3.2 %. This is due to neglecting natural convection at the rear side of the PV/T
panel, which also slightly influences the calculated surface temperatures.
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However, in general, the margin of error is acceptable and thus the simulation
model is considered to be of sufficient accuracy for the further considerations.

4.4.2 Weather Scenarios with Dew Formation Propensity

The simulation was conducted using weather data collected from the Solar
Research Site at UTP and from Doha, Qatar. Figure 4.3 shows the calculated
yearly temperature differences between the conventional PV modules’ surface
temperature TPV and the dew point temperature Tdew for both locations.
Since the condensation occurs when the PV surface temperature is lower than
the dew point temperature, the negative values of the temperature difference
(TPV - Tdew) in Figure 4.3 are representing the conditions favorable for the on-
set of condensation. These are the values below the horizontal red line.

Figure 4.3: Hourly simulated conventional PV surface and dew point temper-
ature difference.

It can be seen that the probability of daily occurance of condensation is higher
in Malaysia (≈ 1500 hours) than in Qatar (≈ 500 hours) due to more nights with
Tdew > TPV.
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4.4.3 Annual Prediction of PV and PV/T Temperatures

Annual simulation results of the PV and the PV/T temperatures for both lo-
cations (Malaysia and Qatar) are shown in Figures 4.4 and 4.5, respectively.
The results in Figure 4.4 show a good performance of the proposed PV/T-
GSHEX system for Malaysia’s weather conditions. The PV cells are protected
from overheating by reducing the diurnal PV/T surface temperature. Looking
at the noontime behavior throughout the year, a maximum reduction of sur-
face temperature by up to 15 K can be achieved by the PV/T-GSHEX system.

Figure 4.4: Annual simulated PV and PV/T surface temperatures for Malaysia.

However, the results show that the PV/T surface temperature becomes higher
than the PV temperature in some hours in the second half of the year. The
reason could be attributed to the higher temperature of the soil than the tem-
perature of the ambient air due to storage effects. It could be also due to fluc-
tuating cloud index, which makes the GSHEX operate as a heating instead of
a cooling system. This counterproductive behavior is even more distinct in
the annual results of Qatar during some early days in November and Decem-
ber. Figure 4.5 shows the annual performance of the PV/T-GSHEX system for
Qatar’s weather conditions.
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Nevertheless, as the ambient temperature is low at this time of the year,
the PV/T temperature will not exceed 35◦C, which is in the range of the
NOCT ≈ 47◦C. Therefore, the performance of the system will not be severely
affected.

Figure 4.5: Annual simulated PV and PV/T surface temperatures for Qatar.

Interestingly, sometimes, the GSHEX cools the PV/T solar panel below the dew
point temperature. Having analyzed this behavior, a controlled water flow rate
in the system is strongly recommended.

4.4.4 PV Performance Enhancement

Diurnal Temperature Management

Surface temperature results from simulation and measurement are presented
in Figures 4.2a, 4.4 and 4.5 for both PV and PV/T modules. The results show a
good performance for the cooling effect with a surface temperature difference
of 4T ≈ 11 K during the day between PV and PV/T.
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Nocturnal Condensation Management

During the condensation period, 3:30 AM to around 7:30 AM, the proposed
system demonstrates its ability to retain the PV/T panel surface temperature
2-5 K above the dew point temperature. This temperature difference is suf-
ficient to prevent dew formation. In contrast, the PV surface temperature is
lower than the dew point temperature over the same period of time. Hence,
water vapor from the air is likely to condense on the surface of the conven-
tional PV panel. This was already presented in Figures 4.2b, 4.4 and 4.5.
The system can reduce the annual overheating hours of the PV panel by
≈ 98 %, which enhances the system performance by ≈ 10 %-11 %. The sys-
tem can also reduce the annual condensation hours by 93 %, which avoids
solar glass transmittance losses that can be as high as 35 % [28]. The num-
ber of hours of overheating and condensation will be shown in section 4.4.4.
The secondary enhancement is to reduce the degradation of the PV panel and
increase its lifespan, which can not be quantified in the present study.

4.4.5 Meteorological Parameter Analysis

The PV/T-GSHEX performance is examined for different cases; in every case,
one of the weather parameters is changed while the other parameters remain
constant.

Effect of Wind Speed

Figure 4.6 shows the effect of wind velocity on the PV/T-GSHEX panel surface
temperature. When the wind velocity is increasing from 2 to 12 m/s, PV glass
temperature is cooling down from 31.6◦C to 28.7◦C during the day and from
19.6◦C to 19.2◦C during the night. For every 4 m/s rise in wind velocity, the PV
glass temperature is reduced by 1.2 K during daytime.
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Figure 4.6: Simulated PV/T surface temperature for different wind velocities.

For every 4 m/s rise in wind velocity, the glass temperature is reduced by 0.3 K
during the night-time. This indicates that the influence of the wind velocity
is limited and the effect of longwave radiative cooling is dominating the PV
temperature during this time.

Effect of Ambient Temperature

In Figure 4.7, the effect of ambient air temperature T∞ on the system surface
temperature is presented.

