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have treated of it.”
Samuel Johnson.

In loving memory of my mother, who died waiting for my return
María Cristina Arabach López
1952 / 01 / 24 – 2017 / 06 / 18

i

This page would be intentionally left blank if we would not wish to inform about that.

Abstract

For thirty years the c-Si photovoltaic module industry has not incorporated larger changes in the
module design and production process. The c-Si based photovoltaic modules still consist of solar
cells connected in series by means of soldering and laminating in between sheets of ethylene-vinyl
acetate with glass as front cover and white Tedlar®-Polyester-Tedlar based backsheet as rear cover.
Moreover, it is not only that traditional modules look almost identical to the ones from thirty years
ago, they are also mostly constructed and adjusted for European environmental conditions.
Desert climate zones have high solar irradiation which is desirable for solar power generation,
but they also have harsh surrounding conditions such as high environmental temperatures, drastic
temperature variations between day and night, and dusty environments, among other conditions.
To allow a photovoltaic module to last at least thirty years, a proper set of packing materials and
module design must be chosen according to the environmental characteristics of the actual climatic
conditions where the module will be installed.
In this work, the prominent materials to fabricate commercial photovoltaic modules are investigated in terms of reliability and electrical performance at field conditions. Any further improvement
in optical transmittance of glass and encapsulant does not directly imply an enhancement of power
generation. This is not only due to low efficiencies caused by operating temperatures compared
to standard conditions, but to the large ohmic loss produced at high irradiance levels, effects that
would not have been seen in measurements under standard test conditions. Making efforts to adjust and improve the optical transmittance of the glass-encapsulant interface makes little sense if
the module ohmic losses are not reduced. For this reason, the tabbing ribbons have to be carefully
evaluated according to the targeted geographical location and to the current output of the solar
cells.
The properties of three solar cell types and several encapsulants have been evaluated to withstand ultraviolet doses, demonstrating that n-type solar cells are the suitable alternative for desert
applications. In addition, the use of silicone as encapsulant is recommended to permit photons of
higher energy to reach the solar cell, which allows an enhancement in module efficiency. Silicone
also prevents the premature oxidation of the cell metallization and tabbing ribbons provoked by the
creation of acetic acid, as it could be the case of using ethylene-vinyl acetate.
For desert applications, it has been demonstrated, up to a certain extent, that due to the significant difference of coefficient of thermal expansion between the glass, encapsulant and backsheet,
the proper solution to withstand shear stress caused by the heating of the module packing materials
is by using double glass packing design. This also places the solar cells to be in the neutral plane
of the module hence the tension, compression and stress applied over the solar cells is lower than
in a glass-foil design while the module is bent.
Furthermore, the effect of soiling for two different desert locations is also observed and quantified.
Modules made out of flat glass coated with anti-reflection layers suffer larger optical losses caused
by soiling compared to those with non-coated flat glass. If the rear side of a monofacial module
is transparent, the effect of soiling is then slightly mitigated. Nevertheless, the power loss due to
soiling is further reduced by using bifacial modules. In addition, it is shown that systems based
on vertically mounted bifacial modules allow not only to complement the power generation profile
during the day (single peak versus double peak curves), but it can also harvest higher annual energy
compared to conventionally mounted monofacial modules due to the lower (or almost zero) dust
accumulation.
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CHAPTER 1

Introduction

Two principal doctrines in science, among others in science, rule our world: 1) the principle of
mass conservation1 and 2) the principle of conservation of energy. In the article Über die Natur der
Wärme (German for "On the Nature of Heat"), published in the Zeitschrift für Physik in 1837, Karl
Friedrich Mohr2 gave one of the earliest general statements of the principle of the conservation
of energy : "besides the 54 known chemical elements, there is in the physical world one agent
only, and this is called energy" [1]. Mohr also states at that time that energy can be transformed
from any state into another. The principle of conservation of energy clearly states that energy
cannot be created nor destroyed. For example, the energy generated by nuclear reactions in the
Sun is converted into electromagnetic radiation, which can also be converted into electricity by
a photovoltaic (PV) device. The power produced by such a device is directly proportional to the
device area and the intensity. In order to increase the generated electrical power, two options are
available: 1) expanding the physical area covered by the PV device or 2) applying optical elements
(lenses) to focus the incoming photons collected from a larger onto a smaller area (PV device).
The former can be practically realized by assembling, and electrically connecting, several small PV
devices (solar cells) together. Such assembly is usually referred as PV module and it is the main
research topic of this thesis. Furthermore, a PV power plant is built up by electrically connecting
several PV modules up to the desirable electrical power.
Throughout human history, it has been demonstrated that the need of progress in modern human
society is directly correlated to energy consumption and therefore to energy production [2, 3], and
in a certain but debatable way, to the quality of life. To increase the quality of life for citizens,
more energy must be available. Currently, approximately 78.4% of energy is produced by burning
fossil fuels, emitting billions of tons of greenhouse gases into the atmosphere per year [4]. The
need for energy and the need for its producers to create a profit by its consumption are linked to
one of the most damaging results of human activity: global warming.
Global warming is not only negatively affecting the quality of life of human beings but also for
all the living beings on this planet, and therefore new strategies of energy generation need to be
adapted. This is the point where (eco-friendly) renewable energies enter into the scene: run-ofthe-river hydroelectricity, wind, geothermal, solar heating, photovoltaics, biofuels, hydrogen, and
thorium-based nuclear power, are some of the available technological solutions nowadays. In terms
of resources, hydrogen, thorium and sunlight are the most promising new fuels. However, due to
mainly political issues, the use of thorium is mostly used in scientific research. While hydrogen is
becoming an extraordinary alternative to diesel based fuels, sunlight is most widely accepted by
society to generate electricity, especially via the use of photovoltaics devices. This social acceptance
in conjunction with the global availability of solar resources and the technical potential of PV
1 Antoine-Laurent de Lavoisier (26 August 1743 – 8 May 1794): "although matter may change its form or shape,

its mass always remains the same".

2 4 November 1806 – 28 September 1879
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electricity, allow us to considerably contribute to the reduction of man made greenhouse gases by
means of PV technology.
The (terrestrial) electricity generation by means of PV modules can be distinguished into two
areas: 1) off-grid or distributed systems (specifically in remote areas), e.g., telecommunication installations, mining camps, stand-alone solar home systems; and 2) large-scale (centralized) electric
power plants, usually as a substitute for, or a complement to, conventional power stations (fossil
fuel based power stations, e.g.). There exist two main variables that drive the decision taking in
almost any of the two PV systems type previously mentioned: 1) the energy conversion efficiency
of the system and 2) the solar energy available at a certain place. The former is technologically
dependent (or restricted by physics laws), as it is the case for many processes, while the latter
can be considered as the natural fuel, being nature dependent. By looking at the solar energy
resource map shown in Figure 1.1, the abundance of the solar resource in deserts is clearly visible.
This is the reason why3 the solar energy is becoming incredibly interesting for countries like the
USA (Great Basin and Mojave Deserts), China (Gobi Desert), Israel (Negev Desert), Morocco
and Algeria (Sahara Desert), Saudi Arabia (Arabian Desert), and Chile (Atacama Desert). It is
estimated that the available solar resource in the Gobi Desert allows to generate five times the
annual world power demand in 2012 (considering a space factor of 50%) [5]. On the other side of
the world, the Atacama Desert is nowadays considered to be the place with the highest potential
to produce energy by photovoltaic devices, not only because of the large amount of available solar
resource but also due to the low ambient temperature [6].

Figure 1.1 Global horizontal irradiance solar map ©2017 Solargis. [Image courtesy of Solargis]

1.1

Motivation and research objectives

For thirty years, the c-Si PV module industry has not incorporated any larger changes in the module
production process. The PV modules made of c-Si solar cells still consist of in series-connected
cells by means of soldering and laminating in between sheets of ethylene-vinyl acetate (EVA), a
white backsheet and a front low-iron tempered glass. The edges are typically sealed with silicone
3 But not restricted to it.

2
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(or double adhesive tape) and framed with aluminium profiles. For such a product, the power is
usually warranted to be no less than 90% for the first ten years and above 80% for twenty years.
Most of the manufacturers guarantee a module lifetime of twenty-five years. However, the product
warranties are commonly ten-years only.
Not only do traditional modules look almost identical to the ones from thirty years ago, but
mostly all of them were developed, constructed and improved for moderate climate conditions,
such as one can find in Europe (temperate climate, without dry season, warm summer [7, 8]).
Certification institutions check how modules perform and last by applying various ageing tests
under conditions such as high humidity, larger temperature gradients, and snow and hail impact,
which are not typical for many regions, such as desert areas. The future of PV generation belongs
to countries with high solar irradiance, which means mostly dry, hot and sandy or dusty conditions,
and therefore soiling of the front glass becomes more problematic than snow accumulation or hail
impact.
Desert climate zones have perfect conditions for PV —at least in terms of power output—
with high solar irradiation, on the one hand, but are afflicted by harsh surroundings such as high
operating temperatures, drastic temperature variations between day and night, and dusty environments, among other ambient characteristics. This creates challenges for PV electricity generation
in deserts that need to be overcome to decrease the costs of operation and maintenance of the
PV plants, and therefore of the electricity. However, certain areas, like the Atacama Desert, show
special environmental conditions which turn out to be perfect not only for PV power plants but
also for related research. Some of these conditions are: the highest global irradiance measured at
ground level on the Earth, the low ambient temperature, the concentration of nitrates and minerals
in its surface soil, its high elevations, partly above 5000 m a.s.l., and local activities such as mining
(usually copper) which require a stable power supply.
Due to the local availability of (some) raw materials, the research and development (R&D)
workforce and the creation of green jobs in Chile, it is not only of extreme interest to install PV
systems in the Atacama Desert but also to produce solar cells, modules and other local PV plant
components. All the previous mentioned provide an interesting opportunity for new developments
in several areas of knowledge. In line with this statement, this thesis works out the basic knowledge
needed to support, set up and guide the route for a sustainable clean energy supply by means of
photovoltaic modules installed in harsh environmental conditions such as deserts.

1.2

Thesis outline

Besides the present chapter, where an introductory motivation for the conducted research is given,
the following two chapters introduce the reader to the delightful world of PV modules installed
and operating under desert climate conditions. In the second chapter, the state-of-the-art of PV
module manufacturing is reviewed. The PV module production process is described along with
details given on accelerated ageing tests, which are typically employed to verify reliability, durability
and longevity. This chapter also describes the characterization techniques typically used for PV
module inspection with strong focus on the techniques used in this thesis. The electrical cell
interconnection technologies, the encapsulation materials for PV modules and the challenges in
packing materials are reviewed in depth. The third chapter introduces the reader to what it means
for a PV module and its packing materials to operate under desert climates. This chapter also
gives a deeper insight into the climatic details valid for desert climates: for example, how the
solar spectrum differs from the standards. The challenges for packing materials and the ohmic and
optical losses associated with such conditions are discussed in detail. In a similar way, a summary of
how the PV module performance is affected by its operating temperature, soiling rate and potential
induced degradation are also presented.
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The following chapters contain the contribution of this thesis. In Chapter 4, the accelerated
ageing test results which were, in terms of general specification (duration, maximum and minimum
temperatures, humidity levels, ultraviolet radiation doses), re-evaluated and assessed with the intention of having a better match with the real-world situation found in desert climates. Thermal
cycling, damp-heat, ultraviolet light exposure and abrasion tests are performed and the results analysed. The main intention of this chapter is to prove that current standards are not representative
for desert applications and therefore PV modules operating under such environments may not be
reliable. Ergo, the modules are not durable for the warranted lifespan. Recommendations are given
to perform the ageing tests with modified specifications closer to what can be expected in the field.
The ohmic power losses are closely investigated for PV modules operating under desert climates
and presented in the fifth chapter. In this chapter, results from experiments and simulations are
analysed and exhibited allowing the module manufacturers to re-evaluate the cell interconnection
method and materials used for manufacturing. Furthermore, the potential to improve the module
performance is also discussed.
In the sixth chapter, the results coming from field experiments are presented, concerning the
use of bifacial modules under desert climate. The soiling rate for different module designs at two
distinct geographical locations is assessed. Photovoltaic modules are installed in tilted (equator
facing) and in vertical (east-west orientation) configuration. Bifacial modules are in terms of energy
harvesting and soiling rates compared to monofacial modules mounted in a commonly tilted manner.
In addition, a financial analysis for a hypothetical Megawatt size PV plant is performed to compare
the situation between three different systems: conventionally mounted monofacial modules, tilt
mounted bifacial modules and vertically mounted bifacial modules. Such analysis is done based on
the levelized cost of electricity. Recommendations are given to maximize the energy output for
power plants based on vertically mounted bifacial modules.
Finally, the last chapter summarizes this work.
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CHAPTER 2

PV module state of the art:
materials, design and characterization

Photovoltaic devices can be manufactured from virtually any material that exhibits the photovoltaic
effect (semiconducting material). The most common materials for PV devices are: c-Si, CdTe,
CIGS, a-Si, nc-Si, GaAs thin-film and lately perovskite materials (such as CsSnI3 , CH3 NH3 SnI3 ,
among others). Solar cells can also be made out of a combination of the previous mentioned
materials (multi-junction solar cells). The current PV market is mostly dominated by c-Si based
solar cell technologies with more than 85% of the market share [9, 10].
In order to collect the abundant solar energy with a PV device, it is obvious that this device
must be exposed to the sun —placed outdoors. However, outdoors the PV device is exposed
to the damaging action of the environmental conditions which can attack it either chemically
(corrosion) or mechanically (deformation). For this reason, the PV device needs to be protected
by an envelope, having certain characteristics, that make it suitable to be used in the environmental
conditions present at the location where this device is to be installed (e.g., desert, space, oceanic
climate). Due to practical reasons, the solar cells matrix is embedded in a larger device, known as
PV module. In this chapter, the current state-of-the-art of industrial technique for assembling c-Si
solar cells into a photovoltaic module is presented. The materials involved in the manufacturing
process and the indoor characterization techniques are reviewed here as well.
Photovoltaic modules made out of c-Si solar cells typically consist of a front cover, an encapsulation layer, solder bonds (which electrically connect the individual cells), another layer of an
encapsulation material and a rear cover. In addition to this, a sealing frame, a junction box and
external cables form a typical laminated PV module. A common example is shown in Figure 2.1.
The major requirements of providing mechanical stability, high transparency in the spectral response
range of the solar cell and protection of the cell and of the metallization against exterior impacts
make the use of solar glass as the front and rear-cover material technically the most appropriate
choice [11]. Nevertheless, a glass-glass configuration increases the weight of the module and its
cost. That is the reason why some PV manufactures choose to employ a polymeric sheet as a
rear cover (backsheet), trading the long term chemical stability for reduced costs and weight. The
following sections of this chapter give a deeper understanding in function, set-up and structure of
the mentioned layers, starting with the layer closest to the solar cell towards the exterior. Table 2.1
lists some of the physical parameters to take into account, regarding the layers shown in Figure 2.1.
In order to obtain a quick understanding of the incoming sections, some concepts commonly used
in the PV industry need to be explained first. One of those is the cell to module conversion ratio
(sometimes known as cell-to-module (C2M) conversion loss), which corresponds to the change in
electrical performance of the PV module regarding its solar cell matrix (as an initial state, before
being embedded into the module). Some examples of C2M loss are the optical loss caused by
encapsulant absorption and by glass reflection, the optical gain caused by backsheet reflection and
scattering, the ohmic loss generated by the increase in series resistance due to cell-to-cell bonding
5
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methods and materials used, etc.

Frame
Front cover
Encapsulant
Solar cells matrix
Encapsulant
Back cover
Junction box

Figure 2.1 Scheme of the layers for a typical PV module. [12]

Table 2.1 Important physical parameters for PV encapsulation materials. [11, 13–16]

Class

Parameter

Optical

Transmittance
Absorption
Refractive index
Melting temperature
Young’s Modulus
Glass transition temperature
Permeability
Volume resistivity

Mechanical

Electrical

Unit
%
%
–
◦

C
MPa
◦
C
−2 −1
gm d
Ω cm

Other terms which are important to clarify are reliability and durability. Reliability is the ability
of a device to preserve a certain performance under a particular environment for a specific period,
i.e., the probability of success in certain conditions; while durability is a physical property of the
materials to withstand stress or damage, i.e, the ability to last. Thus, reliability is connected to
unexpected failures, and durability to the time-dependent performance of the PV device [16].
In the following sections, the process to build c-Si based PV modules is presented and discussed
(section 2.1). The accelerated weathering test employed to ensure module reliability (section 2.2)
is followed by the characterization techniques used to determine electrical characteristics, module
quality levels and failure modes after certain test and/or outdoor exposure (section 2.3). The cellto-cell electrical connection mechanisms are described in section 2.4 and the materials employed
to manufacture the modules in section 2.5. The differences of module performance and the failure
of the module related to its encapsulation design are described in (section 2.6).