Figure 4.7: Simulated PV/T surface temperature for different ambient tem-
peratures.
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For air temperatures increasing from 8◦C to 48◦C, the nocturnal glass surface
temperature Tglass, is increasing from 15.7◦C to 31.8◦C and the PV glass tem-
perature increasing from 28.4◦C to 44.6◦C. For every 10 K rise in T∞, Tglass in-
creases by 4 K. This increment in the PV glass surface temperature is due to
the heat exchange of the glass with the surroundings through convection as
well as radiation from and to the atmosphere with Tsky = f (T∞) [82].

Effect of Dust Layers

A layer of dust was added to the surface of the PV glass to investigate the effect
of soiling glass on the PV surface temperature. The thickness of the dust is as-
sumed as 1 mm with thermal conductivity 0.2 W/mK, and emissivity 0.8 [76].
The results indicate that the temperature of the PV surface is slightly higher
than that of the clean PV panel by maximum increment 0.9 K during the day
as can be shown in Figure 4.8. This increment is due to conductive thermal
resistance of the dust layer and the lower longwave radiation with ε ≈ 0.8 in
comparison to that of the clean glass ε ≈ 0.95. This indicates that the PV/T-
GSHEX can also sufficiently work under the soiling conditions and no addi-
tional heat storage is needed to prevent the condensation.

Figure 4.8: Simulated PV/T surface temperature for soild and clean glass.
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In the present study, the effect of the soiling glass on the condensation will be
later experimentally investigated.

Effect of the Ground Temperature

The effect of the ground soil temperature on the PV/T-GSHEX performance is
an important parameter that thoroughly needs to be investigated. The model
was run for different ground temperatures to predict the annual number of
hours, when the occurrence of condensation (TPV/T < Tdew) or overheating
(TPV/T > TPV) is likely. Figure 4.9 shows the number of condensation and over-
heating hours on the PV/T surface for different ground temperatures at the
location of Qatar.

Figure 4.9: Number of condensation/overheating hours for the annually sim-
ulated PV/T surface temperature.

It can be shown that increasing the soil temperature is decreasing the number
of hours for the condensation phenomena and vice versa for the overheating
phenomena. However, for the two locations (Qatar and Malaysia) this was just
a few hours over the whole year, which occurred at times that are not charac-
terized by dusty winds.
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Effect of Different Depths

Soil temperature close to the ground surface is more susceptible to weather
conditions. Soil temperature is fluctuating seasonally and daily due to solar ra-
diation energy changes and other weather conditions on the ground surface.
In Qatar, when the GSHEX system is placed at a depth of 1 m, the tempera-
ture difference between the water entering the GSHEX and the soil is less than
the temperature difference between the soil and the same GSHEX placed at
a depth of 4 m (far from the external weather influences). Therefore, the heat
exchange between the PV panel and the water will be less at 1 m.
Figure 4.10 shows the annual average temperature of the traditional PV panel
in comparison to the PV/T surface temperature integrated into a GSHEX at
1 m and 4 m.

Figure 4.10: Annual PV and PV/T-GSHEX average surface temperatures at 1 m
and 4 m depth for Qatar.

The results show an increase in the surface temperature of the PV/T-GSHEX
system at a depth of 1 m (around 6 K) in comparison to a depth of 4 m during
the periods which are characterized by high air temperatures. On the contrary,
it decreases around 2 K during the cold periods when the PV panels are more
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susceptible to the condensation phenomenon.
Although the cooling and heating processes are better at a depth of 4 m, 1 m
is sufficient to mitigate diurnal overheating and nocturnal condensation ac-
cording to the application required. Therefore, placing the GSHEX at 1 m
depth will be economically preferable in order to reduce the cost of the in-
stallation process.

4.5 Summary

The PV/T-GSHEX model was built up in a Matlab/Simulink environment to
simulate the PV cell temperatures in the novel PV/T-GSHEX system compared
to cell temperatures in a conventional PV panel. The model results were in
good agreement with experiments. The results show that the PV/T-GSHEX
system can significantly reduce the overheating and the condensation prob-
lems in the two chosen locations (Qatar and Malaysia), which enhances the
performance by around 10 % - 11 %. The meteorological parameter analysis
shows that the soil temperature and the radiation are dominant parameters
for the system performance. The cooling and heating process were less at a
depth close to ground surface (1 m) compared to a depth of 4 m. However, if
the PV/T-GSHEX is used for an application which doesn’t require a high cool-
ing and heating load, installing the system at a lower depth is economically
preferable due to the low installation costs.
To evaluate the assumption of clean PV glass in the mathematical model
of the PV/T-GSHEX system, the effect of the dust layer on the onset time of
condensation will be studied in the next chapter. The results will indicate
whether the dust will accelerate the onset of condensation or the clean glass
assumption is the worst case.
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5 Experimental and Theoretical
Investigations on Condensation

The onset of condensation is a critical parameter affected by the heat trans-
fer process between the GSHEX and the PV/T panel. The results of the PV/T-
GSHEX model were obtained under the assumption that the surface of the
PV glass is clean. In order to make the model more realistic, the worst case of
PV glass covered with a layer of soil dust should be considered. In the present
chapter, an experimental and mathematical study is presented to study the ef-
fect of environmental parameters such as the air velocity and the presence of
a micro-dust layer on the onset of condensation. The purpose of the present
work is to investigate how the dust layer influences the onset time of conden-
sation and the droplet growth on the glass surface. The first case (clean glass)
will indicate if the assumption of clean glass, which was applied in the PV/T-
GSHEX model, is the worst case or if dust layers will accelerate the onset of
condensation.