2.1

PV module manufacturing process

The process of manufacturing a PV module is basically the packing of a solar cell matrix between
two encapsulant layers and a frontal and rear cover (Figure 2.1). A basic scheme of a c-Si based PV
module manufacture line is shown in Figure 2.2. This process can vary regarding the encapsulant
materials used, the electrical connection methods to be adopted and the use of a module’s frame,
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among other details. Nevertheless, the fundamental steps are the cell stringing and the module
lamination. This process was introduced in the 1970s and has not changed significantly since then.
Initially, a sandwich of silicone between two glass sheets was employed as encapsulation material.
Later, the silicone was replaced by polyvinyl butyral (PVB) and subsequently by EVA, and a polymer
composite was introduced as a rear cover [14].
Cell
classification

Cell-to-cell connection
(stringing)
Placement of
strings over
encapsulant/cover

Front cover
cleaning

Deposition of front
encapsulant over
the front cover

Encapsulant
preparation

Edge
trimming

Cooling

Module
framing

J-Box
mounting

Lamination

Electrical
characterization

Deposition of
rear encapsulant
over cell strings

Back cover
placement

Labelling,
sorting and
packing

Figure 2.2 Basic scheme of a PV module manufacture line. Adapted from [17, p. 162]

A fully automated module production line usually starts with three parallel processes: a cell
classification, encapsulant foils cutting and front cover cleaning (glass washing). Solar cells have
to be classified according to their electrical characteristics to minimize the mismatch between the
electrical parameters of the cells that are to be part of the same PV module. The presence of
cracks or shunted areas has to be avoided to prevent early failures. Differences in cell efficiency
is a common root cause that prevents the modules from having top efficiencies. For this reason,
solar cells must be carefully classified. The sorting can be done by short-circuit or maximum power
point currents. The latter is recommended based on statistical studies [18].
The encapsulant materials are commonly provided on rolled foils, which is the reason why it
is convenient to first cut the material to the desired length in order to fit it with the module
dimensions. The front cover cleaning is performed by using (usually) de-ionised water and brushes.
This process not only removes undesirable dirt and stains from the cover but also activates the
surface for optimal adhesion between the glass and the front encapsulant. Since c-Si PV modules
use heat-strengthened or toughened glass, no glass cutting is possible in the module production.
Therefore, the module glass needs to be delivered in its final format. Once the glass is dry, the
front encapsulant layer is deposited on the inner glass surface.
In parallel, commonly ten to twelve cells are connected in series by soldering or gluing, using
(solder-coated) copper ribbons. The cell strings are produced on machines called stringers. This
machine unwinds the ribbon from the roll, applies solder flux on them, places the solar cell in one
extreme of the ribbons and cuts the ribbon to a length long enough to connect to two cells in series,
including the required spacing between them. In a next step, the cell-ribbon group is preheated,
soldered1 and cooled down. This process takes usually two to three seconds. Once the string is
soldered, a camera-based system checks the integrity of the cells and metallization as well as the
ribbons’ position on the cells’ busbars (BBs).
1 By using hot-bar reflow, focus infrared or laser techniques.
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After the string is soldered and cooled down, it is transferred to the layup station and positioned
on the front layer encapsulant. Once all the sub-strings are in place, they are ready for series
connection. Typically, after six strings have been physically placed in parallel, they are electrically
connected in series by soldering. For this purpose, string interconnector ribbons (also called busing
ribbons) are used.
At the same time as the string placement and soldering, the rear encapsulant and the backsheet
are cut to the module size. Afterwards, they are placed on the layup (over the strings) and
punched in certain places to allow the busing ribbons to pass through these two layers (later the
busing ribbons need to be joined with the bypass diodes in the junction box).
The next step is the lamination of these layers. This process is one of the most time-consuming
steps in the production line. For this reason, several modules are laminated by using a side by
side laminator or multiple laminators at the same time. Commonly, a laminator has its internal
cavity divided into two or three parts depending on if it has one or two membranes. The upper and
lower chambers correspond to cavities that allow to manipulate the upper and lower membrane by
creating vacuum. This permits the user to regulate the pressure that the membranes apply on the
module. The lamination process with a single membrane is shown in Figure 2.3. First, the upper
chamber is evacuated to keep the membrane attached to the lid (no pressure over the module).
Then, the loose module layup is introduced into the lower (or intermediate) chamber. After the
module introduction, the lid closes and the lower chamber is evacuated to residual pressures below
1 mbar. Later, the pins that separate the module from the heat plate are moved down and the loose
module layup is pressed down by the upper membrane. The pressure is regulated by introducing
air into the upper chamber. An excessive pressure may provoke cracks in the solar cells and an
insufficient pressure can lead to unsuitable bonding of layers, causing early delamination of the
backsheet, as for example.

1. Introduction of loose module layup

2. By-product gases evacuation

3. Pin lowering

4. Heating, pressing and curing

Figure 2.3 Lamination process in a single membrane laminator. Adapted from [17, p. 182]

In a regular process, the base plate is (commonly) maintained at constant temperature of approximately 150 ◦C (depending on the curing temperature of the encapsulant). If the glass of the
module layup enters directly in contact with the hot plate, the glass will heat up very fast, so
the encapsulant may become sticky and the by-product gases will not evacuate properly from the
module, resulting in bubbles in between the final product. These bubbles and retained gases will
cause the module to fail sooner than expected. For this reason, to prevent the premature contact
of the glass with the hot surface, a set of pins is used between the module and the heat plate.
After the lamination, the residual encapsulant material is removed from the edges by trimming.
Later, the frame is applied on the module edges, either fixed with an adhesive tape or with a viscous
sealant. The junction box (j-box) is then mounted either with a double adhesive tape or glued with
a weather resistant glue (usually silicone based). The busing ribbon ends (outgoing leads) are
connected inside the J-box.
Once the module is mechanically stable and cooled down, it is electrically characterized in an inline
sun simulator (usually a flasher type). The measurement provides the main electrical parameters of
8
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the module under standard testing conditions (STC) for labelling, i.e., short-circuit current ( I SC ),
open-circuit voltage (VOC ), maximum power, and current and voltage at the maximum power point
(MPP). These electric parameters are printed on the module label and finally the modules are
sorted into power bins.
A critical factor, after manufacturing, is to determine the health state of the module, meaning
the process quality and module reliability. The former can be addressed by additional metrics such
as infrared (IR) imaging inspection, electroluminescence (EL) imaging inspection, adhesion test on
the backsheet–encapsulant interface, high-potential measurements, gel content test, among others
[19]. To assess module reliability, accelerated ageing tests are usually performed.

2.2

Ageing tests

Photovoltaic modules are commonly manufactured with glass and various layers of polymer sheets.
In general, polymers are prone to degrade if exposed to ultraviolet (UV) light, temperature and
humidity (weathering). The degree of degradation depends on the chemical formulation [20].
Weathering is considered as the adverse response of a material to climatic impact that may cause
unwanted or/and premature failure [20, 21]. Therefore, it is an important aspect to be considered
for PV modules. In the photovoltaic industry, the ability of modules to withstand weathering can
be quantified by accelerated ageing tests (or accelerated stress testing). These tests are combined
together in a so called qualification test sequence. Both, tests and sequences depend on the
associated standard. An example of a qualification test sequence2 is shown in Figure 2.4. Based
on this diagram, nine tests can be differentiated: thermal cycling (TC, 200 cycles with bias and 50
cycles in open circuit), damp-heat (DH, 1000 h), humidity freeze (HF, 10 cycles in open circuit),
UV preconditioning (15 h), outdoor exposure (60 kW h m−2 ), bypass diode thermal test, mechanical
load (2400 Pa), hot spot endurance and hail impact test. The first three tests are commonly
preferred for a fast analysis of material withstand weathering.
TC test queries failures caused by thermal mismatch and mechanical fatigue such as breakage
of interconnection ribbons, interruption of solder bonds, expansion of cells’ cracks or microcracks, and/or others stresses caused by recurrent temperature changes. To perform this
test, a climate chamber with automated temperature regulation is needed. The module
temperature should be varied from (−40 ± 2) ◦C to (85 ± 2) ◦C with a temperature change
rate of maximum 100 ◦C h−1 . The cycle profile and procedure are detailed in Terrestrial
photovoltaic (PV) modules - Design qualification and type approval - Part 2: Test procedures
[23].
DH test is mostly employed to determine the reliability of the packing materials, to test their
capability to act as a moisture barrier and to determine the module ability to withstand the
effects of humidity during long-term periods. Typical failures are backsheet delamination,
cell metallization and electrical connectors corrosion, and changes in optical properties of the
backsheet and encapsulant due to moisture ingress [24]. In this test, the module is basically
subjected to a temperature of (85 ± 2) ◦C with a relative humidity of (85 ± 5)%. Other test
details are explained in Terrestrial photovoltaic (PV) modules - Design qualification and type
approval - Part 2: Test procedures [23].
HF test is employed to verify the withstand of the packing materials (especially the
encapsulant–backsheet interface) to mechanical stress caused by water expansion as it freezes
around the module. This effect usually leads to backsheet delamination. The module should
be subject to a temperature range from (−40 ± 2) ◦C to (85 ± 2) ◦C and relative humidity of
2 Note that this is just an adaptation of the test sequence of the standard as example. For detail information please

refer to IEC 61215-1 [22].
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(85 ± 5)%. Procedure and cycle profile are given in Terrestrial photovoltaic (PV) modules Design qualification and type approval - Part 2: Test procedures [23].
UV preconditioning corresponds to expose a module to 15 kW h m−2 of UV light in the range
of 280 nm to 400 nm. The UV source must have a 3% to 10% contribution in the 280 nm
to 320 nm wavelength range. The preconditioning has to be performed at a module temperature of (60 ± 5) ◦C. Usually the UV exposure at this level should not affect the module
quality. The following thermal cycling (TC) and humidity freeze (HF) tests complement the
degradation mechanism. Typical degradation factors show a color change in the backsheet
and encapsulant, delamination and solar cell and ribbon corrosion. If the module power drops
by more than 5%, the module do fail the test and is most probably not reliable under such
conditions.

8 modules
Initial preconditioning 5 kW h m−2

Initial performance and
electrical isolation tests

1 module
Control
module

1 module

2 modules

Determination
of NMOT and
performance at
STC, NMOT and
low irradiance

Outdoor exposure 60 kW h m−2

UV
preconditioning
15 kW h m−2

2 modules
200 Thermal
cycles with bias
−40 ◦C to +85 ◦C

50 Thermal cycles
−40 ◦C to +85 ◦C

Bypass diode
thermal test

10 Humidity
freeze cycles
+85 ◦C/85% RH
to −40 ◦C

Hot spot
endurance

Robustness of
terminations

2 modules
1000 h
Damp heat
+85 ◦C/85% RH

1 module

1 module

Mechanical
load 2400 Pa
Hail impact test
25 mm, 23 m/s

Final performance and
electrical insolation tests

Figure 2.4 Example of a qualification test sequence. Diagram adapted from IEC 61215 2nd edition [22].
The corresponding nomenclatures are: NMOT for the nominal module operating temperature,
STC for the standard testing conditions, and UV for the ultraviolet light.
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2.3

PV module characterization techniques

The characterization of any device is usually understood as the description of features or quality
of the device under test. In a production line of PV modules, electrical features are essential for
product labelling and classification. The key electrical parameters of a PV module (or any other
semiconductor device) can be determined by measuring its current-voltage (I-V) characteristic curve
which will be further discussed in section 2.3.1. Nevertheless, to assess the PV module quality its
current-voltage (I-V) curve is not sufficient and further inspections need to be performed. Noncontacted ribbons, cracks due to soldering, lamination or handling; and inactive cell areas can be
detected by using the electroluminescence (EL) technique. Other typical line inspection tools are
high potential testing, isolation testing and frame continuity testing, which are performed to ensure
a minimal leakage current and to avoid any dangerous and undesirable electrical discharge during
normal operation.
Characterization techniques that complement the I-V curve and EL measurements are the spectral response (SR), IR thermography and gel content test. The SR is mainly used to determine the
wavelength dependency as in depth inspection after material failure or for finding the most suitable
material combination allowing to obtain a low optical loss after the encapsulation. Besides, the
gel content test is a chemical test that gives the percentage of gel that the encapsulant material
contains after lamination, permitting to determine if the lamination process is set in with proper
time and temperatures or if the raw material is of a suitable quality.
It is important to remark that these tools are not restricted to quantify production quality but
used to determine the module performance within the time of warranty. These tools are also of
great importance for the development of new materials or new applications.
For field (outdoor) inspection, I-V measurements are highly recommended to be carried out
in combination with IR thermography and EL imaging. These measurements are desirable to
be applied during commissioning and later during PV plant operations, at frequent intervals, as
for example, every two to three years, as part of a preventive maintenance. The frequency of
the modules and PV plant components inspection depends on the knowledge of the components’
reliability for the specific environment where the PV plant is installed.
Infrared thermography is also an important tool to test and validate the components and materials
under real conditions, as the power electronic devices for example. In the field, EL and IR are often
used to detect hot spots, bypass diode failures and defects caused usually by potential induced
degradation (PID).

2.3.1 I-V characterization
Current-voltage (I-V) curves are used to determine the main electrical parameters of a PV module
or a solar cell, giving details on VOC , I SC , and voltage, current and the power at MPP, i.e., voltage
at maximum power point (VMPP ), current at maximum power point ( I MPP ) and power at maximum
power point (P MPP ) respectively. Based on these main parameters, other important variables can be
calculated as the fill factor (FF ) and the efficiency (η). The series resistance (R S ), shunt resistance
(R Sh ) and the photocurrent or light-generated current ( I Ph ) can also be determined from the I-V
curves under a constant illumination condition [25, 26].
The I-V curve measurement is the most fundamental characterization technique for photovoltaic
devices. It is usually obtained from indoor measurements with a solar simulator according to the
IEC 60904-9 or ASTM E927-10 standards. The light source of the solar simulator is classified
regarding three particular parameters: spectral content, spatial uniformity and temporal stability.
For each parameter, one out of three classes can be assigned (A, B or C). These classifications are
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2.3. PV MODULE CHARACTERIZATION TECHNIQUES

specified in Table 2.2. Since the solar spectrum has not the same intensity at different wavelength
intervals, the spectrum specification for the solar simulator is further defined via the integrated
irradiance across several wavelength intervals for three different air mass (AM) conditions as shown
in Table 2.3.
The AM1.5D is defined as the direct solar spectrum, while AM1.5G and AM0 stand for the global
and for the extraterrestrial spectra respectively. The AM is a measure of how the solar radiation
is attenuated as it passes through the Earth’s atmosphere, in intensity and spectral content. The
number next to AM corresponds to "the relative length of the direct-beam path through the
atmosphere compared with a vertical path directly to sea level" [27] —the longer the path, the
greater the attenuation.
Table 2.2 Solar simulator classification for IEC 60904-9 and ASTM E927-10 standards.

Performance parameter
Spectral match
(each wavelength interval)
Irradiation non-uniformity
in the measurement plane
Temporal instability

A

Class
B

C

0.75 to 1.25

0.6 to 1.4

0.4 to 2.0

<2%

<5%

<10%

<2%

<5%

<10%

Table 2.3 ASTM spectral irradiance for three standard spectra.

Interval

Wavelength range (nm)

AM1.5D

AM1.5G

AM0

1
2
3
4
5
6
7
8

300 to 400
400 to 500
500 to 600
600 to 700
700 to 800
800 to 900
900 to 1000
1100 to 1400

–
16.9%
19.7%
18.5%
15.2%
12.9%
16.8%
–

–
18.4%
19.9%
18.4%
14.9%
12.5%
15.9%
–

8.0%
16.4%
16.3%
13.9%
11.2%
9.0%
13.1%
12.2%

Regardless of their class, there are three types of solar simulator systems: Flasher, Pulsed and
Steady state. The first two are often used for performance measurements in industrial module lines.
Nonetheless, steady state is mostly used to determine the nominal module operating temperature
(NMOT)3 , degradation and light soaking. Whichever solar simulator is used, an homogeneous
light source with an intensity of 100 mW cm−2 is required.
The STC is defined as [27–29]:
-

AM1.5G spectral distribution.

-

Total irradiance of 1000 W m−2 (or 100 mW cm−2 , also called 1-sun).

-

Device temperature of 25 ◦C.

To obtain the I-V curve, it is necessary to apply a voltage sweep to the PV device under test.
This sweep is usually applied when the device is illuminated but not restricted to it. In certain
cases, the I-V curve is also obtained for dark conditions to extract further parameters from the
measurement, such as the equivalent diode saturation current (I 0 ) and the diode ideality factor
(n D ).
An electronic load is used4 to do the voltage sweep while the current and voltage are measured
3 Former nominal operating cell temperature (NOCT).
4 Usually based on a metal–oxide–semiconductor field-effect transistor (MOSFET).
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employing the electrical impedance measure avoiding the voltage drop in the wires. Even using the
Kelvin sensing method (4T or four-wires sensing) does not secure to measure the true I SC . Thus,
the voltage drop in the wires needs to be compensated by using an active electronic load. Most of
the indoor I-V measurement devices make use of active loads, while handheld and outdoor devices,
commonly used for commissioning, use passive loads (e.g., capacitor and/or resistor networks).
The voltage sweep is usually performed in less than 60 ms from I SC to VOC conditions. For such
sweep velocity, a certain distortion is produced in the measurement for some high voltage, high
efficiency solar cells, due to their capacitive characteristics [30]. Therefore, the use of hysteresis
methods must be applied in order to avoid under- or over estimation of the MPP parameters, i.e.,
sweep voltage from I SC to VOC and later from VOC to I SC in a flash step with longer duration.
Just like the resulting I-V curve, which is the plot of the measured current over the applied
voltage (for a certain illumination), it is possible to draw the power-voltage (P-V) curve, which
displays the resulting power over the applied voltage. An example of I-V and P-V curves is shown
in Figure 2.5.
A manner of modelling the I-V curve of a PV device is using the one-diode model (Figure 2.6).
This model takes the basic physical principles of a charge carrier transport into account. To include
further phenomena such as recombination losses, it is recommended to use the two-diode model
which adds a second diode, in parallel to the diode D .
The equation for this model is given by:

with
and

(2.1)

I = I Ph − I 0 · e VD −1 − I Sh
q
VD = (V + R S · I ) ·
n D · k · Tc
(V + R S · I )
I Sh =
R Sh

(2.2)
(2.3)

where I and V are the output current (in A) and voltage (in V), respectively. The generated
photo-current is represented by I Ph (in A), whilst I 0 is the equivalent diode saturation current (in
A), VD is the diode voltage (in V), n D is the diode ideality factor, Tc is the solar cell temperature (in K), kB is the Boltzmann constant (1.380 648 52 × 10−23 J K−1 ), q is the elementary charge
(1.602 176 63 × 10−19 C), and R S and R Sh are the series and shunt resistances of the solar cell (in
Ω), respectively. In case that R S is very small, I Ph can be approximated by I SC [31].
6
10
5

8
4
6

3

4

2

P-V curve

2
0

0

0.1

0.2

0.3

Power (W)

Current (A)

I-V curve

1
0.4

0.5

0.6

Voltage (V)
Figure 2.5 Example of I-V (continues line) and P-V (dotted line) curves.
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Figure 2.6 Equivalent circuit of a solar cell based on the one-diode model [32, pp. 92]. The I D stands for the
current flow through the cell equivalent diode, D . This current is proportional to the equivalent
diode saturation current, I D = I 0 · e VD −1 , with VD been the voltage drop over the diode, i.e., the
output voltage (V ) plus the voltage drop over the equivalent solar cell series resistance (R S );
I Ph is the photocurrent or light-generated current, I Sh is the current flow through the shunt
resistance. Finally, I and V correspond to the output current and voltage respectively.