5.1 Experimental Investigation

The aim of the experiments was to quantify the condensate droplet growth
under various PV glass surface conditions, which were artificially created in a
laboratory facility at University Technology Petronas (UTP). These conditions
comprised clean solar glass substrate, and solar glass substrate covered with
different thicknesses of dust layer. The glass was subjected to different condi-
tions (air velocity and dust layer thickness) to study the time-dependent de-
velopment of droplets. The condensed droplets and the mud layer on the glass
were visualized using optical microscopy connected to a high-speed camera
(HSC) with adjustable lenses.
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Experimental Setup

A schematic set-up of the system is shown in Figure 5.1. Air was supplied
through a rectangular polycarbonate duct (110 mm × 110 mm) by a fan. The
fan was adjusted to provide different air-flow velocities in the air duct. The
duct was designed to enable ideal measurement accessibility, defined air flow
velocity, and an adjustable surface temperature of the glass surface.

Figure 5.1: Schematic of the test rig and data acquisition system.

A test glass plate (60 mm × 60 mm × 2 mm) is embedded into the wall of the
duct. To achieve condensation, it is cooled to temperatures lower than the dew
point temperature of the air in the duct. Cooling of the glass plate is achieved
using a cooling container filled with water as a coolant. The water temperature
was controlled by a thermostat and circulated by a water pump through pipes
to the glass plate’s rear water jacket.This way, the temperature of the glass plate
is kept constant during the condensation test phase. The minimum temper-
ature was 4◦C, which was applied for the condensation phase. A maximum
temperature of 18◦C was applied to dry the glass plate after every test.
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5.1 Experimental Investigation

The whole system was located in a controlled climate chamber to ensure a
constant environmental temperature and humidity.

High Speed Camera (HSC)

The High Speed Camera (HSC, Fast Cam Phantom Miro Digital Camera M310)
with frame rates of 80-160 fps was used in the experiment to obtain infor-
mation on the time-dependent droplet diameter and the dynamic droplet
growth. The camera was mounted to a rail, to allow a precise variation of
the camera distance. A zoom option was provided by a Sony S58 lens. The
condensed droplets and mud layers on the glass were visualized using a
long-distance microscope (type K2 DistaMax) connected to the HSC with ad-
justable lenses. The system produced a two-dimensional image of the wa-
ter droplet. Images were acquired at 150 fps with a resolution of 1280 × 720
dpi. A PALLITE-VIII industrial floodlight was used to provide lighting of the
test specimen. It was placed behind the glass plate. The camera and the light
source were positioned on the same axis.

Digital Image Processing

Digital image processing techniques have been widely used in the study of
condensation phenomena. Their main purpose is the detection of droplet
boundaries particularly from the edges of the droplets, which are difficult to
observe due to a low contrast ratio. In the present investigation, an image pro-
cessing tool, Motic Image Plus 2.0 ML was used to analyze the images and to
acquire the droplet number and equivalent droplet diameter deq. In order to
determine the equivalent droplet diameter deq with acceptable accuracy, the
droplet diameter was measured in four directions and the average was con-
sidered.
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Data Acquisition

The values of air velocity were chosen as ∼ 0 m/s (near-free-convection),
1.63 m/s, and 8.58 m/s, while the thickness of the micro-dust layer was cho-
sen as 0 µm, 30 µm and 56 µm. In the first set of experiments, a HSC was used
to record a video for the droplets produced on the substrate for various air ve-
locities. For each air flow condition, video acquisition started after setting the
substrate and air temperatures, and both air velocity and temperatures had
reached a steady state. This process was repeated for different air flow veloc-
ities and dust layer thicknesses. The dust layer was applied by adding sand
dust to a 60 mm × 60 mm glass plate. This was done by sieving an amount
of soil with a very fine sieve from a distance perpendicular to the glass plate.
The dust layer thickness was determined from the weighted dust quantity as-
suming constant dust layer thickness. The statistical nature of the overall pro-
cess, involving the multiple generation of droplets on the substrate at different
stages, is clearly visible under the camera. A time series for this droplet pattern
is illustrated for each average dust layer thickness and air velocity. The bound-
ary conditions for the experiments are given in Table 5.1.

Table 5.1: Selected boundary conditions for the experimental investigations.

Air velocity [m/s] 0 1.63 2.76 8.58

Dust layer thickness [µm] 0 30 56

Air Temperature [◦C] 22.4

Humidity [%] 57.3

Substrate Temperature [◦C] 11.8

Dew point temperature [◦C] 12.7
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Conventional measurement instruments were used (the same measurement
devices used in the experiments mentioned in chapter two) to capture the am-
bient air temperature (T∞), humidity (RH) and velocity (u∞) as well as the sub-
strate temperature (Ts). All air conditions were measured at the outlet of the
duct.

5.2 Mathematical Analysis

The mathematical model is based on individual droplet growth governed by
convection and diffusion, therefore it can estimate droplet growth prior to co-
alescence. The model will be applied as a parametric study tool to estimate
the time to the onset of condensation and the droplet growth rate for different
air flow conditions.