2.3.2 Spectral response
The spectral response (SR) of a solar cell or module corresponds to the amount of generated output
current due to a certain amount of irradiated power on the solar cell. It permits an examination of
how photons of different wavelengths (energy) contribute to the output current (usually in shortcircuit). The spectral response is defined as the short-circuit current, I SC (λ), resulting from a single
wavelength of light normalized by the maximum possible current. The external spectral response
of a sample of area A is defined in equation (2.4) [27, 32].
SR(λ)ext =

I SC (λ)
q · A · f (λ)

(2.4)

and the internal spectral response as equation (2.5) [32]
SR(λ)i nt =

I SC (λ)
¡
¢
q · A · (1 − s)(1 − r (λ)) · f (λ) · e −α(λ)·Wopt − 1

(2.5)

where Wopt is the optical thickness of the solar cell (technically, also a function of the wavelength),
q is the electronic charge and f (λ) is the photon flux. The external spectral response, SRext , is
experimentally measured, while the internal spectral response, SRi nt , is determined from the SRext
along with the knowledge of the metal grid shadowing on the solar cell, and its reflectance and
optical thickness. If light trapping methods are used, Wopt can be larger than the cell thickness.
Such methods include textured surfaces and back-surface reflectors.
The external spectral response can be converted into a quantum yield, i.e., electron-hole pairs
generated by an incident photon, using the equation (2.6) for external quantum efficiency (EQE )
[27].
EQE(λ) =

q · SR(λ)ext
λ·h ·c

(2.6)

The external spectral response is a perfect indicator for the optical quality of the encapsulation
material, i.e., by comparing the solar cell with the module SR. In this way, it is possible to identify
undesirable absorption in certain ranges of wavelength due to different materials. An example of
spectral response comparison is shown in Figure 2.7. The glass employed is a flat-glass5 of 2.0 mm
thickness, while the encapsulant is a traditional formulation of EVA of 460 µm thickness, applied on
each face of the solar cell. It is evident how the glass–encapsulant interface diminishes the photon
flux arriving at the cell, especially in the UV range of the spectrum.
5 Non-textured, non-coated.
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Figure 2.7 Example of spectral response comparison between a group of bare c-Si cells which are later
individually encapsulated as glass-glass module of unitary cell.

2.3.3 Electroluminescence
Electroluminescence (EL) is an electro-optical phenomenon in which a material emits light in
response to an electric current (or electric field) [33]. In a semiconductor, both electroluminescence
and photoluminescence (PL) are the result of radiative recombination of electrons and holes. The
difference between PL and EL is how the electrons are excited. In EL, the excitation is made by
applying an electron flux to the sample under observation (electrical excitation), while in PL the
electron-hole excitation is made by bombarding the sample with photons (optical excitation). The
wavelength range of emission of the material varies depending on its bandgap and temperature. In
the case of c-Si solar cells at room temperature, the range of emission is approximately between
1000 nm to 1300 nm with a peak at 1150 nm [34].
In photovoltaics, EL characterization technique consists of the application of a direct forward
current to the device under test (cell or module) and a measurement of its photoemission by using
a radiation detector array, e.g., Si-CCD or InGaAs cameras. The result is a 2D-map showing
regions with different recombination and generation rates, usually as a fake color picture as shown
in Figure 2.8. The intensity of the measurement (or pixel brightness in the picture) is proportional
to the local voltage of the sample [33, 35]. The quality of the picture depends on the measurement
setup and detector employed. The use of Si-CCD camera allows the capture of high resolution
images (above 12 megapixels for modern cameras) but with long exposure time due to its low
quantum efficiency (hence sensitivity) in the wavelength range between 1000 nm to 1300 nm. The
exposure time depends on the camera sensitivity, sample distance to the lens, quality of the optical
elements and on the current level applied to the device under test. With the increase of the
exposure time, the sensor temperature rises and therefore the thermal noise increases as well. The
use of a sensor cooling system helps to reduce the thermal noise. However, an InGaAs detector
array has a higher sensitivity in the range of interest thereby allowing shorter exposure time and
lower artefacts due to thermal noise. The drawbacks are a resolution lower than megapixel range
and its elevated cost, which, among other constraints, make it less widespread [36].
Different current injection levels lead to varying excitation states and results in different images
and interpretations. For example, at short-circuit the effect of R S is clearly visible, while differences
of voltage drops caused by cracks are visible at a low current level (10% of I SC ) [36].
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For multi-Si solar cells, the cracks are difficult to be distinguished from grain boundaries and
other defects, which is why an advanced image processing algorithm needs to be applied [37].
a)

b)

Figure 2.8 Example of EL picture for: a) a c-Si solar cell with soldered tabbing ribbons and a notorious
crack originating from the middle busbar. b) a 60-cell module installed in a desert field test
showing several cell defects [Image courtesy of CDEA, University of Antofagasta].

2.3.4 Infrared thermography
Infrared thermography is a technique that makes use of Kirchhoff’s Law of thermal radiation,
Stefan-Boltzmann Law, Planck’s Law and Wien’s displacement Law, to create a 2-D image mapping
of detected energy in the IR range of the electromagnetic spectrum. The detected intensities can
be related to the surface temperature of the object under inspection by using Stefan–Boltzmann
Law. An example of an IR image of a PV installation is shown in Figure 2.9. Any spots of high
temperature indicating possible shunts can be detected in this way.

hotspots

Figure 2.9 Example of an IR thermography of a PV installation. [Image courtesy of CDEA, University of
Antofagasta]

Infrared thermography is close to the concept of electroluminescence characterization technique,
and usually used as a contactless technique to determine the performance and functionality of a
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PV installation. The IR thermography is usually applied to detect hot spots, caused by cell cracks,
shunted cells, interrupted interconnectors, broken down or short-circuited bypass diodes, etc. Hot
spots can mainly be explained by the Joule-Lenz Law. During operation, when a cell of the complete
module matrix is partly or fully shaded and the remaining cells are under illumination, the shaded cell
will start to behave as an electrical load instead of a generator (reverse polarized diode), consuming
power from the other cells connected in the string. Because of the balance of energy, this power
will be dissipated as heat, increasing the cell temperature above the rest of the module matrix.
Local heating can also be triggered if the cell area or the cell-ribbon bond are broken or contain
small gaps. Those defects will create local points of high resistivity that also dissipate power as
heat (hot spots). Hot spots are also seen in cell areas with very low resistivity in locally isolated
parts, called local shunts.

2.3.5 Laser scanning microscopy
A laser scanning microscope (LSM) is a non-destructive testing tool to obtain optical images or
other characteristics of an object such as surface roughness. The surface of the sample under test
is scanned point by point by a sharply focused laser beam [38]. In the LSM technique, the resulting
image is not directly acquired from the sample under wide area illumination (like in a CCD camera)
but rather obtained by a wide area detector which measures the movement of a laser over the
sample, which is the reason why LSM images can be obtained in the dark. The signal obtained
relies on the laser movement and intensity whereas the resolution of the acquired data depends on
the laser focus sharpness, its scanning path and movement precision (steps resolution) [38, 39].
Scanning resolutions can be in the scale of certain nm. Even if LSM can be applied in the dark,
variations with illumination need to be avoided.
Changes in the PV module materials can be analysed with LSM on a microscopic scale. Besides
optical images, the roughness of a surface can be determined and consequently it is possible to
quantify surface deterioration by abrasion, dust deposition, oxidation, etc. In Figure 2.10 is shown
an example of a glass abrasion analysis by means of LSM. The picture corresponds to a glass
surface exhibiting a severe scratch on its surface.

Figure 2.10 Example of a LSM image. Adapted from [40]
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2.4

Electrical interconnection technologies

In a PV module, the solar cells are usually electrically connected in a mixed series/parallel configuration. A typical matrix arrangement consists of sixty or seventy-two solar cells all connected in
series, physically divided in six sections (rows) along the module width whereby each row consists
of ten to twelve cells, respectively. According to Ohm’s Laws, the number of solar cells connected
in series (string) defines the module voltage as the sum of the voltage of each individual cell. Additionally, the amount of strings in parallel corresponds to the ratio of the target module current
to the string current, assuming that each string has the same current generation.
The previous explanation is a simplification and does not include ohmic losses due to series
resistance, nor a current mismatch due to differences in the current generated by the individual
cells. The latter causes the string current to equal the minimum individual current, while the former
one mainly affects the fill factor due to a reduction in voltage and current at the maximum power
point (VMPP and I MPP , respectively). For large-area industrial c-Si solar cells, the fill factor falls in
about 4.5% to 5.5% per 1 Ω cm2 increase in series resistance [41]. The total series resistance (R S )
is equal to the sum of all resistance contributors (series connection) [41].
Screen printing of an Ag-based film paste and firing through the anti-reflection coating (ARC)
layer of c-Si solar cells is currently the predominant technique to establish electrical contact to the
emitter, creating an H-pattern metallization grid [41–44]. In order to constitute the module’s cell
matrix, this metallization needs to be connected to an electrical conductive element in a reliable
manner. This interconnector is meant to transport the generated charge carrier to the module’s
exterior (module’s connectors) through the junction box and external cables. The most widespread
conductive element is usually called tabbing ribbon (or just ribbon). A highly conductive (coated)
ribbon strip is soldered or glued on top of the busbars along the length of the cell. An extended
part of this ribbon is also attached (soldered or glued) to the opposite side of the adjacent cell
(front-to-back) to enable a series connection, as shown in Figure 2.11. Typically, a tabbing ribbon
corresponds to the electrical interconnector which is directly attached to the solar cell, whereas
a bussing ribbon to the interconnector which unites a string to other strings (tab-to-busing) and
the strings to the junction box. New concepts thinking about how to reduce the electrical cell to
module loss, without adding an extra cost to the module, have been developed. For example, the
PV module series resistance can be reduced by shortening the finger length of the solar cells, which
implies to narrow the tabbing ribbon distance on each solar cell. This is the main aim of multi
busbar and smart wire technologies.

Figure 2.11 Scheme of a four busbars, full square, solar cell with traditional front-to-back series connection,
using ribbons as interconnectors. Adapted from [42].
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In terms of power loss, the ribbon cross-section and its core conductivity are crucial parameters.
The ribbon width, its thickness and geometry are important parameters to determine the power
loss of the cell-to-module process due to shading and an increase in series resistance. Losses due
to shading are caused by the presence of the metal grid and ribbons on the solar cell’s surface6
which prevents light from entering the solar cell [41, 45, 46]. Electrical power loss (mainly due to
a voltage drop in the series resistance) can be diminished not only by increasing the interconnector
cross-section, but also by reducing the output current. The latter can be achieved by reducing the
solar cell area, as it is seen for the concepts of half-cells [46, 47] or shingled-cell [48–50] based PV
modules. This topic is further discussed in Chapter 5.

2.4.1 Tabbing ribbons
Tabbing ribbons, or interconnection wires, are primarily produced on the basis of a core made of
a copper flat wire which is coated with tin or a tin alloy. Common kernel alloys include C10200,
C11000, Cu-ETP1 and Cu-OF1. Aluminum alloys are also used as a base metal, for example,
Al1050, Al1350, Al1188 and Al1199 [51, 52].
A typical ribbon coating consists of a tin alloy which contains lead, e.g.,SnPb (60/40) and
SnPbAg (62/36/02), or it can be lead-free, e.g., SnAgCu (96.5/03/0.5). The melting temperature
of leaded coating alloys is higher than 190 ◦C while above 220 ◦C for the lead-free. However, low
melting temperature compounds exist like SnBiAg (60/38/02) with a melting temperature above
180 ◦C. The coating thickness is usually in a range of 10 µm to 50 µm. The type of the selected metal
kernel, directly affects the ribbon conductivity and hence the power output of the module —the
lower the ribbon conductivity, the higher the electrical power loss of the module. The ribbon-to-cell
bonding adhesion properties are also affected by the coating composition and soldering/glueing
process (process temperature profile, contacting force and its duration) [53–55].
A critical feature of an interconnector is its yield strength and elongation [51–55]. A low yield
strength minimizes the solar cell breakage by reducing the mechanical stress on the cell during the
stringing and lamination process. Copper expands at a different rate than silicon during heating
and cooling, which is why a thermo-mechanical stress at the ribbon–busbar bonding interface is
created. The thinner the solar cell, the lower the yield strength desired. For example, for a c-Si
cell of 160 µm to 180 µm thickness it is recommended to employ a ribbon with a yield strength
below 80 MPa. Camber is a measure of wire straightness. Tab ribbons must be straight with
minimal camber. If it is not controlled, missed bonds or cell bow during the stringing process can
occur. The camber is difficult to control in a PV module line when ribbons with low yield strength
are employed. Elongation is a measure of wire ductility. The higher the wire elongation (high
ductility), the better the wire withstands contraction and expansion cycles due to differences in
ambient temperatures, enhancing the long term module durability. When selecting a PV ribbon, it
is recommended to look for an elongation of at least 20% or as high as possible. Typical values for
yield strengths and elongation are lower than 70 MPa and higher than 25%, respectively [51, 52,
54, 55].
The width of tabbing ribbons can vary from 0.2 mm to 2.0 mm, while the one for bussing ribbons
can vary from 3.0 mm to 6.0 mm. In terms of thickness, a tabbing ribbon can be in the range of
0.08 mm to 0.24 mm, and up to 0.50 mm for the bussing.
In Schneider et al. [56], the authors compared two solutions as a replacement for the soldering
process of solar cells without busbars, which are conductive gluing and conductive foil. It was found
that the mechanical adhesion on the rear side of ribbons attached by conductive glue is lost during
thermal-induced mechanical stress, which leads to a high decrease of fill factor. Such mechanical
stress is commonly found in desert applications. Differently, conductive foil impressively withstands
6 Front or top surface for monofacial cells, whereas front and rear surfaces for bifacial ones.
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accelerated ageing tests, showing itself as an excellent alternative to replace traditional soldered
ribbons in terms of reliability.

2.4.2 Multi busbar technology
Multi busbar (MBB) is a technology that creates electrical interconnection by metal wires, like the
traditional tabbing ribbons do. This technology is not only about the electrical interconnectors,
but also involves changes to the solar cell’s metallization grid design. No busbar is printed on
the cells front side and, by consequence, the amount of wires necessary to create the electrical
connection makes the difference in terms of series resistance and therefore, in power loss. A
schematic comparison between the traditional method and the multi busbar technology is shown
in Figure 2.12.
The main aim of this technology is to reduce the solar cell cost by decreasing the Ag consumption
of the metallization grid [57]. The benefits of this technology are not only an Ag consumption
reduction, but also an attenuation of optical losses and series resistance from the interconnectors.
Braun et al. [58] had discovered that the series resistance contribution of a multi busbar (MBB)
finger is approximately five times smaller compared to a finger of a commonly used three busbars7
solar cell. This decrease in R S is mainly due to the shorter finger length of the MBB solar cell
(effective length of 5 mm compared to 25 mm).
Flat ribbons
solar cell
Traditional 3BB interconnection

Round wires
solar cell
Multi busbar interconnection

Figure 2.12 Scheme of a transverse view between traditional electrical interconnection and the MBB approach. Adapted from [59].

2.4.3 SmartWire connection technology
The smart wire connection technology (SWCT) by Meyer Burger is a solar cell interconnection
technology based on wire bonding, similar to MBB but with three main differences: 1) SWCT
uses more round copper wires of smaller cross sections which form a grid, 2) the wire’s grid is
incorporated into an thermoplastic olefin (TPO) type encapsulant, and 3) the stringing process is
performed during the lamination process, therefore the bonding is created at a lower temperature.
Figure 2.13 shows an example of this electrical interconnection method. Notice that the solar cells
are busbarless.
The aim of this technology is to minimize the cell-to-module power loss and increase module
reliability due to the presence of thousands of contact points between wires and cell fingers.
When using SWCT, the front and the rear busbars are omitted, in consequence silver paste
consumption and shading loss can be significantly reduced [61].
The wires are round Cu based conductors coated with an (usually) 50% Indium alloy that melts
at low temperatures. The common alloy thickness is 3 µm to 5 µm. Between fifteen and thirty-eight
wires are typically aligned in parallel to each other and embedded into the surface of a polymer foil.
The resulting smart wires foil is directly applied onto both cell surfaces to be laminated together.
The fact of avoiding a soldering step of high temperatures permits a relaxed constraint between
the wires and the cell metallization, hence better cell backside passivation can be achieved [62].
7 Per each wafer side.
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Figure 2.13 Schematic example of SWCT. Only fingers and wires are required to create electrical connection. Adapted from [60].

2.4.4 Other electrical interconnection concepts
As was previously mentioned, a reduction in solar cell areas implies a lowering of output current
and thereby a diminished electrical power loss. Besides, reducing the cell area, e.g., cutting them in
half, does not necessarily imply a change in the total length of the electrical connections. For this,
the strings connection design must be changed, i.e., not all the sub-strings should be connected in
series. Currently, there exist interconnection designs for low current generations, like the shingledcell concept [48, 63, 64]. This interconnection concept corresponds to a full size c-Si solar cell
which is reduced in area by laser cutting along the busbars, resulting in stripes with electrical
interconnections on the long edges only. Later, these stripes are directly connected in series. The
stacking is performed by overlapping the back of one stripe and connecting it to the front side of
the next one. An example is schematized in Figure 2.14. For module manufacturing, soldering or
conductive glue is used to establish a low resistive and stable electrical contact and to provide a
certain mechanical support level. The shingle interconnection technique cannot be called a novel
concept since it has already been published in 1990 [48]. The authors demonstrated a cell-tomodule conversion loss of 0.5% in terms of efficiency, achieving a module efficiency of 17.3% with
96% packing density. A similar concept was applied in the fabrication of a high voltage module by
J. Summhammer et al., in the years of 2013 to 2016 [49, 50, 65], with interesting results achieved
from accelerated ageing tests [65]. Just recently the authors estimated a saving on metallization
of 70% to 90% if compared to a typical module made out of sixty c-Si cells (6-inch full square).
This interconnection method is further discussed in Section 5.5.
The use of half cut solar cells with the traditional front-to-back interconnection is the easier
way to go for PV modules manufacturers. Modules made of half-cells exhibit on average an energy
yield between 1.9%rel (during winter time) to 3.9%rel (during summer time) higher than their
homologous full-size cell devices [66]. However, some disadvantages of using halved solar cells
are the fact that: a) it requires an additional step in the manufacturing process —the solar cells
are usually first scribed or grooved using a laser and then cleaved into two pieces; b) due to the
laser scribing, the chances of having more cell-inherent defects increases, thus cell breakage during
lamination and module operation may increase [67, 68]; and, c) it needs twice as many soldering
connections hence the chances of contact interruption increase as well. Thermal laser separation
is a cell separation technique showing lower mechanical and electrical damage than the traditional
laser induced cutting, as long as a cooling agent other than water is used [69, 70].
21

2.4. ELECTRICAL INTERCONNECTION TECHNOLOGIES

Busing ribbon

Stripe

ECA

Figure 2.14 Example of interconnection of the shingled-cell module concept. a) scheme of metallization
grid, red dashed lines correspond to cutting path on the front and on the rear side of the solar
cell; b) scheme of two strings interconnected in parallel, each made of ten stripes; c) lateral
view of schematic shingled-cell connection.

Other concepts of electrical interconnection correspond to back (or rear) contact solar cells. In
back contact solar cells, the front contact grid is moved completely or partially to its rear side,
thereby allowing the solar cell to achieve potentially higher efficiency due to a negligible shading on
its sunny side (increased active area). In the front-to-back interconnection method, 7% of active
area is lost due to the front-side metallization [71]. Some example of rear contact solar cells are
the interdigitated back contact (IBC) and the metal wrap through (MWT). For this type of cells,
a conductive foil (CF) is suitable to be implemented. In CF the electrical interconnection grid is
incorporated to the backsheet foil as an embedded material, unlike SWCT where the wire grid is
incorporated into the encapsulant. Nevertheless, in both cases the cell interconnection is made
during the lamination process. In addition, because the cell-to-cell connection is placed on the rear
side, no shading occurs in the cell front side, therefore electrical conductor width and thickness
can be adjusted with less restrictions. Consequently, the power loss due to series resistance can be
reduced allowing a 2–4% relative efficiency gain when compared with modules made of front-toback interconnection [17].
In the IBC concept, solar cells can have the electrical contact at the opposite edges of its rear
side or distributed over the rear side as the scheme in Figure 2.15 shows. For the latter, an 0.8%
absolutely lower FF loss compared to soldered Al-BSF8 cell has been demonstrated [72]. The
interconnectors can be glued or soldered to the solar cell. Both cases passed 200 and 400 cycles
of TC test (TC200 and TC400 respectively) with relative loss in efficiency of up to 5% [72].
For the case of MWT solar cells, the contact pads and the metal fingers are distributed over
their front (or sunny) side implying a 4% loss of active area (instead of the ∼7% of the traditional
H-pattern metallization) [17, 73]. The charge carriers, which are collected in the emitter pad, are
transported to the rear side via an interconnector that crosses all over the base, reason why it
needs to be isolated. Such isolation can be created by screen printing an isolation paste or by using
8 Aluminium back surface field.
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a special encapsulant [17].

Figure 2.15 Scheme of interconnection of IBC cells with a) edge contacts and b) distributed contacts (four
busbars). Red dots indicate the positive connection whilst the black dots, the negative ones.
Adapted from [17, p. 185].

2.4.5 Bypass diode, junction box and external connectors
If a module is illuminated and one or more cells are partially or fully shaded, the unshaded cells will
produce more current than the shaded ones. If all cells are in the same string (interconnected in
series), the non-shaded cells will impose a current in the circuit (proportional to the light intensity).
The operational point of the shaded cell will depend on the proportion of shaded area, the characteristic I-V curve, the light intensity of the non-shaded cells and the operational point of the module
or system depending on the algorithm of the maximum power point tracker (MPPT) [74]. Under
certain conditions, the shaded cells work in the reverse bias, and therefore sinking current from the
other active cells in the circuit. As a consequence, the module power drops and the temperature
in the shaded cells increases. Thus, shading compromises module efficiency and reliability. To
avoid or reduce this effect, the shaded cell should be bypassed. A practical (cost-effective) way
to protect the cells is by using Schottky diodes every certain amount of cells (e.g., one-third of
a string). These diodes (usually three per module) are placed in the module junction box (j-box).
[74–76]
The J-box, in general, refers to any box where the electrical connections are made, from PV
module to system level (e.g, electrical connection of modules’ arrays). In this work, J-box refers to
the one attached to the PV module. For R&D and special applications, the J-box is not needed,
but for the general use and specifically due to safety reasons, all electrical connections should
be well sealed and isolated. The aim of this box is to join the internal busing ribbons9 with the
external cables in a reliable manner. The bypass diodes are usually placed in this box. For the
traditional laminated 60-cells (or 72-cells) PV module, one J-box is glued with silicon adhesive to
the backsheet. The majority of PV junction boxes have an ingress protection (IP)10 at least rating
of 65, whereas a high quality J-box has an IP67.
A bypass diode can fail by two main effects: electrostatic discharge and thermal runaway. The
former commonly occurs during manufacturing or thunderstorms, while the latter occurs during
operation in the field [78, 79]. Thermal runaway failures are related to the diode avalanche effect
and strongly depend on the ambient temperature and the capability of the J-box (or heat sink)
to remove the excess heat generated by the bypass diode [78, 79]. For this reason, it is of huge
importance to design the J-box according to the bypass diode power dissipation [76, 79].
9 usually four and often called internal leads.

10 According to the IEC 60529 [77].
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In Chang et al. [80], the authors determined that the main root causes for the J-box to fail are:
1) an excessive power dissipated inside the box for a longer period (e.g., for modules experiencing
permanent differential shading conditions between group of cell hence conducting bypass diode),
2) rework of cables and connectors, and 3) cables without proper soldering or welding inside the
J-box. All of these may cause either the bypass diode or the J-box to burn (and provokes fire), or
lead to a lower module performance. As the J-box is usually attached to the module backsheet,
elevated temperatures may cause accelerated degradation of the polymers at or close to the J-box
zone or to a voltage decay of the solar cells in this area. Due to these phenomena, the thermal
heat management of the bypass diodes in the J-box is a crucial requirement design.
Solar cables (and connectors) have to be flexible, UV protected, weather resistant and non
flammable. A solar cable should also be able to withstand a large temperature gradient range.
Ambient and conductor temperatures are derived from the Arrhenius Law for ageing of polymers
—ageing of polymers doubles for every 10 K rise [81].

2.5

Encapsulation materials

The sets of interconnected solar cells (strings or matrix) are fragile and susceptible to break if
they are under mechanical tension or are bending. Moreover, they are prone to undergo a thermochemical degradation such as galvanic corrosion as for example [82]. Thus, the solar cells and
electrical interconnectors must be protected to avoid excessive bending and/or metallization corrosion. Encapsulation materials are defined as construction materials required in a PV module to
protect the sensitive elements of the module: the solar cells and the electrical connections [14].
Thereby, the main functions for the encapsulation layer are to provide mechanical stability to the
cell and electrical interconnectors and protect such against weathering-induced and environmental damages, e.g., mechanical impact, moisture ingress and acidic-basic ambient (or salt spray).
In addition, for safety reasons, the encapsulation material should provide electrical insulation and
avoid the current to leak from the cell to the exterior of the module. These protections must be
achieved without impeding the solar cell operation. For this reason, the encapsulant should provide
high light transparency in the solar cell wavelength response (usually between 300 nm to 1200 nm),
a refractive index which should match with the solar glass and the anti-reflection (AR) coating of
the solar cell, and a high thermal conductivity to avoid an increase in operating temperature of the
cell matrix. The physical parameters to take into account are summarized in Table 2.4. In terms
of PV module reliability and durability, the encapsulant has to maintain adhesion strength to the
other module components. Photovoltaic modules are susceptible to UV irradiation, humidity, mechanical stress induced by large thermal gradients, mechanical loads, high electric potential relative
to ground, etc. [11, 14]. Since not all of these requirements are completely fulfilled by only one
material, additional layers are usually needed: the front and rear module covers, which are typically
a low iron glass, plastics and/or an extra copolymer.
The external front layer of a PV module is usually referred to the sunny side cover. This can
be applied without any problem if the solar cells are able to capture light from only one side (the
front or sunny side); however, for bifacial solar cells, it is necessary to clarify which is the front and
which is the rear side, because both can be sunny sides. In this work, frontal and back covers are
distinguished for bifacial solar cells since such require a transparent back cover (glass or backsheet).
From the point of view of encapsulation layers, usually two different encapsulation designs are
distinguished:
Glass-Foil: glass–encapsulant–cell–encapsulant–backsheet
Glass-Glass: glass–encapsulant–cell–encapsulant–glass
The encapsulant (also called pottant in literature) is usually the central core of an encapsulation
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system. Daily thermal cycles stress the module resulting in fractured cells, broken interconnects,
or cracks and separations in the encapsulant material [13, 14, 16]. This is mainly due to the
significant difference between the coefficient of thermal expansion (CTE) of the front and back
covers, polymeric materials, the c-Si and metallic interconnects. To avoid these problems, the encapsulant must accommodate the differential expansions of the different module materials without
over stressing the solar cell and electrical connections, and must itself be resistant to fracture. To
achieve this, the pottant must be a low-modulus, elastomeric material, among other properties. A
list of specifications and requirements for pottant materials are given in Table 2.4.
Table 2.4 Specifications and requirements for encapsulant materials. Adapted from [13, 16].

Characteristic

Requirement

Total hemispherical light transmission integrated
over the wavelength range from 0.3 µm to 1.2 µm
Glass transition temperature
Hydrolysis
Water absorption

> 90% of the incident

Resistance to thermal oxidation
Mechanical creep
Tensile modulus as measured by the initial slope
of a stress-strain curve
Fabrication temperature
Lamination pressure
Chemical inertness
UV absorption degradation
Hazing

<−40 ◦C (winter in deserts)
None at 80 ◦C, 100% RH
< 0.5 mass fraction (w t %) at 20 ◦C,
100% RH
Stable up to 80 ◦C
None at 90 ◦C
<20.7 MPa (<3000 psi) at 25 ◦C
≤170 ◦C for either lamination or

liquid pottant materials
≤ 1 atm
No reaction with embedded Cu at
fabrication temperature
None at wavelength >280 nm
None at 80 ◦C, 100% RH

The materials commonly used as PV module encapsulant are distinguished by their chemical
composition:
-

Ethylene-vinyl acetate (EVA)

-

Silicones

-

Polyvinyl butyral (PVB)

-

Polyolefin elastomer (POE)

-

Thermoplastic polyurethane (TPU)

-

Ultraviolet (UV)-curable resin

From the aforementioned materials, only silicones meet most of the requirements in Table 2.4,
which also includes resistance to the weathering actions of UV photo-oxidation, thermal-oxidation,
and hydrolysis [13, 16].

2.5.1 Ethylene-vinyl acetate
The EVA is a copolymer of polyethylene (73–67%) and vinyl acetate (27–33%) [83]. Crosslinked EVA is the most adopted material as PV module encapsulant worldwide and has been used
in PV industry for more than thirty years [14]. Ethylene-vinyl acetate by itself does not fulfil
the requirements of PV industry (good clarity and gloss, low-temperature toughness, stress-crack
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resistance, hot-melt adhesive, waterproof properties and resistance to UV radiation). Therefore,
it has to be cross-linked to obtain its desirable optical properties. The EVA cross-linking is an
exothermic reaction and consumes cross-linking agents. A sufficiently high cross-link to chain ratio
implies the formation of gel, in which each chain is connected to at least one other. This reaction
typically occurs at 150 ◦C during the lamination process, with a desirable pressing stage under
vacuum to be completed at the gelation point of the EVA [84]. The degree of cross-linking in the
laminated EVA is regulated by i) the lamination temperature (affecting the amount of cross-linker
activated per time unit), ii) the lamination time and iii) the initial cross-linker concentration [84,
85].
The transmittance of EVA typically lies in the range of 84% to 90% for wavelength of 400 nm
to 1200 nm and it is provided as a soft foil with thickness usually ranging from 0.2 mm to 0.6 mm.
A typical EVA formulation for PV modules is 28% to 33% vinyl acetate by weight, compounded
with additives such as curing agents, UV absorbers, photo-antioxidants and thermo-antioxidants.
Despite this, EVA undergoes chemical degradation while the PV module is in operation in the
field, especially with exposure to heat, humidity and UV irradiation, leading to material ageing,
producing acetic acid which implies an increase of corrosion rates [86, 87]. Shorter wavelength
in UV range and elevated operational temperature result in faster photothermal degradation [16].
Such characteristics are typical for hot dry climates, which means that EVA is not the best candidate
for PV modules to be installed in desert climates. Acetic acid is also a by-product created during
lamination process due to thermal decomposition of the EVA chains. Degradation mechanisms of
EVA as PV encapsulant are summarized in Table 2.5.
Table 2.5 Summary of degradation mechanisms and observations from field and laboratory testing related
to EVA as PV encapsulant [16].

EVA degradation mechanisms

Degradation from field and/or laboratory
tests

Deacetylation of vynil acetate pendant
group results to T alone, UV alone, and
UV/T together.
Photothermal (T and UV) exposure
produces acetic acid and polyenes formed
faster by higher T , UV dosis, more
energetic UV, and no or limited O2 . EVA
turns yellow to dark brown color.

Exposure to UV and T together causes
degradation much faster than T alone.

Increased acetic acid concentration
catalytically accelerates the photothermal
degradation.

Cell metallization and metallic
interconnectors corrode producing
acetates and oxides.

Photooxidation of polyenes produces
keto-chromophores that shorten the
length of polyenes.

The UV/T stabilization formulation does
not use optimal ratio and concentration of
UV absorber (Cyasorb UV[ 531]) and UV
stabilizer (Tinuvin 770).
Cyasorb UV[ 531] photodecomposes.

Discoloration from yellow to brown results
in a loss of power conversion efficiency.
The rate of discoloration can be retarded
by using an UV screen (e.g., cerium oxide)
in the superstrate (glass).

2.5.2 Silicones
Silicone as PV encapsulant is constituted of polymers, usually made of chains of alternating silicon
and oxygen atoms combined with carbon and hydrogen. Silicone rubber was one of the first
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materials to be used as encapsulant of PV modules. To date, even though it shows better optical
properties and higher durability than EVA, it is rarely used in terrestrial PV applications due to its
high price11 [11, 88]. Another weak point for silicone is its limited industrial application. The PV
module manufacturing line process and machines are optimized for encapsulants supplied as foils,
while silicone is commonly supplied as a two semi-liquid compounds. However, this disadvantage
can be turned to an advantage. This is because the lamination process for a thermoplastic foil
requires the heating of the encapsulant to turn it (semi)-liquid to evacuate air between module
layers. If the heating process is not adequate, undesirable bubbles and some gaseous by-products
will remain in the module. With silicone as encapsulant this process step can be controlled in a
easier way.
It has glass-like transmittance not only in the visible light (VIS) range but also in the UV and IR
ranges, with values higher than 90% between 300 nm to 1200 nm [88, 89].
Other advantages of silicone are a wide temperature stability range (−100 ◦C to 250 ◦C) and an
outstanding resistance to UV degradation [11, 88, 89]. Unfortunately, its water vapour transmission
rate is rather high and, therefore, it is most suitable to be used as encapsulant for the glass-glass
module design (see Section 2.6.2).