5.2.1 Droplet Growth Under Free Convection

In this case, the PV panels run under free convection conditions, where
the airflow rate is assumed to be negligible. To simulate this condition, the
experiment was performed in the duct with no airflow, further considered
as free convection environment. In such conditions, the droplet grows due
to diffusion of water vapor from the ambient air to the droplet at saturation
vapor pressure [132-136]. The water vapor diffusion rate from the air to the
droplet can be expressed as

dm

d t
= 4πr D(ρ∞−ρsat) , (5.1)

where D is the mass diffusion coefficient from the air to the droplet and ρ∞,
ρsat are the ambient air density and saturated air density respectively.
Here, the air velocity is almost zero, and the convection heat transfer rate
from droplet to ambient air is negligible. In such a case, heat transfer between
the droplet surface and the ambient is dominated by conduction [157], and
the heat flow can be written as
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dQ

d t
=−4πr k(T∞−Tsat) · (5.2)

The amount of heat released by the condensation rate of water vapor in the
air has to be dissipated by heat conduction from the droplet. Compared to the
latent heat of condensation, the heat capacity of the droplet is much smaller,
and it can be ignored [37,38]. Thus, the power balance equation is:

Lc
dm

d t
= dQ

d t
· (5.3)

From equations (5.1)-(5.3), equation (5.4) can be obtained,

Lc D(ρ∞−ρsat) = k(T∞−Tsat) , (5.4)

where k and Lc are the thermal conductivity and the latent heat of con-
densation respectively. Here, the vapor temperature Tsat and density ρsat

are unknown. However, in equation (5.4), (T∞−Tsat) can be assumed small,
as the temperature of the growing droplet is in proximity to the ambient
temperature [138]. The vapor density at saturation relates to the saturation
vapor pressure psat over a droplet and can be described by:

ρsat = psat(r )

RTsat(r )
, (5.5)

where R is the ideal gas constant. However, the saturation vapor pressure over
a droplet can be obtained from the Clausius-Clapeyron equation

d ln(psat)

dT
= Lc

RT 2
· (5.6)

Expanding the exponential term of psat in equation (5.6), and using equations
(5.1) to (5.5), the expression for the droplet growth dm

d t can be obtained as:
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dm

d t
= 4πr (S −1)

L2
c

k R T 2∞ fT
+ 1

ρsat D fρ

· (5.7)

Here, S is the ambient saturation ratio and can be defined as S = p∞
psat

, where p∞
is the ambient pressure. fT and fρ are normalization factors for temperature
difference and density difference respectively [157].
The Maxwell diffusion equation can also be used, leading to

dm

d t
= ρ04πr 2 dr

d t
· (5.8)

The growth rate can be derived as shown by Fukuta and Walter [157]

r
dr

d t
= S − (1+B)−1 A

L2
c ρ0

kRT 2∞ fT
(1+B)−1 A+ ρ0RT∞

p0D fρ

, (5.9)

where ρ0 is the density of the liquid phase, β is the condensation coefficient
and parameters A and B are constants [157].
As the droplet grows into a relatively large size due to more condensation,
equation (5.9) can be simplified to [157]

r
dr

d t
= S −1

L2
c ρ0

RT 2∞k
− Lc ρ0

kT∞
+ ρ0RT∞

Dh(T )

· (5.10)

This equation can be solved analytically to obtain the time-dependent droplet

growth
dr

d t
.
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5.2.2 Droplet Growth Under Forced Convection

Droplet growth under forced convective flow conditions is governed by
advection-diffusion factors, as shown in Figure 5.2. The diffusion of water
vapor towards the droplet would increase the droplet size. However, mass
transfer towards the environment can also take place due to the flow itself,
which can inhibit the droplet growth [136].

Figure 5.2: The condensate droplet under airflow conditions subjected to
convective heat and mass transfer.

The mass transfer correlation is governed by the Sherwood number,

Sh = (hmr )/D0 (5.11)

where D0 is the mass diffusion coefficient from the droplet to the air and hm

is the convective mass transfer coefficient. In this case, equation (5.1) can be
rewritten as

dm

d t
= 4πr D(ρ∞−ρs)−4πr D0(ρ∞−ρs)

= 4πr (D −D0)(ρ∞−ρs) ·
(5.12)

Therefore, in comparison to equation (5.1) the droplet growth is smaller under
convective flow conditions.
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The equation for the Sherwood number of a single droplet can also be ex-
pressed by [148]:

Sh = 2+0.552Re0.5 Sc0.33 · (5.13)

Then, D0 can be obtained from the equations (5.11) and (5.13). Here, the
Reynolds number is [148]

Re = (ρu∞L)/µ , (5.14)

and the Schmidt number is

Sc =µ/(ρD0) · (5.15)

Under free convection conditions, the latent heat of vaporization is trans-
ferred by conduction. Under forced convection, the latent heat of vaporization
is transferred by both conduction and convection as can be shown in the
following expression:

dQ

d t
= 4πr 2h∞(Tr −T∞)−4πr k(Tr −T∞)

= 4πr (r h∞−k)(Tr −T∞) ·
(5.16)

The heat release dQ/dt in equation (5.16) is equivalent to the latent heat of
vaporization. Therefore,

dQ

d t
= Lc

dm

d t
,

4πr (r h∞−k)(Tr −T∞) = Lc 4πr (D −D0)(ρ∞−ρsat) ,

(ρ∞−ρsat)

(Tr −T∞)
= (r h∞−k)

Lc(D −D0)
·

(5.17)
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The equilibrium pressure over a droplet can be written as

psat(r ) = ρsatR Tsat(r ) · (5.18)