2.5.3 Polyvinyl butyral
The PVB is a resin usually adopted in applications that require strong binding, optical clarity,
adhesion to many surfaces and flexibility, making it a good candidate for PV module applications.
It is widely used as interlayer in laminated safety glass for automotive industry.
The implementation of PVB as PV encapsulant dates back to 1980, but its development was
stopped due to PVB sensitive reaction to moisture and UV dosis —at 70 ◦C12 , a loss of transmission, weight and formation of voids appear on stabilized PVB due to rapid chemical (thermal
and photothermal) oxidation [14]. New formulations of PVBs have been developed to enhance
its UV resistance and increase its adhesion force to glass [90]. However, even while it has good
electrical isolation, PVBs have shown to have a poor protection against PID [91]. It needs to
be considered that the previous mentioned test (PID) has been performed within 85 ◦C ambient
temperature and 85% relative humidity, using samples made by traditional lamination process, i.e.,
glass–encapsulant–cell–encapsulant–backsheet, which can lead to the moisture ingress as the dominant driver for PID effects in this test. In Chapuis et al. [92], the authors conclude that PVB can
be a wise choice if a proper edge sealing agent is used —thus, preventing moisture saturation.

2.5.4 Polyolefin elastomer
The polyolefin elastomer (POE) is a class of thermoplastic elastomers (TPEs). These are flexible
materials, having both viscosity and elasticity (viscoelasticity) and very weak inter-molecular forces,
with low Young’s modulus, and with the capability to be stretched repeatedly to at least twice their
original length and to return to their approximate original length when stress is released (at room
temperature) [93]. These capabilities are partially inherited by POE, which essentially have very
low molecular weight. Its application in the PV industry is relatively new. As other polymer sheets,
POE is usually supplied as a rolled foil with thickness ranging from 0.2 mm to 0.6 mm.
The POE has similar optical characteristics to EVA, except for its higher transmittance in the
range of UV wavelength. The POE transmittance lies in the range of 83% to 90% for wavelength
11 Significantly higher than EVA.
12 PV modules can easily reach such a temperature in the field.
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between 340 nm to 1200 nm.
In terms of reliability and durability, Schneider et al. [94] found that POE material has enhanced
mechanical stress endurance and high moisture ingress protection compared to EVA. Besides,
López-Escalante et al. [15] determined that polyolefin can effectively reduce the power loss induced
by the PID phenomena.

2.5.5 New encapsulant materials
There are two prominent materials being used as encapsulant pottant in PV modules: the thermoplastic silicone elastomer (TPSE) and the thermoplastic polyurethane (TPU).
The TPSE is an encapsulant class relatively new in the PV industry. These materials combine
the exceptional performance of silicone and the well known application process of thermoplastics
foils. Unfortunately, they are practically used only for special applications due to its high price even
when compared to silicones. Among their properties, high UV resistance and high transmittance in
the visible light spectrum are outstanding. A weak point for these materials is their high Young’s
modulus (≤280 MPa), which can lead to mechanical stress problems [11].
The TPU is a copolymer of polyurethane, known by its waterproof properties and typically applied
as an encapsulant in undersea sonar devices. The TPU melts at about 120 ◦C and it shows a high
adhesion to polyester backsheets without any extra treatment or additional adhesives (so-called
primer layers) [83].

2.5.6 Glass for the photovoltaic industry
Due to the high requirements of mechanical stability, weathering protection, and electrical insulation, together with a high transparency and low reflectivity, an extra encapsulation material is
required. In a traditionally laminated PV module, the first barrier against environmental weathering
is the front and rear cover. Low-iron soda-lime glass is commonly used as a front cover material,
with a thickness of 2.0, 3.2 or 4.0 mm, and with transmittance in the visible solar spectrum above
90% [95]. To provide additional strength, the glass is usually tempered, increasing its bending
stress from 45 MPa to more than 120 MPa [83]. To improve its optical properties, i.e., the increase
of its transmittance (and therefore the module short-circuit current density ( J SC )), the glass must
be coated with an ARC layer or patterned to scatter light into the module (light trapping), i.e.,
concentrate and guide the photons to the solar cell [83, 96, 97]. The transmission can be enhanced
for example by 2.5% (absolute) by applying an ARC to the front cover glass [83]. Total internal
reflection can be achieved by patterning and coating the glass surface to the solar cell [97]. Consequently, energy harvesting can be improved by 1.7% to 9.8% if a textured cover glass is used
[83], or by approximately 7% if the cover glass has an ARC13 [98].
The large thermal inertia of glasses is a feature to take into account for non standard operation
conditions (outdoor exposure). It is desirable for any encapsulant material to allow dissipation of
the generated heat14 in a fast manner. In Zhu et al. [99], the authors show by simulations the
possibility to lower passively (radiative cooling) the module operating temperature up to 18.3 K by
means of the application of a photonic thermal emitter based on silica pyramid arrays.
In Duell et al. [100], the authors conclude that for a Glass–EVA–Foil module, structured glass
enhances I SC by up to 3% for normal incident light if compared with modules made of flat-glass.
Because the electrical (ohmic) loss increases proportionally with the square of the current, a higher
13 This differences depend on weather and latitude.
14 Which is created due to recombinations, entropy, hot spots, etc.
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I SC implies a higher operating temperature, which depends on the wind speed and altitude. In
the same article, the authors found that modules made of structured glass have lower operating
temperatures than those with flat-glass when the wind speed increases. This temperature difference
is attributed to the higher convective cooling of the structured glass. Similar results have been
found by Said, Al-Aqeeli, and Walwil [101].

For PV modules installed in desert areas, soiling is a huge issue in terms of energy harvesting
and PV plants maintenance, leading to a power loss of up to 1% per day [102–107]. Therefore,
anti-soiling (AS) coatings applied to the glass cover should help to diminish the energy loss due
to soiling accumulation. Anti-soiling coating can be distinguished in three categories: hydrophobic, hydrophilic and hydrophilic/photocatalytic. Each category is expected to behave differently
depending on the deposited particles composition and environmental conditions (ambient temperature, relative humidity, dew point, wind speed, etc) [108–110]. In some cases, modules with AS
coated glass should be easier to clean. However, to clarify this, outdoor experiments must be
carried out in the place of interest.
The cover glass is not exempt to be degraded by abrasion or scratches. A Taber test15 is
commonly used to determine the ARC reliability: "A rubber with abrasive materials is moved on
the test surface for a defined number of cycles" [83]. The fraction of scattered light (haze) is
measured after 1000 cycles or multiples of it.

2.5.7 Plastics as covers
Due to weight load restrictions, some roof and mobile installations require light weight PV modules.
Typically, for a traditional glass-foil module a front cover consists of 3.2 mm low-iron glass and its
weight is approximately 74% of the total PV module weight (∼19 kg). Lightweight fluoropolymers
can replace the glass front sheet. Ethylene tetrafluoroethylene (ETFE) and fluorinated ethylene
propylene (FEP) offer glass-type light transmittance and are resistant to chemicals, humidity, UV
and have a wide working temperature range (89 ◦C to 423 ◦C). Nevertheless, due to their high
elasticity, they do not provide enough mechanical stability, reason why a PV module laminated with
these products needs rigid reinforcement, e.g., a rear glass sheet or reinforcing mesh. Ethylene
tetrafluoroethylene is already used as a transparent roofing structure and has been subject to extensive testing including hail and cut resistance [111]. An example of PV modules made of ethylene
tetrafluoroethylene (ETFE) are the model BG 10x6P 16 from the company DAS Energy GmbH,
which is certified for safety and for long-term operation in general open-air climates, according to
IEC 61730 and IEC 61215, respectively.

2.5.8 Backsheet materials
As well as the front cover, the rear cover is needed to protect the solar cells and pottant material
against the environmental harm, especially for the ingress of moisture, chemical vapours, chemical
(acidic/basic) mist, UV radiation and erosion [14]. For more than thirty years, flexible sheets have
been used as rear cover. A composite sheet using polyethylene terephthalate (PET) film for the
core and polyvinyl fluoride (PVF) as outer and inner layers were recommended for the backsheet
construction [112].
The inner layer (usually PVF) has the main function of providing stable adhesion to the encapsulant, to protect the core against UV and to reflect the light back to the solar cell. A reduction in
15 EN 1096-2 (Committee, 2012a,b).
16 http://www.das-energy.com
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the inner layer reflectance (also known as yellowing or browning) is one of the indicators that the
layer is degraded [112].
The core layer (usually PET) is the main provider of mechanical strength, electrical insulation and
moisture barrier. The thickness of this layer ranges usually from 0.2 mm to 0.3 mm [83]. The
thinner the PET layer, the higher the water vapour transmission rate (WVTR). If higher moisture
barrier is needed, a thin aluminium layer of 8 µm to 12 µm can be added to- or replace this PET
layer [83]. This aluminium layer can also help to the solar cells to release heat in a fast way [113].
The UV negatively affects the PET mechanical properties —its elongation decreases [112]. For
an enhanced module efficiency, the UV transmission of front cover (glass) and frontal encapsulant
layer should be as high as possible, hence the UV blocking capability of the rear encapsulant and
inner backsheet layers plays an important role in order to avoid thermochemical degradation of the
latter.
The outer layer(s) (commonly PVF) aims to protect the core against weathering, mechanical and
chemical abrasion, and UV irradiation [112]. It has commonly of 40 µm thickness [83].
Interlayer adhesion is needed to glue the three previously mentioned layers. Typically a 2 K PU17
adhesive is used to glue the inner-core–outer-layer compound [83].
In Industry, the composite sheet previously described was formerly known as tedlar but indeed
is Tedlar®-Polyester-Tedlar (TPT), while Tedlar refers to the PVF brand name of the company
DuPont. An alternative to the TPT is the Tedlar-PET-EVA compound.
In Gong et al. [114], twelve different commercial backsheets are tested. The authors found that
backsheets made of polyvinylidene fluoride (PVDF) as inner layer film shows better UV resistance
than those made of PVF film. Nevertheless, the layer thickness and the UV stabilizers play an
important role for the durability of the layer and hence, for the backsheet [112].
For traditional PV modules, transparency to light of the backsheet cover is not a material
requirement. Nonetheless, this is not the case for bifacial modules, where the ground reflected
light is desired to reach the solar cell with least optical losses. Transparent PET and TPT are used
as core materials for this applications.

2.6

Challenges in encapsulation design

As it is the case for many technological topics, improving the material properties automatically
leads to higher costs. Some technological improvements are more profitable than others and each
improvement will not automatically imply a significant enhancement. In economics, where the
monetary profit is priority, this is an aberration and it is forbidden. For the PV industry, the history
does not look differently. Two main concerns can be distinguished: one from a technical point of
view and the other, from an economical one. The technical challenges are i) to avoid as much
as possible the power and efficiency losses due to the C2M conversion process, which means to
reduce power losses (optical and ohmic) and increase packing density, and ii) to design the solar
module for highest reliability and longest PV module lifetime.
The packing density (or packing factor) of a PV module refers to the ratio of its active area to
the total module area, where active area corresponds to the one which is covered by solar cells.
Figure 2.16 shows that a module made out of cells with traditional H-pattern metallization (module
a)) requires extra space to arrange for the strings’ interconnections if compared with a module made
of IBC solar cells (module b)). Module efficiency increases directly with the packing ratio but it
also depends on the power loss due to the C2M conversion process. For the traditional electrical
17 Solvent-based mixed with aliphatic and aromatic isocyanates.
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interconnection18 , the increase in packing density also implies an augmentation of the mechanical
stress along the tangential edge of the ribbon direction —smaller cell separation implies to have
ribbon front-to-back angles close to 90° and hence less space for thermal expansion and relaxation
(see Figure 2.17). This is the reason why for the traditional electrical interconnection (Section 2.4),
the packing factor is usually ≤ 0.9. If highest packing density is needed, the electrical connection
design has to be changed, e.g., to IBC or to shingled solar cell interconnections (Figure 2.16c))
[48].
a)
b)
c)

Figure 2.16 Schematic comparison of package density for three different module technologies: a) traditional
H-pattern with four busbars and 3 mm spacing between cells; b) module made out of (rear
contact) IBC solar cells and 2 mm spacing; and, c) shingled-cell module with cell stripes of
length 31.2 mm and 2 mm spacing.

Hot

Ribbons
Room
temperature

Temperature

conditions

Solar cell
Cold
conditions

Figure 2.17 Example of stress release in a ribbon in the cell-to-cell spacing for a front-to-back interconnection.

2.6.1 Glass-Foil design
The traditional and more widespread encapsulation method is the glass-foil design, which basically
consists in using a solar (low-iron) glass as first layer support and a polymer foil (backsheet) as
18 H pattern metallization plus tab ribbons.
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rear cover. A solar glass can be flat, structured and/or with an ARC on top, depending on the
manufacturing process and post treatment. The backsheet can be either white, transparent or
black, according to the user needs.
In some cases, by-products as gases are released from the encapsulant (pottant) material during
the lamination process, as it is the case for EVA and POE, for example. Such gases need to be taken
out from the interior of the module during the process, otherwise they may form bubbles which
remain in between the layers. Such bubbles can be chemically activated over time or change their
size and/or shape with changes in temperature. During module service time, such bubbles react
to heat and can have negative impacts as encapsulant delamination. The use of semi-permeable
front or rear covers (typically given for the glass-backsheet module design) will allow outgassing of
by-products (e.g., acetic acid) or prevent bubble growth to a certain extent. At the same time,
it is very important to use backsheets with a low moisture vapour transmission rate (high barrier
against water vapour ingress), or even waterproof backsheets to prevent excessive moisture ingress
over time which may lead to corrosion effects.

2.6.2 Glass-Glass design
Also called double-glass, it is the encapsulation technique with the highest durability due to its
extremely low moisture ingress, low or zero performance loss due to potential induced degradation
and less mechanical stress for the cell during its service lifetime [89]. In Zhang et al. [115], the
authors demonstrate by simulations that mechanical deformation of glass-glass modules is more
uniform than for traditional glass-foil modules, allowing the solar cells to have a lower crack or
micro-crack growth rate in case of high wind load, vibration or shock during transport or service
time. This is because the cell’s matrix is placed in the cross-sectional neutral plane of the module.
In the same article, the authors show that the double-glass encapsulation allows the modules to
pass the UL 790 (Class-A) fire test and the UL 1500V system test.
In Verlinden et al. [116], modules with glass-glass lamination design have shown to withstand
more than three times the IEC 61215 standard tests. They also show a low PID effect (tested
with 85% relative humidity (RH ), 85 ◦C, and 1500 V) with a degradation lower than 3% after 600 h.
The Achilles heel for double-glass encapsulation is the module weight. Even when using thinner
glass (2.0 vs. 3.2 mm), a glass-glass encapsulated module has approximately 50% more weight
than a typical glass-foil encapsulated one. Another consideration to take into account is the
requirement for an encapsulant material that doesn’t change the pH-value inside the module, as
the cross-linked EVA does during lamination process, for example. For this case, silicone seems to
be the proper choice. Laminated modules made out of Glass–EVA–aluminized-glass trap harmful
compounds that catalyse moisture-driven corrosion of Al [117]. Modules fabricated with breathable
backsheets show higher rates of moisture ingress but reduced corrosion due to the fact that they
allow the egress of gases produced by the encapsulation materials during lamination and operation.
Therefore, not any of the latter will give the benefits of using double glass encapsulation and a
proper material must be chosen, e.g., silicone.

2.6.3 Framed and frameless modules
A frame is usually mandatory for the traditional encapsulation process in order to protect the seal
between the glass and the backsheet, to improve the mechanical stability of the module and to give
a mechanical support for a subsequent field installation (mounting). A PV module frame is usually
made of an L-type profile of anodized aluminium. Figure 2.18 shows an example of a typical module
frame together with a scheme of the recommended attachment of the modules’ support surface,
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where usually metallic clamps are employed. In order to avoid galvanic corrosion, it is recommended
to include an isolator (e.g., a rubber band) or the use of same kind of metals for frame, clamp,
bolt, washer and backing nut (usually anodized aluminium). Several types of mounting systems
are used which vary from manufacturer to manufacturer, or its type (e.g., rooftop or ground level
installation). The four anchor point method by means of clamps is the most common type. An
example of the previously mentioned method is illustrated in Figure 2.19.

Figure 2.18 Example of a typical PV module frame. Minimum recommended values for A, B, C and D are:
6.35 mm, 38 mm, 50 mm and 15 mm respectively. Adapted from [118].

Some problems related to the module frame are the accumulation of dust and/or moss close
to the module edge. These phenomena can lead to an optical loss and undesirable extra stress of
bypass diodes due to local shading close to the module edge, which in long term could imply hot
spots, broken diodes and/or fire from the junction box. Using frameless modules allows solving
these issues but brings in another small disadvantage: the need of special mounting structures
and a more careful installation and transportation procedure. Because most of the modules in the
market use an aluminium frame, the majority of mounting accessories, racks and transportation
procedures are adapted to framed modules. For mounting, it is recommended to use at least a
four point anchor mounting (see Figure 2.19) by using clamps with rubber in contact to the glass.
Due to the use of rubber, the module glass is electrically isolated and therefore the PID effect is
weaker than using an anodized-Al frame (or null).
Another issue reported when using the classical L-shape frame is the local rear side shading
experienced for example with bifacial modules. It has been reported that for vertically installed
bifacial PV modules, the traditional mounting procedure can lead to a continuous and repetitive
working cycle of at least one bypass diode that involves a power loss of up to 10%rel . This is
generated by a partial shading on the module’s rear side caused by the module’s frame during
certain times of the day (close to noon), depending on the module orientation. Using frameless
modules, these drawbacks can be prevented, allowing to extend the device reliability and durability,
and even increasing electric energy production [98, 120].
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Figure 2.19 Scheme example of 4 anchor point mounting of a 60-cell module. The clamps are located at
(424 ± 85)mm from the short edge of the module. Adapted from [119].

2.7

Chapter summary

The solar cell by itself is fragile and therefore the module design is of great importance for the PV
device to withstand the harshness of certain climates. Such protection needs to be achieved with
as low of an impact in terms of optical and ohmic loss as possible. For this, several materials have
been tested during the last thirty years to allow high optical transmittance of the front cover and
a high barrier for moisture vapour to prevent oxidation.
The most common and prominent pottant materials are listed in Table 2.6, where POE shows
not only a slightly higher light transmittance than a traditional formulation of EVA, but also a lower
WVTR, meaning better performance under a humid environment. Nevertheless, reliability will be
also affected by the backsheet foil formulation, especially in terms of its adhesive layers.
Photothermal exposure of traditional formulations of EVA produces acetic acid and polyenes
that are rapidly formed by higher temperature, UV flux, more energetic UV (UVB), and limited or
null O2 , to give a higher yellowness index (YI ) to EVA. All these environmental combinations are
seen in desert climates.
Ionomers offer a high volume resistivity and a very small WVTR hence allowing a PID-free module
with promising performance under humid ambience. Nonetheless, its high stiffness makes it less
attractive for applications where the module is subjected to repetitive change in temperature, like
in desert climates.
For the encapsulant materials listed in Table 2.6, only silicone is less prone to degrade with the
exposure to UV and elevated temperatures.
The use of glass-glass encapsulation allows one to prevent most of the degradation phenomena
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Table 2.6 Summary of properties for some PV encapsulation materials. Volume resistivity is considered
at 23 ◦C. Adapted from [11, 15, 121] and various product datasheets. CTE: is the material
coefficient of thermal expansion, WVTR: stands for the water vapour transmission rate.

Encapsulant
material
EVA
PVB
TPU
Silicone
POE
Ionomer

Volume
resistivity
(Ω cm)
1.3 × 1014
4.8 × 1012
2.7 × 1014
6.0 × 1015
1.0 × 1014
7.1 × 1016

Thermal
conductivity
( KWm )

Young’s
Modulus
(MPa)

0.24
0.20
0.20
0.25
0.24
0.29

≤68
≤11
≤9
≤10
≤32

–

CTE

Transmittance

µm
( mK
)

(%)

WVTR
at 25 ◦C
g
( m2 d )

to
to
to
to
to
to

15 to 34
25 to 40
<100
20 to 30
3 to 5
1 to 3

∼180
∼155
∼83
∼30

–
–

80
81
80
90
82
83

91
90
88
98
92
93

resulting from exposure to the environment, especially those caused by mechanical bending, phenomena such as strong wind. Conversely, it permits the use of bifacial solar cells thus improving
energy harvesting [30, 122, 123]. For such module packing design, EVA is not recommended due
to the danger of an acid environment formation due to the creation of acetic acid during lamination and module operation. Such acid stays within the two glass sheets promoting the corrosion
especially under the service module temperature in arid regions.
Another advantage of the double-glass design, is that it allows the solar cell matrix to be in the
neutral mechanical bending zone of the module, decreasing the probability of crack and micro-crack
expansion due to bending and thermal coefficient mismatch between the front and back covers.
During the service time of the modules, energy output as high as possible is the desired aim.
For this, the choice of a proper interconnection method is crucial. In this matter, the use of
half-cut solar cells with the traditional front-to-back interconnection is the easier way to go for
PV modules manufacturers. However, an appropriated splitting methodology should be adopted to
avoid increased mechanical and electrical damage of the solar cells.
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CHAPTER 3

PV modules in desert climates

In order to make photovoltaic solar energy more competitive with other sources of electricity
generation, the levelized cost of electricity (LCoE ) needs to be reduced. This can be achieved by
reducing the investment expenditures, by increasing the lifetime and/or by increasing the quantity
of electricity generated per year [124]. The latter can be achieved by improving the cell efficiency
(η or ηC ) or by decreasing the ohmic and optical C2M losses. This must be done using materials
and processes that do not significantly increase the PV module manufacturing cost, otherwise the
investment expenditures will also increase. Other relevant aspects to take into account are the
module reliability and lifetime. These features are somehow uncertain for modules operating under
conditions out of the standards, such as tropical or desert climates.
Usually, for traditionally laminated PV modules, three out of the six main components are based
on polymers (the backsheet and encapsulant layers). Thus, the reliability and performance of a
PV module is directly related to the weathering of these three layers. In general, polymers are
strongly affected by three main factors: temperature, humidity (moisture) and light (specifically in
the ultraviolet range).
The Photovoltaic Power Systems Programme (PVPS) section of the International Energy
Agency IEA has carried out (in Task 13) a severe study on PV module failures in the field [125].
In this work, the failures are divided into three categories: infant, midlife and wear-out failures.
Some failures analysed in Köntges et al. [125] are shown in Figure 3.1. The PV modules present
early failures mainly due to contact failure in the J-box, interruption of string connections, glass
breakage and loose frame. While the most common midlife failures are the PID-effect, bypass
diode failures and cell interconnection breakage.
In general, common failure modes of PV module are, but not restricted to:
Ribbon failure, which is mainly caused by fracture or corrosion. As in any material, fatigue is
the reduction of its strength through repeated cycling. A fatigued ribbon can break and cause
electrical interruption. In spite of the cycle fatigue experienced by the ribbon, solder bond failure
appears more common than interconnect fracture in field-aged modules [126]. An interrupted
interconnetion or failed ribbon-to-cell bond may cause hotspots.
Hot spots. It corresponds to areas with temperatures significantly higher than the module average.
Hot spots are related to cracks or shunting areas in solar cells. These will lead not only to a decrease
in the efficiency of the affected solar cell but also to an accelerated thermochemical degradation
of the polymer encapsulant and backsheet [20]. Hot spots can also be caused by heat dissipation
from the junction box (heat released by the heat-sink of the bypass diodes). Backsheets can burn
if hot spots of high temperature persist for longer times [127].
Thermal runaway of bypass diodes, which is one of the main causes of hot spots to cause fire.
For this reason, it is important to properly dimension the thermal capability of the bypass diode in
the J-box ensemble. Different module architecture can lead to diverse bypass diode requirements,
and therefore, it may require a special approach or design of the J-box. This is, for example, the
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Degradation of AR coating on glass
Discoloration of encapsulant
Delamination, cracked cell isolation
Corrosion of cell / connectors

LID ~0.5 - 5%

< 3%
< 10%

Warranty

Power (%)

Pnom

Infant failure

Midlife failure

Wear-out failure

Time
Figure 3.1 Typical degradation scenarios for c-Si based PV modules. Adapted from [125]. P nom : nominal
power, AR: anti-reflection, LID: light induced degradation.

case for bifacial PV modules, where higher currents compared to traditional modules (usually higher
than 9 A) must be handled.
Encapsulant yellowing/browning, also known as discoloration1 . It corresponds to the color
change of a quasi transparent encapsulant. Changes in color have been reported due to corrosion diffusion into the front encapsulant [82, 128]. This effect is associated with the corrosion of
the solar cell metallization paste, which diffuses into the encapsulant foil, increasing the reflectance
of the latter. The amount of photons that reach the solar cell will decrease and with this the module efficiency too (the optical loss increases). The UV range of the electromagnetic spectrum also
causes some encapsulants to change their optical transmittance (or reflectance). For this reason,
UV stabilizers are added to the encapsulants, specifically UV absorbers in the case of EVA [20].
Backsheet yellowing/browning, which is one of the most common signs of backsheet ageing
(material fatigue) [82, 128]. The polymer backsheets degrade by thermo- and photo-chemical
reactions [20], thereby hotspots together with UV, moisture and gases cause early failures on these
materials (usually cracks).
Snail trails. This is the term used to describe defects as the ones shown in Figure 3.2 [129–131].
By itself, a snail trail is not a failure, but an indicator of a failure. It corresponds basically to the
diffusion of Ag nano particles from the cells metallization paste to the encapsulant. The severity of
this reaction depends on the moisture level, operating temperatures and phosphite content in the
encapsulant materials (usually as impurities) [132]. For this reason, the apparition of snail trails
in places with hot and salty moisture environments 2 is more likely to appear over shorter periods
than in places with moderate conditions.
On the other hand, the lifetime of traditional PV modules is estimated to be in the range of
twenty to twenty-five years. The module producers warranty module performance of greater than or
equal to 90% of the initial P MPP during the first ten years of operation, and greater than or equal to
80% up to twenty-five years of utilization. To fulfil such a performance within the first ten years of
operation, the module should degrade at smaller rates than 1% per year. Studies, based on surveys
of several PV systems, which have been operating for over twenty years, confirm this degradation
ratio —or lower values— mainly in temperate and continental climates [133–135]. Unfortunately,
1 Which is semantically wrong.
2 As it is the case for desert coastal zones.
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Figure 3.2 Picture of a module installed in a coastal zone of the Atacama Desert (in Antofagasta, Chile).
The module is under operation for less than four years and it already shows snail trails. [Image
courtesy of CDEA, University of Antofagasta]

studies performed in the Sahara Desert are far from the degradation rate of less than 1% per year.
In this zone, the PV modules are typically subjected to an average ambient temperature above
40 ◦C and peaks of approximately 60 ◦C. Multi-Si based PV modules3 operating in the Sahara of
Algeria show a mean degradation rate of 3.3%/year and 4.6%/year, depending on the module
design technology (glass-foil or glass-glass, respectively) [136, 137]. In these studies, the authors
attribute the module power loss to the degradation of the EVA (optical loss caused probably by
an increase on the YI of the encapsulant–backsheet). Nevertheless, no other characterization than
visual inspection and I-V curves measurements were carried out.
Mono-Si based PV modules operating in the southern Sahara region of Algeria, in Adrar, are
analysed in Bandou et al. [138]. The I-V curve of the modules were measured after twenty-eight
years of operation. In this study, the mean degradation rate is 1.22 ± 0.04%/year, smaller than the
previously mentioned study, but it is still above the required rate to meet performance at ≥90% in
ten years.
In Chandel et al. [139], mono-Si based PV modules installed in Himachal Pradesh, India, in the
western Himalayan, are reported to have an average power degradation of approximately 1.4%/year.
In this case, the modules powered a solar water pump for twenty-eight years. The PV modules
show mainly backsheet delamination and a severe golden brownish discolouration of the encapsulant
(EVA), leading to a strong reduction of I SC . The J-box also shows high rates of oxidation.
Berman and Faiman [140] obtained 1.3%/year on multi-Si based PV modules after almost four
years of operation in the Negev Desert.
In Chicca, Wohlgemuth, and TamizhMani [141], modules exposed to hot, dry desert (Arizona,
USA, eighteen years) and to a Mediterranean climate (California, USA, twenty-eight years) degraded with rates of 1.17%/year and 0.39%/year, respectively. The authors also state that modules installed in California show a strong optical loss of the encapsulant (increase on YI ). This
effect is attributed to high UV doses received by the EVA due to the low UV cut-off of the glass
(<380 nm). A low content of cerium oxide (UV blocker) is found within the encapsulant.
In general, as it is seen from the literature, the high operating temperatures on PV modules
lead to a degradation of the polymers used (typically) as encapsulant and rear cover. In the
case of backsheets, when material fatigue occurs, the material permeability increases due to the
apparition of cracks or crevices. An increase in the humidity content inside the module implies an
acceleration of corrosion and delamination rates. These rates also increase under higher UV light
dose conditions. Consequently, the degradation rates in the deserts may increase, and therefore not
only the module integrity may be affected, but its performance as well. In the following sections,
some characteristics not only in degradation rates but also in performance of PV modules under
desert climates are discussed.
3 Traditional EVA formulation as encapsulant
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3.1

A harsh environment

As it was previously mentioned, desert climates are environments that stress the modules far
stronger than standard test conditions, and therefore failure appears in shorter time frames. Nevertheless, not every desert zone is identical to another. For this work, the Atacama Desert is
chosen as a case to study due to its large amount of available solar energy, its expected suitability
for energy production and its harsh environmental conditions [6, 142, 143].
The Atacama Desert is the driest non-polar desert in the world [144, 145]. It is located in
South America along the Pacific coast and covers a surface of approximately 150 000 km2 between
latitudes 20°S and 30°S. The topography of the core of the Atacama Desert is shown in Figure 3.3.
In this place, the global horizontal irradiance (GHI) can be higher than 2500 kW h m−2 per year4
[146]. This high irradiation can be attributed to its particular geographic conditions: clouds coming
from the Atlantic ocean do not penetrate into the Atacama area due to the high altitude of the Los
Andes mountain range, whose altitude reaches 6000 m a.s.l.. A pronounced rain shadow effect is
created in Los Andes area. From the west, clouds are partially stopped by other set of mountains
in the Chilean coastal range with heights of up to 3114 m a.s.l.. Despite the hyper-aridity of the
central valley, some locations in the Atacama Desert receive a dense sea fog, locally known as the
Camanchaca, providing sufficient moisture for hypolithic algae, lichens, and even some cacti, and
to quickly produce rust in metallic devices [147–150].
The ambient temperature in the Atacama Desert varies evidently according to the altitude above
the sea level. For zones of more than 3000 m a.s.l., the ambient temperature can reach −23 ◦C during the night and 30 ◦C during the day. At the altitude of approximately 1000 m a.s.l., the night is
less cold with temperatures of up to −10 ◦C, whilst during the day it can be as high as 38 ◦C.
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Figure 3.3 Topography of the Atacama Desert. Adapted from [147].

Most of the Chilean PV plants are installed in the Atacama zone. In February 2016, the PV
installed capacity in Chile reached 1 GW, positioning PV as the first source of renewable energy in
Chile [151]. Currently, one of the biggest problems of PV plants in Chile is a really fine dust called
Chusca, which, in combination with the harsh environmental conditions of the Atacama Desert,
result in huge losses in system performance. A study carried out by consulting several PV power
operators in this region reported losses of up to 40% in power generation due to soiling [152].
4 As a comparison, in Sicily, Italy, the GHI is approximately 1800 kW h m−2 per year
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The Chusca in presence of Camanchaca creates a hard dust layer on the surface of the PV
modules which has a strong effect on the power output of the module and on the glass and
aluminium frame degradation. Furthermore, it strongly increases the module cleaning frequency
required. As reported by GIZ [153], the maximum cleaning frequency of fourteen PV farms5 located
in the Atacama Desert, is 1.2 times per month. The water consumption to clean 100 MW is in
the order of a couple of thousand cubic meters. In 2009, a study performed by SISS-Chile6 , shows
that a typical family resident of the Atacama Desert consumes ca. 14 m3 per month [154]. Thus,
with the amount of water needed to clean a 100 MW PV plant it is possible to supply approximately
seventy-one families per month in the Atacama (similar to the number of families of a small village,
where the scarcity of water is a big issue).
Olivares et al. [155] found that particles over module glass have a size smaller than 63 µm. Excess
of chlorides, sulphates and oxides are determined from the soil samples. This may lead to extended
corrosion, specially in zones were the Camanchaca is more dense. The researchers also found that
the soiling accumulation after four months increases the relative transmittance loss up to 55%.

3.2

Solar irradiance

Depending on the SR of a solar cell and packing materials, high light intensities in the wavelengths
of the solar cell response could imply high output current and hence high energy harvesting. Nevertheless, in spite of a high energy generation, depending on the wavelength of such light intensities,
the solar cell and packing materials can be also negatively affected, and therefore the lifetime of
the PV module to be reduced. For instance, most of the PV packing materials degrade at higher
rate while exposed to higher UV intensities [20].
Following this line of inquiry, these two topics shall be understood so as to improve PV modules
for desert climate: UV degradation and ohmic power losses.