Accordingly, the droplet growth can be obtained from the following equation
[157]:

r
dr

d t
= S −1

Lc
2ρ0

RT 2∞k
− Lcρ0

(r h∞−k)T∞
+ ρ0RT∞

(D −D0)h(T )

· (5.19)

Generally, at an early stage of condensation, the droplet radii are very
small (r ≈ 0), therefore, r h∞ ¿ k. Thus, equation (5.19) can be reduced to

r
dr

d t
= S −1

Lc
2ρ0

RT 2∞k
+ Lcρ0

kT∞
+ ρ0RT∞

(D −D0)h(T )

· (5.20)

Here, the value of D0 is updated at each time step. The initial value of
D0 is obtained from the Sherwood number and equation (5.11).
To solve equation (5.20) the following boundary conditions can be applied:
t → t0, r → 0 and t → t1, r → r1 .
By applying the above mentioned conditions, equation (5.19) can be inte-
grated to obtain an estimation of the onset time of condensation

t0 = t1 −
r 2

1

2C1
· (5.21)
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Here, C1 at t → t1 is

C1 =
S −1

Lc
2ρ0

RT 2∞k
+ Lcρ0

kT∞
+ ρ0RT∞

(D −D0)h(T )

· (5.22)

5.3 Results and Discussion

The equivalent droplet diameter deq was assumed to be a critical indicator
of droplet growth. The high-speed camera captured real-time images of the
droplet’s geometric shapes as can be seen in Figure 5.3. Images were prepared
for the next step where these parameters were quantified by a statistical
analysis, such as the droplet-filled area A and the equivalent diameter deq.
Here, the number of droplets and the deq were obtained by using the Motic
Image Plus 2.0 ML software. The original size of the image obtained from
the video camera is 1280 × 720 pixels. The visualization area is reduced to
1013 × 635 pixels or 12 mm × 6 mm to avoid any unwanted influence of
temperature gradients on the edges of the substrate. A range of different
droplet patterns and diameters was observed as can be seen in Figure 5.3.
The equivalent droplet diameter (deq) followed a statistical variation. The
observed range of deq = 0.098 mm - 3.178 mm is due to droplet coalescence.
Coalescence eventually leads to film formation on the surface. However, at
the initial stage of condensation, the coalescence rate is very low. As the focus
was on the determination of the onset of condensation, in the mathematical
model, coalescence was neglected.
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Figure 5.3: Microscopic condensation images for clean glass (δ = 0 µm) and
free convection (u∞ = 0 m/s).

The model requires an initial approximation of the droplet diameter, there-
fore it is difficult to accurately predict the onset time of condensation. As a
reference diameter for the onset of condensation, deq ≈ 0.19 mm was defined.
This droplet radius is the lowest diameter that can be measured by the
equipment used in the experiment. A series of microscopic images of droplet
growth for different micro-dust layers and under different air velocities are
shown in Figures 5.3 - 5.6.
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Figure 5.4: Microscopic condensation images for clean glass (δ = 0 µm) and
forced convection (u∞ = 8.58 m/s).

In Figures 5.3 and 5.4 the microscopic images of the droplet growth under
natural convection and forced convection (u∞ = 8.58 m/s) on a clean glass
surface (dust layer δ = 0) are presented as a baseline case. In comparison
to that, Figures 5.5 and 5.6 show droplet growth phenomena for an airflow
velocity of u∞ = 8.58 m/s and two different average thicknesses of dust-layer
(δ = 30 µm and 56 µm). During the early stage in every test, the droplet
grows by mass diffusion from the environment and with minor coalescence.
Without external disturbances or any impurity content, on a clean surface,
the profile of the droplet growth can clearly be captured, see Figure 5.3. This
observation is consistent with literature [137].
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Figure 5.5: Microscopic condensation images for glass with dust layer thick-
ness (δ = 30 µm) under forced convection (u∞ = 8.58 m/s).

84



5.3 Results and Discussion

Figure 5.6: Microscopic condensation images for glass with dust layer thick-
ness (δ = 56 µm) under forced convection (u∞ = 8.58 m/s).