3.2.1 Ultraviolet doses
The UV is defined as the part of the electromagnetic spectra with wavelengths (λ) ranging from
10 to 400 nm. According to the ISO 21348 standard [156], the UV range (100 nm≤ λ <400 nm)
is divided into three main bands according to its wavelength: UVC (100 nm≤ λ <280 nm), UVB
(280 nm≤ λ <315 nm), and UVA (315 nm≤ λ <400 nm). The ISO 21348 standard also divides the
UV in vacuum UV (VUV, 10 nm≤ λ <200 nm)7 , middle UV (MUV, 200 nm≤ λ <300 nm), and near
UV (NUV, 300 nm≤ λ <400 nm).
The Sun itself radiates in the whole range of UV wavelength. The solar electromagnetic radiation that reaches the top Earth’s atmosphere is composed of 50% IR, 40% VIS, and 10% UV
radiation [157]. Thus, by considering the solar constant of 1366 W m−2 , the UV radiation equals
to 136.6 W m−2 at the top of the planet’s atmosphere. At the Earth’s surface (or mean sea level),
UVC, UVB and UVA portions of the solar spectrum are absorbed mainly by ozone particles in
the atmosphere [158]. The absorption rate depends on the wavelength —the shorter the wavelength, the stronger the absorption. The UVC portion of sunlight is completely absorbed in the
atmosphere, while the intensity of UVB at sea level strongly depends on the ozone density. An
example of the previous explanation is shown in Figure 3.4. Thus, in average more than 95% of
5 Which are grid connected and operative.
6 The Chilean service for health supervision

7 The VUV is divided into three ranges: extreme UV (EUV, 10 nm≤ λ <121 nm), Hydrogen Lyman-alpha (H Lyman-

α, 121 nm≤ λ <122 nm) and far UV (FUV, 122 nm≤ λ <200 nm)
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the UV that reaches the Earth’s surface is UVA, and a small fraction is UVB. This is the main reason why irradiance below 295 nm is neglected in most of the terrestrial application of polymers [21].
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Figure 3.4 Typical profile of ozone density versus altitude in the midlatitudes of the Northern Hemisphere
[158]. [158]

It is clear that UV doses differ according to the characteristics of the atmosphere of a certain
region. For places with lower AM, the content of UV will be higher than from those with higher AM.
Thus, latitude and altitude play a significant role in the UVA content of the solar irradiance that
hits on a certain plane at that place. For example, the total UV portion in the AM1.5G standard8
is approximately 4.7%, while in the Negev Desert this proportion increases to 5.5% and to 5.8%
in the Atacama Desert [159–161]. This translates to a UV doses of approximately 120 kW h m−2
and 160 kW h m−2 per year in the Negev and Atacama deserts respectively.
As mentioned in Section 2.2, the IEC 61215 [23, 162] considers a UV exposure of 15 kW h m−2
in the wavelength range of 280 nm to 400 nm to precondition the modules. It is not considered to
be an accelerated ageing test by itself. There is no standard procedure to test modules’ capability
to withstand the large UV doses seen in the deserts. These large UV doses can cause the polymers
(EVA, TPT, PET, POE, etc.) to deteriorate, fatigue and change in color, among other nondesirable effects [20, 82, 86, 127, 128, 160]. For example, in Liu, Jiang, and Yang [163] crack
generation (fracture) was studied in commercial backsheets. The authors show how cracks appear
and expand with longer UV exposure, increasing the WVTR of the material.
The high UV doses, which are able to reach in desert climates, degrade most of the active
materials used in organic photovoltaic (OPV) devices. These materials are (usually) not stable
under UV radiation and humid environmental conditions. The major reasons include degradation
of the active components, oxidation of electrodes, and delamination of the layers in the fabricated
OPV device upon exposure to moisture, oxygen, or ultraviolet radiation [164]. Due to the fact
that the majority of cost calculations and business plans are based on a twenty years lifetime, such
devices are rarely suitable for desert and high altitude applications.
The extra UV doses in desert climates are a challenge for material reliability but are also an
opportunity for an increased energy harvest. A study performed by Ferrada et al. [142], analyses
the optical losses due to packing material ( J SC loss) for two different solar spectra: AM1.5G and a
simulated spectrum of the Atacama Desert, as AM1.17, for four different solar cell technologies:
p-type Al-BSF, p-type PERC, n-type IBC and n-type PERT. In this study, the lowest J SC loss is
obtained by using a 1 mm flat-glass9 with thermoplastic material as encapsulant, regardless of the
cell technology applied. With these encapsulation materials, the IBC cell generates approximately
8 Global tilt, with wavelength range from 280 nm to 2500 nm
9 Non-textured, non-coated.
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2.68 mA cm−2 more J SC under AM1.17 conditions than under AM1.5G. If a 3.2 mm AR-coated glass
is used instead of 1 mm flat-glass, the difference in J SC is 2.66 mA cm−2 . The previous translate to

7.4% optical gain in the UV range if a flat-glass is employed, and up to 25% if AR-coated glass is
used.

3.2.2 Ohmic losses
The Joule-Lenz Law (or Joule’s first Law) states that the flow of current through a conductor
produces a power (heat) proportional to its electrical resistance times the square of the current.
This heat generation is due to the interaction of charge carriers and the atomic ions in the body of
the conductor and it depends (basically) on the conductor properties (as its length, cross section
and specific material resistivity), and the type of applied current (alternate or direct). Such heat
dissipation is known as Ohmic loss.
If a direct current is applied to a conductor, a differential of the potential across the conductor is
experienced and related to a voltage drop. For a PV device, this means that the larger the electrical
series resistance, the larger the difference between its open-circuit voltage and the voltage at a
certain operating point (different than open circuit).
In terms of ohmic losses for PV modules, the fill factor (FF ) of a module tends to be smaller
than that of the individual solar cells. This decrease in FF is generated by the increase in the
electrical series resistance of the module (R S ,m ) due to the electrical conductors(see Section 2.4)
necessary to extract the current from the cells and therefore from the PV module [45, 54, 56,
165]. This reduction in FF becomes more relevant as R S ,m and/or the generated current increases,
affecting the usable (or measurable) power. The former is subject to electrical conductivity of the
interconnection mechanisms (soldering or glueing), material (ribbons), path length and electrical
module architecture (back-to-front H-pattern, IBC, etc). For a typical H-pattern PV module made
out of 72-cells10 , the ohmic loss caused by the ribbon resistance is approximately 40% of the total
power loss [166].
The output current of a solar cell (and hence of a module) is directly proportional to the solar
irradiance. An increase in the latter one implies high output current hence high ohmic losses.
Irradiance levels above STC are easily reached in the deserts. In these places, a significant part of
the solar energy is available with intensities larger than 1000 W m−2 (STC irradiance), as shown in
Figure 3.5. The proportion of energy generated in El-Gouna, Egypt, for irradiance above the STC
is 6.3%, whereas it is in San Pedro de Atacama, Chile, up to 24.0%. In these places, the current at
MPP is significantly higher than the nominal current measured at STC, which increases the power
losses implying a decrease in yield performance, especially for longer periods of exposure. In fact,
this has a measurable effect on the NMOT. In order to reduce these losses a conductive material
for cell interconnection with lower electrical resistance is required, meaning ribbons with larger
cross section or cells with more than three busbars. Alternatively, the current can be significantly
reduced by using halved solar cells. Further information on ohmic losses in modules are given in
Chapter 5.

10 Cell size of 125 mm × 125 mm.
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Figure 3.5 Distribution of available solar energy in module plane, H , versus global irradiance G POA , in intervals of 10 mW cm−2 , for Stuttgart, Germany (Cfb), El-Gouna, Egypt (BWh) and San Pedro de
Atacama, Chile (BWk).

3.3

Nominal PV module operating temperature

The nominal module operating temperature (NMOT) is given for an equilibrium between the generated heat and the heat dissipated to the surrounding environment. The NMOT not only depends
on the environmental conditions (ambient temperature, wind speed, tilt angle, etc.) but also on
the solar cell technology, solar cell interconnection technologies11 and packing materials. The
IEC 61215 defines the NMOT as the mean temperature of the solar cell junction in equilibrium
within an open-rack mounted module which operates near peak power, under solar irradiance of
800 W m−2 , ambient temperature of 20 ◦C, and a wind speed of 1 m s−1 [23]. Such a module is
considered to be installed in an open-rack with a tilt angle of (37 ± 5)°, and to be connected to
an electronic MPPT or a resistive load, which is specified close to a value allowing the module to
operate at its MPP at STC. For a traditional c-Si PV module, the NMOT is expected to range
between 42 ◦C to 53 ◦C [167]. In the literature, the backside module temperature is usually measured and reported. Toward this matter, in Du et al. [168] the authors found that for a glass-glass
module, the backside temperature most of the time is lower than the inner temperature12 , for
modules installed in Haining city, China. In this way, and considering that in such article, the data
disclosed is obtained during a very short term and with no wind speed measurements reported,
one can extrapolate the solar cell temperature by adding 2.5 ◦C to the back side measurement of
a glass-foil module. In a similar way, for glass-glass modules, the solar cell temperature can be
determined by adding 2.5 ◦C or 4.0 ◦C to the back side temperature of a glass-glass module made
out of 2 or 3 mm glass, respectively. Furthermore, in the same article, the inner temperature of
glass-glass modules is reported to be approximately 3 K hotter compared to glass-foil modules.
Outdoor measurements reported by Walwil et al. [169] from Dhahran, Saudi Arabia, showed
that the temperature of flat-glass modules range from 43 ◦C to 64 ◦C, whilst for AR-coated glass
modules from 46 ◦C to 65 ◦C. In the case of modules made-out of deep pyramid-textured13 , the glass
temperature varies between 42 ◦C to 61 ◦C, i.e., 11 K to 12 K higher than the maximum expected
NMOT. Such difference in temperature may differ from indoor studies due to the effect of heat
11 Affecting R .
S
12 Measured by a thermocouple on the solar cell.
13 Texturing scale 1–2 mm.
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convection caused by wind blowing on the glass surface.
To achieve an estimation of the operating (steady-state) module temperature, one can assume
the temperature to be linearly dependent of the global in-plane of array irradiance (G POA ) as:
Tm = T amb + k T G PO A

(3.1)

where T amb is the ambient temperature, G POA is the plane-of-array irradiance and kT is a coefficient
that depends on the wind speed and on the module capacities to dissipate heat to the environment.
In general terms, three main mechanisms are identified for the latter: conduction, convection and
radiation.

3.3.1 Thermal conduction
Heat is transferred by conduction when adjacent atoms vibrate, or by electron movement inside
the lattice. The conductive heat loss is defined by the thermal gradient between the PV module
and external materials to which it is in contact, including the surrounding environment. The ability
of a PV module to transfer heat to the environment is characterized by the thermal conductivity
and configuration of the materials used to encapsulate the solar cells. Thus, by using a gas
as encapsulant, the thermal conductivity will be reduced in comparison with a solid encapsulant,
as EVA, and therefore the time to reach the steady-state will tend to increase. Steady-state
conduction happens when the temperature difference driving the conduction is constant, so that,
after an equilibration time, the spatial distribution of temperatures in the conducting object does
not change any further. In steady-state conduction, the system is in balance and therefore the
amount of heat entering is equal to the amount of heat leaving. This condition is rarely to happen
in the field, where wind acts as a cooling agent.

3.3.2 Heat convection
Convective heat transfer is defined as the transfer of heat from one place to another by the
movement of fluids. Convection is usually the dominant form of heat transfer in liquids and gases.
Convection is defined as natural when fluid motion is caused by buoyancy forces that result from
density differences due to variations of thermal temperature in the fluid. Convection is considered
to be forced convection when an artificially induced convection current is created by means of a
fluid forced to flow over the surface by using fans and pumps, as for example.
The basic relation of heat transfer by convection is given by:
¡
¢
Q̇ = h T A T x − T f

(3.2)

where Q̇ is the heat transferred per unit of time in an x object of A area, hT is the coefficient for
heat transfer of the object under determined conditions, T f is the fluid temperature and T x is the
object’s surface temperature.
In PV modules, convective heat transfer corresponds to the transport of heat away from the
PV module surface as result of forced convection (wind blowing across its surface). Thus, the
module’s front and back cover temperatures, T f c and Tr c respectively, are given by:
P heat
¢ + Ta
Tf c = ¡
h T , f r ont A

(3.3)
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Tr c = ¡

P heat

(3.4)

¢ + Ta
h T ,r ear A

where P heat is the power generated as heat, A is the contact area between the PV module and the
air flux, hT ,front and hT ,back are the heat transfer coefficient of the convective surface for the front
and rear sides respectively, and T a is the air temperature.
In Notton et al. [170], the authors tested twenty-two different formulations for the convective
coefficient of PV systems. Their experiments show that the forced convective coefficient, which
is given by Cole and Sturrock in [171] (equations (3.5) and (3.6)), to be the most suitable for a
glass-glass PV module in an open-rack mounting. For the module surface facing the wind, i.e.,
windward, the coefficient for forced convection, in W m−2 ◦C, is given by:
(3.5)

h T = 11.4 + 5.7v

where v is the wind speed (in m s−1 ). Meanwhile, for the leeward surface:
(3.6)

h T = 5.7

It is important to notice the relevance of knowing the wind flow direction. There is the possibility
that front and back module surfaces change their role between windward and leeward, depending
on wind direction, particularly in open areas.
This kind of heat exchange is smaller for roof-top integration than for open-rack mounting due
to the large amount of ventilation in the latter case. For example, in Gunawan et al. [172], the
authors found that an on-roof module can be more than 10 K hotter than a stand-alone (on-ground)
one (see Figure 3.6). In Bardhi, Grandi, and Tina [173], the Tm is estimated to be in the range of
50 ◦C to 55 ◦C for a ground mounted system under clear sky conditions, with irradiance of 1 kW m−2 .
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Figure 3.6 Fit plot of characteristic module temperature of five installation types: four roof mounted and
one ground mounted. Adapted from [172].

3.3.3 Thermal radiation
A PV module emits electromagnetic energy generated by the thermal (kinetic) motion of charged
particles, as any body, a phenomena known as thermal radiation. All physical matter with a
temperature greater than absolute zero emits thermal radiation. The intensity of the emitted
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radiation depends on the temperature of the matter (or body). The power output due to thermal
radiation of a body is given by the Stefan-Boltzmann Law as:
P heat ,r ad = εσAT 4

(3.7)

where ε is the object’s surface emissivity, σ is the Stefan-Boltzmann constant and T is the body’s
temperature.
The PV module power loss due to radiation, or net heat, is the difference between the incoming
heat from the surroundings to the module and the heat emitted from the PV module to the
environment, and can be calculated as:
¡
¢
P heat ,r ad = εσF A Tc4 − T a4

(3.8)

where F corresponds to the view factor, Tc is the solar cell temperature and T a is the ambient
temperature. The emissivity, ε, depends on the cover’s surface properties. A typical value for a
solar glass surface is ε = 0.91, while for white Tedlar, ε = 0.85 [174].
Module power decreases with the increase of its temperature. The root cause of this is the
thermal dependence of the electrical parameters of silicon. This behaviour has been well known
but the mechanisms behind and the interaction of other power loss were not totally clarified until
the research of Hirst and Ekins-Daukes [175] and Dupré [176]. Heat conductivity of module
encapsulation materials determine the module temperature, but the change in power output depends
on the solar cell characteristics for this range of temperatures. Such a dependence of temperature
also changes with light intensity.
In terms of module design, the thermal loss is related to the module capability to manage the
heat generated by the solar cell or by the power loss in electrical connections, by dissipating it to
the environment by radiation and convection. The temperature coefficient parameters of a PV
module are solar cell properties and do not depend on the PV module manufacturing materials.
The module temperature gradient is influenced by the thermal conductivity of each specific encapsulation material, i.e., the temperatures at diverse module layers/interfaces14 is different for
various materials, and therefore the temperature measured at each layer at a specific time will be
dissimilar. Besides, these different packing materials may lead to various temperature coefficient of
a module. Nonetheless, the parameters affected by those materials are the rise and setting times
of the body temperature, i.e., the time it takes a module to reach a steady-state temperature,
which is rarely reached outdoor due to the influence of wind.
In the field, the wind speed influences the convective heat transfer of the front and back covers.
For the latter, the mounting design plays an important role, affecting the cooling efficiency by
convection. In a roof-top mounting system, with the rear side enclosed, the heat exchange with
the environment is altered and reduced, implying a high temperature at the backside cover (and
usually high module temperature).
In Kaplani and Kaplanis [177], the difference between cell and backsheet temperature ranged
from 2 K to 3 K for a ground mounted system, while in Du et al. [168] this difference is between
2 K to 3 K for glass-backsheet modules, 3 K to 5 K for a glass-glass module with a glass thickness
each of 3 mm, and 2 K to 3 K for a glass-glass module with 2 mm glass thickness each. In Kurnik
et al. [178], the difference between open-rack and roof integration mounting is approximately 10 K
for wind speed and G PO A conditions of 10 m s−1 and 1 kW m−2 , respectively.
For a typical commercial PV module operating at MPP, only 10% to 22% of the incident
radiation is converted into electricity, while a great part of the remainder is transformed into heat.
Three main factors are considered to influence the temperature of a PV module:
1.

Light reflected from the front surface of the module does not contribute to the electrical
power generated nor the heating of the PV module. The maximum temperature rise of

14 Front cover to front encapsulant, front encapsulant to cell, cell to rear encapsulant, rear encapsulant to back cover
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the module is therefore calculated as the incident power multiplied by 1 − reflection. The
reflectivity of a typical PV modules top surface (solar glass) is approximately 4%. Reflected
light is considered to be an optical loss mechanism which needs to be minimized, hence the
maximum temperature rise will tend to increase with the minimization of such loss.
2.

Energy absorbed by the parts of the module, other than the solar cells, contribute to the
heating of the module. The amount of absorbed and reflected energy is determined by the
color and material of the module components, especially for the encapsulant and back side
layers. The aluminium at the rear of the solar cell tends to absorb infrared light. In solar cells
which do not have a full aluminium coverage at the rear side, the IR light may pass through
the solar cell and exit from the module. In Vogt et al. [179], the authors show that the
module temperature can be diminished by 4.2 K if 100% of the spectrum above 1205 nm is
reflected at the module surface. Furthermore, the authors also determined that, by reducing
the backsheet and glass absorbance to zero, the module temperature can be reduced by only
4.2 K.

3.

Another factor that influences the module temperature is the packing factor. The main heat
source in a PV module are the solar cell and the electrical connections. Therefore, a higher
packing factor increases the generated heat per unit area.

4.

Electrical and thermal power loss have a direct relation. For example, in a front-to-back
connection scheme, the current in a string (series circuit) must flow from one cell’s side to
the other (front-to-back or vice-versa). This will create a voltage drop in its path resistance.
This energy is released as heat, and the cell temperature increases as a consequence. An
example of energy dissipation caused by a power drop in ribbons is shown in Figure 3.7. The
module is placed in an isolated dark room, with controlled ambient temperature at 25 ◦C.
A current at I MPP level is injected to the module terminals (right side of the module in the
picture).

5.

The thermal conductivity of the packing materials also plays a role. Low thermal conductivity
acts as a barrier for the solar cell to dissipate the thermal energy to the environment. In Zhou
et al. [113], the influence of three different back covers in module temperature is analysed.
The authors found that for using glass thicker than 1.0 mm, the solar cells are unable to
release heat faster than for using a TPT backsheet thinner than 500 µm (commonly ranging
from 200 µm to 400 µm).

a)

c)

b)

t=0

t=2

d)

t = 30

t = 60

Figure 3.7 Infrared picture of a four-cells module with I MPP current injected to the terminals: a) initial
state, b) after two minutes, c) after thirty minutes and d) after one hour.