Under the present laboratory conditions, the presence of a micro-dust layer
acts as a thermal resistance between the solid surface and the air. This affects
the droplet’s morphological and growth properties [130,131]. The micro-dust
layer can slightly increase the surface temperature as was observed during
the conducted condensation experiments and the previous results of the
mathematical model of the PV/T-GSHEX system.
Under real-life conditions in an outdoor PV/T-GSHEX system, a dust layer can
also cause elevated surface temperatures on the PV/T modules. In contrast to
the lab case, this is not due to thermal resistance but due to a reduction in the
long wave emmissivity of sand (εLWrad ≈ 0.76) and soil (εLWrad ≈ 0.9) compared
to the long wave emmissivity of clean glass surface (εLWrad ≈ 0.94). In addition,
the surface roughness changes will result in a change in the structure of the
droplet and its growth properties [141,142].
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The presence of dust also alters the conditions affecting the onset of conden-
sation [128-139] and tends to promote mud clots, which are visible under the
microscope, see Figure 5.6. Such mud clots inhibit droplet growth and make
the structure of the droplet more inhomogeneous, thus making it difficult to
attribute a reasonable droplet diameter.
Under the same airflow rate (8.58 m/s), as the thickness of the micro-dust
layer increases (30 µm to 56 µm), more mud-clot formation can be observed
in the microscope image, as can be seen in Figures 5.5 and 5.6. It is evident
from the microscopic images that the micro-dust layer promotes droplet
coalescence in a radial direction. However, both dust and airflow significantly
retard the onset of condensation. It is also evident that in the observation
area the droplet growth is not uniform and droplets grow in different sizes
and profiles at the same instance under different airflow velocities. However,
deq follows a statistical distribution with a maximum frequency (number
of droplets within the same deq range) as is shown in Figure 5.7. Therefore,
the total average droplet diameter can be approximated by the diameters at
maximum droplet frequency.
Initially, the droplets are small and homogeneous in size, starting at the onset
of condensation. Then droplet diameters start to grow non-linearly with time.
After 18 s, the droplet diameters are ranging from 0.098 mm to 0.167 mm with
a maximum occurrence at 0.098 mm. However, at 198 s, the distribution fre-
quency (∼10) of the droplet diameters is evenly distributed in a range of 0.145
mm ∼ 0.838 mm. The variation in droplet size distribution over time is due to
the droplets coalescence, see Figure 5.7. Coalescence increases significantly
after 379 s. As time progresses, the droplets grow bigger and the frequency of
coalescence with an adjacent droplet increases significantly, creating a water
film. After 578 s, the droplets begin to disappear due to water film formation.
Hence, it is difficult to quantify the droplet size experimentally after a longer
time.
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Figure 5.7: Visual and statistical profile of the experimentally determined
droplet distribution patterns and corresponding histograms of
droplet frequency at different times for clean glass (δ = 0 µm) and
free convection (u∞ = 0 m/s).

87



Experimental and Theoretical Investigations on Condensation

Figures 5.8a and 5.8b show the effect of different dust layer thicknesses and
different airflow velocities more clearly by determining the time to the onset
of condensation. The presence of dust particles (30 µm) contributes to delay-
ing the onset of condensation by about 9 s in comparison to the clean surface,
see Figure 5.8a. This delay in the onset of condensation in the presence of
dust particles can be attributed to the increase in the surface temperature in
the laboratory environment due to the thermal insulation effect. Under real
conditions, this delay can be due to the lower emission from the PV surface
to the sky, where dust particles’ emissivity is lower than the glass’s emissivity,
see also [19, 35]. It can be concluded that the higher the dust layer thickness,
the higher the delay in the onset of condensation. For higher airflow rates,
the onset of the condensation process is delayed, as it inhibits both the mass
diffusion process, and possibly the droplet growth process due to advection,
as shown in Figure 5.8b. At 0 m/s, the onset of condensation was observed at
18 s, whereas it was delayed to 34 s and 131 s for air velocities of 1.63 m/s and
8.58 m/s, respectively.

Figure 5.8: Time to detect condensation as a function of (a) δ = (0, 30, 56, 80)
µm and (b) u∞ = (0, 1.63, 2.76, 8.58) m/s.

Under forced convection conditions (where the saturated boundary layer
of the air around the droplet is disturbed due to higher flow velocities), two
phenomena can occur on the droplet.
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Firstly, the mass transfer to the environment takes place due to advection,
which slows down the droplet growth and can be defined by the Sherwood
number [140,150]. Secondly, the heat transfer rate can increase due to forced
convection [150,151]. Figure 5.9 shows a comparison between the analytical
and the experimental results.

Figure 5.9: Comparison of the experiment results and the model for droplet
growth at air velocities (a) 0 m/s, (b) 1.63 m/s and (c) 8.58 m/s.
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Under a confined environment and in the absence of any natural distur-
bances (clean glass under natural convection), droplet growth can be maxi-
mized. This finding matches with the model before coalescence effects start
at 500 ms, as can be seen in Figure 5.9a. For free and forced convection at
low velocity, a reasonable agreement between the model and the experiment
can be seen. However, for higher airflow velocities and at a later time, as the
coalescence rate increases and becomes the primary mechanism of droplet
growth. This can be observed by the deviation between the experiment and
the model results was observed, see Figures 5.9b and 5.9c. At a flow velocity
of 1.63 m/s, coalescence becomes the primary mechanical process after 600
ms. However, coalescence at a flow velocity of 8.48 m/s needs more time to be
started (800 ms). Hence, droplets need a longer time to be detectable under
higher airflow velocities.
At relatively low velocities it can be seen that in terms of the droplet diameter
the model shows good agreement with the experimentally determined droplet
growth rate. Comparing experimental and model results leads to average er-
rors of 1 % at 0 m/s and 4 % at 1.63 m/s. However, at airflow velocities of 0 m/s,
1.63 m/s, and 8.5 m/s, the maximum errors of the model were estimated as
12.9 %, 16.6 %, and 70 % respectively. It should be noted that these are maxi-
mum errors. The reason for that can be attributed to a number of factors, e.g.
the empirical correlation to calculate the convection heat transfer coefficient
as a function of the airflow velocity is more accurate at lower velocities [160].
Besides, the measured equivalent diameter depends on the average statistical
diameter, which leads to a lower level of accuracy at some points.
In Figure 5.10, the effect of the environmental Relative Humidity (RH) on
the droplet growth rate is presented. A significant increment of condensation
droplet growth can be observed in an environment with higher relative hu-
midity. In order to clarify the delay in the time to the onset of condensation,
Figure 5.10 shows also a zoomed view of the early stage of condensation. This
time is increasing under forced convection conditions, as it initially inhibits
the mass diffusion process and droplet growth due to advection.
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Figure 5.10: Effect of relative humidity on the onset of condensation and
droplet growth at airflow velocity 1.6 m/s.

The case with higher relative humidity reaches the reference diameter at an
earlier time, as can be seen in the same figure. Therefore, it is possible to
conclude that the onset time of condensation will be longer for a lower rela-
tive humidity. The results shown in Figure 5.10 are based on the solution of
a first order ordinary differential equation, the initial diameter was assumed
at an initial time. For example, at a time, t = 0, the droplet diameter was
assumed as, deq = 0. Hence, depending on the growth rate and slope, it would
be possible to extrapolate the onset of condensation. For example, the curve
which reaches a reference minimum value first (0.19 mm here) has the lowest
time needed for the onset of condensation.
The effects of the micro-dust layer on the condensation process are shown
in Figures 5.11a and 5.11b for airflow velocities of 1.6 m/s and 8.58 m/s,
respectively. Coalescence is represented by the area right of the blue dashed
line in Figure 5.11b.
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Figure 5.11: Experimental data of droplet growth rate for different micro-
dust layer thicknesses on the substrate surface, at airflow velocity
(a) 1.6 m/s and (b) 8.58 m/s.

It was observed that the droplet coalescence increases with the microdust
layer thickness. In the presence of a 56 µm dust layer, the droplet coalesces
earlier and can only be detected for a timespan of up to 366 ms, compared
with almost 622 ms for a clean surface. The higher coalescence rate also
created an early condensation film.
The droplet growth rates (slopes of the curves in Figures 5.11a and 5.11b)
for clean glass are 0.0048 mm/s and 0.0044 mm/s at air flow velocities of
1.63 m/s and 8.58 m/s, respectively. At a lower airflow velocity, there was a
slight difference in the onset of condensation time for different micro-dust
layer thicknesses. Micro-dust particles promote condensation droplet growth
due to early coalescence. At the same time, they delay the onset of conden-
sation due to the higher temperature or the lower emission of the surface
as mentioned before [19, 35]. The onset of condensation is prolonged by 6 s
for a dust layer of 30 µm and 25 s for a dust layer of 56 µm. The delay in
droplet formation can also be attributed to the absorption of water by the
dust particles. On the other hand, the droplets attract dust particles due to
the surface static charge, thus enhance the droplet coalescence [19, 35]. As a
result, a water film and subsequently a mud layer is forming on the surface of
the substrate.
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5.4 Summary

A mathematical model and experiments were performed to investigate the
effects of airflow and micro-dust layers on dew formation and droplet growth.
The results show that increasing external flow inhibits both the onset of
condensation and the droplet growth rate. In addition to that, the presence
of micro-dust layers also impedes the onset of the condensation process. At
the same time, it augments the droplet coalescence due to its particle static
charge and absorption properties [124-127]. Droplets coalescence due to
dust particles can eventually form a layer of water and mud on an exposed
glass surface. It is therefore of utmost importance to impede the onset of
condensation as far as possible.
However, it can be concluded that the PV/T-GSHEX system can still effectively
work under the effects of a soiled glass surface and under different airflow
velocities, as both effects impede condensation phenomena. Thus, the clean
PV glass assumption in the PV/T-GSHEX model can be considered to be the
worst case scenario and is valid as a basis for the further investigations.
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6.1 Conclusions

Overheating of photovoltaic (PV) cells during daytime as well as nocturnal
dew and resulting mud formation on the PV panels are major efficiency bar-
riers for the operation of PV in harsh desert climates. Mitigating these two
problems requires cooling of the PV cells during daytime and heating them
above the dew point at night. The main objective of the present study was
to propose and prove a suitable method to mitigate these two barriers with a
single technical solution. The method was based on integrating the PV mod-
ules with a thermal control system (Hybrid PV/Thermal solar collector, PV/T)
and a ground soil heat exchanger (GSHEX). Excess heat from diurnal cooling
is charged to the ground soil and discharged to provide heating power during
the night. The method was named PV/T-GSHEX and was studied with both
experimental and numerical methods. Further investigations were carried out
to explore the effect of the PV surface state on the dew formation phenomena.
The findings are summarized in the following subsections.

6.1.1 Experimental Studies

• An outdoor experimental setup was developed. The novel system was
set up with a PV/T module and an integrated GSHEX. A conventional
PV module was used for comparative measurements. Compared to the
conventional PV module, the experimental results showed a significant
benefit of the novel PV/T-GSHEX system. It was possible to substantially
cool the PV cells during daytime. The difference between the PV and the
PV/T surface temperature was in the range of 8 K - 10 K due to active
cooling using the GSHEX.
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• In addition, the proposed PV/T-GSHEX system prevented nocturnal con-
densation and mud formation by transferring the heat from the ground
to the PV/T. This process provided enough heat to mitigate dew forma-
tion during nighttime and in the early morning hours.

• It was shown that the PV electrical efficiency can be improved by 10 %.
Up to 35 % losses in the PV glass transmittance due to eventual mud for-
mation can be prevented. Thus, the proposed thermal control system has
a high potential of economic viability.

• The experimental results showed that soil with high thermal conductiv-
ity is a more suitable storage material for the task of shifting heat from
diurnal to nocturnal operation.

6.1.2 Theoretical Modeling of the Soil Temperature Distribution

• A one-dimensional analytical model to determine the soil temperature
was developed using the Green’s Function (GF) method. The model can
estimate the daily and annual variation of the soil temperature at differ-
ent depths as a function of real-time weather data. The model was vali-
dated with measurements and showed an accuracy of up to 96 %.

• A significant advantage of the presented analytical method is the low
computational cost, which is one hundred times less than that of state-
of-the-art numerical models.

• It was found that under tropical weather conditions (e.g. Malaysia) stable
soil temperature can be found closer to the surface than under fluctuat-
ing weather locations (e.g. Qatar).

• The results show that the higher the thermal conductivity of the soil, the
higher the soil temperature fluctuation and vice versa. This is more ob-
vious at low depths close to the surface. In turn, a higher thermal con-
ductivity enhances heat flux near the ground surface and dampens vari-
ations at higher depths.
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6.1.3 Numerical Simulation

• A numerical simulation model of the PV/T-GSHEX system was developed
in a MATLAB/Simulink environment. The model was validated using the
experimental data.

• Simulation results for the long-term operation of the proposed PV/T-
GSHEX system have been obtained for the locations of Qatar and
Malaysia, which have two different and extreme kinds of weather. A good
performance was achieved for Malaysia, where tropical weather condi-
tions are prevailing.

• The results were also satisfying for Qatar. However, the GSHEX will need
to be placed at a greater depth.

• The PV cells were protected from overheating by reducing the noontime
PV surface temperature by around 10 K for Malaysia and 12 K for Qatar
on average over the whole year.

• The annual temperature of the solar panel was higher than the dew point
temperature by 2 K in average in Malaysia and by 5 K in Qatar, which is
sufficient to mitigate dew formation.

6.1.4 Parameters Influencing Dew Formation

• Experimental and numerical studies were performed to investigate the
parameters influencing the condensation of air humidity on the solar
glass surface. This included mainly the airflow conditions and the pres-
ence of dust particles on the glass surface. The numerically predicted
droplet growth was close to the experimental data with a good agreement
for relatively low velocities (99 % at 0 m/s and 96 % at 1.63 m/s). However,
the error was up to 70 % at high airflow velocities (8.5 m/s and higher).

• The onset time of condensation is clearly delayed by the presence of a
dust layer. Therefore, the assumption of a clear surface represents the
worst case in modeling the novel PV/T-GSHEX system.
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• The droplet growth increased (mainly due to coalescence) by almost
200 %, when the micro-dust layer increased from 0 to 56 µm on the sub-
strate surface. Subsequently, mud formation was enhanced. Therefore,
the micro-dust layer’s presence creates a significant efficiency barrier to
any potential application (e.g. PV panels or solar thermal collectors). It is
essential to prevent condensation and thus, mud formation, which was
proven to be possible with the present system.

Thus, it can be concluded that the proposed PV/T-GSHEX system can be ap-
plied in harsh climatic regions. The PV/T-GSHEX system has a high potential
to overcome diurnal overheating and nocturnal condensation (mud forma-
tion) issues. The system was successfully proven to operate effectively under
a wide variety of weather conditions, dust loading and soil properties. In all
cases, the diurnal PV cell temperature could be decreased efficiently and noc-
turnal dew formation could be prevented.

6.2 Outlook

Some experiments and numerical studies of high future interest couldn’t be
performed in the framework of the present project. Future work concerns a
deeper analysis of different mechanisms, and a better understanding of an
optimized thermal storage operation for the PV/T-GSHEX. Future interesting
tasks can be summarized as follows:

• Outdoor experimental tests on the condensation phenomena for differ-
ent types and ages of PV panels.

• Experimental investigation of the onset of condensation should be ap-
plied to real PV panel glass samples taken from a solar site with different
operational ages. Such investigations could improve the current study to
a more realistic level.

• More experiments on condensation and mud formation phenomena
should be carried out to obtain a higher amount of experimental results.
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Conclusions and Outlook

These results could be used to obtain an empirical correlation for dew
and mud formation, which could be included to develop a more com-
prehensive model of the proposed system.

• A controllable circulation pump with optimized control should be con-
sidered to further enhance the performance of the PV/T-GSHEX system.
This would contribute to fully discharging the thermal storage in the
night hours to provide colder storage temperatures for diurnal cooling
and vice versa.

• An economic feasibility analysis of the PV/T-GSHEX system is of interest
as a future study for system development.
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A Appendix

Laboratory Measurement of Soil Moisture Content

This method covers the laboratory determination of the moisture content of
a soil as a percentage of its oven-dried weight. The method may be applied to
fine, medium and coarse grained soils. The soil has been tested in the soil test
Lab (UTP, see Figure A.1.

Figure A.1: Oven-drying method procedure in UTP/Civil engineering Lab.

The method is based on removing soil moisture by oven-drying a soil sample
until the weight remains constant (110°C for a period of 24 hours).
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Appendix

The moisture content (%) is calculated from the sample weight before and
after drying by using a micro gram scaler. The results are recorded in a sheet
and then the moisture content (MC ) is calculated according to the following
equation:

MC % = W2 −W3

W3 −W1
×100 (A.1)

Where:
W1 = Weight of tin [g]
W2 = Weight of moist soil + tin [g]
W3 = Weight of dried soil + tin [g]

The physical properties recorded from the previous soil tests are shown
in table 2.2.
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