3.3.4 Temperature coefficients
Thermal loss is directly linked to the semiconductor properties and its voltage and current dependence to temperature, i.e., temperature coefficients TK ,I SC , TK ,VOC and TK ,P max for short-circuit
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current, open-circuit voltage and maximum power, respectively. A detailed way to calculate the
temperature coefficient for open-circuit voltage, short-circuit current and power are given by equations (3.9), (3.11) and (3.14)[176, 180, 181], respectively.
TK ,VOC

dVOC
=−
=
dTc

Eg 0
q

c
− VOC + γ kT
q

(3.9)

Tc

where VOC is the open-circuit voltage measured at a cell temperature, Tc (in K), in function of the
elemental electron charge, q , the Boltzmann’s constant, k , the bandgap of the photovoltaic device
linearly extrapolated to 0 K (usually measured at 298.15 K), E g 0 , and the temperature sensitivity of
the mechanisms determining VOC , γ, which is given by:
µ
¶
d ln E g d ln J SC,1sun
d ln ERE OC
γ = 1−
+ 2
−
d ln Tc
d ln Tc
d ln Tc

(3.10)

with ERE the external radiative efficiency15 at open-circuit, and J SC,1sun is the ideal short-circuit
current density.
To determine the short-circuit dependence of temperature, equation (3.11) can be employed.
TK ,I SC =

µ
¶
dJ SC,1sun dE g
A dJ SC
1
1 d fc
=A
+
J SC dTc
J SC ,1sun dE g
dTc
f c dTc

(3.11)

where A corresponds to the device area, J SC,1sun is the ideal current and f c is the collection fraction.
The ideal short-circuit current density can be calculated in terms of photon flux density (PFD) as:
∞

Z

J SC,1sun = q

(3.12)

PFD(E ) dE
E g (Tc )

The collection fraction corresponds to the portion of "potentially useful photons (E ≥ E g ) that
excite a carrier that is collected in short-circuit" [180] and it can be calculated as:
J SC (T )
f c (T ) =
=
J SC,1sun (T )

R∞
0

EQE(E ) · PFD(E ) dE
R∞
E g (Tc ) PFD dE

(3.13)

The temperature coefficient of power can be derived with equation (3.14)
TK ,P max

µ
¶
1 dFF
1 dVOC 1
= (1 − 1.02FF 0 )
−
−
=
FF dT
VOC dT
T

RS
VOC
I SC

− RS

µ

1 dR S
R S dT

¶

(3.14)

where FF 0 is the ideal fill factor, defined by equation (3.15)
FF 0 =

v OC − ln v OC + 0.72
v OC + 1

(3.15)

where v OC corresponds to the normalized open-circuit voltage:
v OC =

n D · k · Tc
· VOC
q

(3.16)

Equation (3.9) describes a way to calculate the expected cell temperature from the I-V characteristic curve as measured at STC. Wind speed, heat conductivity of the encapsulation material and
the packing density are considered to be intrinsic parameters which will affect the device temperature, T c . Kaplani and Kaplanis [177] proposed a complete algorithm to prognosticate the electrical
15 The external radiative efficiency (ERE ) of a PV device is similar to the EQE of a light-emitting diode (LED)).
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parameters based on an expected module temperature, which is determined by the influence of the
basic meteorological parameters16 at the site.
In this section, the power loss caused by module operating temperature was discussed. Typically,
a module looses 0.45% of its power per each Kelvin increase (this refers to a power loss above
25 ◦C for rated power). This power drop depends on the solar cell technology and not on the
module encapsulation materials. The latter affects the module temperature and hence indirectly
the power. One possible solution to diminish the NMOT is to increase the module heat convection
and radiative emission in the IR spectrum. The former can be achieved by using heavy textured
glass, as grooved glass for example. Using this kind of glass, a module temperature 3.5 K cooler
compared to flat-glass has been demonstrated (tested in a wind tunnel, with a wind speed of
10 m s−1 ) [100]. Nevertheless, this solution increases soil accumulation on the glass surface, which
is a serious problem in dusty areas as non-polar desert climates. Removing the dust from flatglass is already a challenge but removing it from deep grooved structures inside the glass makes it
technically almost impossible.
Radiative cooling also helps to reduce the NMOT and therefore to diminish the power loss
caused by elevated operating temperatures [99, 182]. Nevertheless, the benefit in module efficiency
achieved by Safi and Munday [182] is significant in near-sun space missions. For the case of c-Si
based PV modules at Earth’s surface, the benefit of radiative cooling to module efficiency is smaller,
and in some cases negligible. Consequently, the real benefit strongly depends on the implementation
costs.

3.4

Soiling

The optical loss at module level refers to the reduction in nominal power caused by any effect
that prevents photons to reach the solar cell. A tabbing ribbon wider than the busbar, a glass or
encapsulant with low transmission rates in the wavelength range of interest, a wrongly positioned
J-box, external shade, soil, mould and dust are examples of the most common optical losses in PV
modules.
To quantify the optical loss, the change in I SC is usually determined. For instance, in C2M
calculations, the optical loss induced by the packing of the solar cells is usually obtained from the
relative change in I SC . Nevertheless, in field measurements, the irradiance and module temperature
cannot be (easily) regulated. Therefore, to calculate optical loss due to soil accumulation, the
irradiance level and module temperature should be taken into account. Hence, the variation of
I SC,T : G POA ratio is the recommended variable to track, where I SC,T stands for the short-circuit
current corrected by temperature, and G POA for the in-plane global irradiance. For the case of
bifacial PV modules, the term G should include the contribution of the irradiance to the rear side
of the PV module. This can be measured by means of a second pyranometer or reference module
(monofacial) pointing in same direction as the rear side of the bifacial modules.
In deserts, the main external factor for optical losses is the dust content in the air. Sand
storms and continuous soil movement in the air will lead to soiling deposition on the PV module.
Particles collide onto a surface due to external forces such as gravity, electrostatic charge or from
mechanical effects (wind or water). Once they are deposited, a variation of surface energy effects,
electrical potential near it, and capillary effects in addition to gravity and electrostatic forces hold
the particles to the body [183–185]. However, it has been determined that the most predominant
parameters that influence dust accumulation are the gravitational forces, the wind speed and the
particle size [186–188]. The roughness and structure of the surface evidently affect the friction
between the particles and the surface. Glass or its coating structure influence particles’ spatial
16 Ambient temperature, global solar radiation in the plane of the module, wind speed and wind direction.
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distribution on the module surface [110, 189]. In this case, environmental humidity and dew point
play a fundamental role.
In Piliougine Rocha et al. [190], the authors measured the optical loss of PV modules installed
at the facilities of the University of Málaga, in Málaga, Spain (subtropical-Mediterranean climate).
The authors measured average loss of up to 16%, with a yearly average of 6% per month. In
contrast, in Araya et al. [107] the performance ratio (PR) of pilot PV plants in the Atacama
Desert is studied. These pilot plants consist of multi-Si based PV modules and the monitoring is
done by observing the energy production. The authors found that the PR decreases at rates of
0.15%/day for the plants installed at 2700 m a.s.l. and 0.20%/day in the coastal zone (in the city of
Antofagasta). Other studies on installations operating at the coastal zone of the Atacama Desert
show that amorphous c-Si (a/µc-Si) and mono-Si technologies diminish their PR up to 0.18%/day
[106]. Whereas Urrejola et al. [191] reported that in the city of Santiago, in Chile, the optical loss
due to soiling rates went up to 0.41%/day and 0.43%/day for multi-Si and mono-Si technologies
respectively. These results are almost twice the ones found in the Atacama Desert [107] probably
due to higher environmental pollution and longer periods of drought. In Walwil et al. [169], the
effect of textured glass and AR-coated glass on the performance of PV modules is discussed. The
field test was performed in the facilities of the King Fahd University of Petroleum and Minerals
(KFUPM), campus Dhahran, Saudi Arabia (hot desert climate). The authors concluded that the
use of AR-coated glass boosted the module power by 5% to 12%. In the context of optical loss,
the authors found that AR-coated glass with a micro-textured surface reduces the soiling effect on
the glass surface by approximately 3% to 4%. Nevertheless, their comparisons are related to the
maximum power of the modules and no correction for the influence of the module temperature is
applied in their calculations. In Herrmann [192] and Mathiak et al. [193], the impact of dust on
three different locations is presented: Tempe, Arizona; Chennai, India; and Thuwal, Saudi Arabia.
The modules under test are c-Si based and the calculation methodology excludes the impact of
temperature on the results. The daily average of power loss due to soiling is reported to be
0.25%/day, 0.31%/day and 0.47%/day for Tempe, Chennai and Thuwal, respectively. It is worth
to notice that the differences in the declination angle of the modules for each place may influence
the dust accumulation as well, at least for Tempe and Chennai field tests. The installation angles
those modules are reported as 33.5° and 15°, respectively.
The dust deposited on the surface of the module glass is usually not homogeneous. A cell current
mismatch can occur caused by this inhomogeneity. This current generation mismatch between
cells within the same module can trigger hot spots, hence not only the module temperature and
performance are affected, but also the module reliability and lifetime.
Currently, the most prominent solution to diminish the impact of soiling on the PV modules is
the use of electrodynamic screen (EDS), which are able to remove the accumulated dust from
the module by driving a phase voltage in the electrodes of the EDS [194, 195]. Nevertheless, this
concept is mainly used for space missions and is still under research. A feasible solution to diminish
the loss caused by glass soiling is the use of transparent backsheets or bifacial modules. The latter
concept is further investigated in Chapter 6.

3.5

Potential induced degradation

In 1985, electrochemical degradation in c-Si and in a-Si thin-film PV modules was reported to be
directly linked to the potential between the solar cell and the outer surface of the module, and to
the encapsulant electric conductivity [196, 197]. But only since 2010, the term PID has been used
to refer to the module degradation caused by this high potential [198].
In order to reduce ohmic loss in a power station, the highest voltage possible is used to keep
the current at a minimal value. The use of larger cable cross-sections in some cases helps to
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reduce the ohmic losses but it leads to other technical issues and usually increases the costs of
investment. Thus, but not restricted to, the greater the power needed to be generated by a PV
power plant, the greater the voltage of the PV arrays is. This means a series connection of PV
modules with a differential of potential between the extreme that easily exceed 600 V. Currently,
the upper limit for an installation is 1.5 kV. Besides, the mounting structures need to be connected
to the electric ground of the system for safety reasons. This (usually) implies that the frame of the
module is electrically grounded. A differential of potential between the solar cells and module glass
appears on either of extremes of the array. This potential depends on the inverter technologies. A
consequence of this differential of potential is a current leakage that flows in several paths between
the solar cells and the module frame [199]. This leakage of current, that flows from the cell matrix
to the module frame (or vice-versa), potentially leads to a decrease in the PV module efficiency.
The significance of this degradation depends on the solar cell technology and on the design and
packing materials of the module [200]. For instances, in PV modules made-up of p-type c-Si solar
cells under high positive potential, sodium ions (Na+ ) drift through the SiNx anti-reflection layer
of the solar cell and diffuse into stacking faults (crystal defects) as it is shown in Figure 3.8 [91,
198, 201, 202]. A reduction of the module shunt resistance is the macroscopical consequence of
the accumulation of Na+ into the stacking faults [202].

Figure 3.8 Schematic diagram of the drift of positive sodium ions into stacking faults. [203]

The PID mechanism in n-type c-Si solar cell based PV modules has been reported to differ with
the solar cell architecture [200]. In some cases, PID appears for positive high potential [204], while
in others for negative high potential [205]. There is a theory which explains the mechanism that
drives PID on n-type cells —accumulation of negative charges on the surfaces of the anti-reflection
coating of the cell, which leads to an increase of surface recombination. Nevertheless, this theory
has not been totally validated yet.
Despite the nature of the PID effect, solar cells should be resistant to it. If this is not possible to
achieve without compromising the cell efficiency, it is necessary to mitigate it at module or system
level. At module level, this can be achieved (in some cases) by employing an encapsulant material
with low bulk electrical conductivity. Another way is isolating the module frame and glass from the
grounding of the system.
To test if a module is PID prone, the IEC TS 62804-1:2015(E) standard is recommended to
use [206]. This standard indicates that the module should not loose more than 5% of the initial
power when it is subject to a potential equal but opposite to the one of the system during a certain
time. Besides module power, the dry and wet module insulation resistance should remain higher
than 40 MΩ m2 . The test duration and environmental conditions depend on the methodology. Two
methods are differentiated:
1.
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Climate chamber: In this method, the module temperature and chamber humidity shall
be under control. The module temperature can be established at (60 ± 2) ◦C, (65 ± 2) ◦C or
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(85 ± 2) ◦C, with a chamber RH of (85 ± 3)%. The test duration should be larger than 96 h.

2.

Conductive electrode: In this case, only the module temperature needs to be regulated to
(25 ± 1) ◦C, (50 ± 1) ◦C or (60 ± 1) ◦C. It is called conductive electrode because a conductive
foil or water layer on the module glass should ensure the increase in the surface conductivity.
The RH should be lower than 60% and the test duration larger than 168 h.

The fact that PID effect corresponds to an electrochemical reaction, the elevated temperatures
in desert climates may speed up the apparition of PID. Nevertheless, no consistent information of
PV power plants with PID issues in desert climates zones are found.

3.6

Chapter summary

In this chapter, the main factors that negatively affect the PV module performance were summarized. Solar irradiation and temperature above STC, high UV radiation doses, cemented soiling and
PID under desert climates are phenomena of great interest that need to be understood. Despite the
lack of specific information about the latter topic, possible solutions as the isolation of the module
from the grounded structure are not feasible from the point of view of the power electronics, due
to possible malfunctions in the direct current (DC) converters. For this reason, the incorporation
of DC-DC converters at module level (and therefore energy optimizer) should be a tendency as
long as the price of incorporating them allows the module makers to do so.
In terms of module operating temperature, one way to reduce it can be by increasing the surface
area of the front cover. For example, in Duell et al. [100] the authors conclude that for Glass–
EVA–Foil module, the use of structured glass enhances I SC by up to 3%rel for normal incident
light compared to modules made of flat-glass. A higher current generation implies higher operating
temperature, which depends also on the wind speed and altitude above sea level (convection).
Structured glass modules have lower NMOT than those with flat-glass while the wind speed increases [100, 101]. Unfortunately, dust deposition increases for structured glass compared to flat
glass. Particles get stuck in the concave regions of the glass structure, making it difficult to clean
hence impeding the recovery of device performance. Moreover, the soiling density increases close
to the bottom frame of the module. Consequently, the use of structured glass and framed modules
are not recommended for desert applications.
No matter the climate condition, a non-optimal design of a PV module has as consequence,
poor performance and shortened lifetime of the device. In order to improve the module design to
outperform under desert climate conditions, three hypothesis are identified and addressed within
the next chapters:
1.

Are the current PV module packing materials suitable to withstand the harsh conditions in
the desert? —This topic is assessed in Chapter 4.

2.

Are the electrical connectors of a traditional front-to-back connection well suited to the solar
irradiation intensities measured in desert climates? —To be addressed on Chapter 5.

3.

How would a bifacial PV module perform if it is vertically installed?, is it a solution for
temperature and soiling problems? —This subject is reviewed on Chapter 6
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CHAPTER 4

Extended accelerated ageing tests

As mentioned in previous chapters, current PV modules are developed, produced, characterized
and tested according to international standards. Nowadays, the most prominent standards are
IEC 61215, IEC 61730 and UL 1703. These standards are permanently under development and
partly derived from long-term data analysis of solar modules installed in Europe and North America
(usually for temperate climate zones), which reveal the typical damage and defects associated to
the environments in these regions [125, 126, 133–135, 141]. However, recent studies show that
in desert regions, degradation rates are significantly increased compared to temperate zones [137,
138, 140, 207, 208]. These differences in degradation rates raise the question if existing reliability
tests are also valid for distinct climates zones. Such tests assess the reliability and durability, and
hence longevity of PV devices by inducing early failures and degradation in a short period of time.
This is done by replicating the actual field failure mechanisms.
One approach would be to extend the duration of existing reliability tests to simulate harsh
climatic conditions. In this way, the suitability of existing commercial materials for solar cell packing
can be evaluated.
The equivalent time that relates the accelerated test and outdoor (field) conditions can be
estimated by:
to = A f · t t
(4.1)
where the time in outdoor conditions (t o ) is assumed to be linearly dependent of the acceleration
factor ( A f ) and the duration of the ageing test (t t ). Thus, A f is of great importance in the
understanding and relation between field behaviour and ageing tests.
In the next sections, this subject is assessed by conducting experimental studies with several
modules constructed of different commercial packing materials for long term reliability testing
beyond the standard: extended thermal cycling, damp-heat and UV tests. All tests are extended
in terms of duration and/or intensity according to each experimental setup.

4.1

Extended thermal cycling

Photovoltaic modules are subject to thermal cycling (TC) test with the purpose to determine
how a continuous change in temperature affects the module integrity specifically due to the CTE
mismatch between constrained packing and bonding materials. The applied strain to the PV module
during TC shows defects like poor soldering, cracked cells, backsheet delamination, etc.
According to the IEC 61215-2 standard, the module temperature must be varied from (−40 ± 2) ◦C
to (85 ± 2) ◦C with a temperature change rate of maximum 100 ◦C h−1 as shown in Figure 4.1. The
module nominal power should not decrease more than 5% after subjecting the device to 200 cycles.
This indoor test is, to some extent, related to outdoor conditions. The upper limit temperature is
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as high as one can expect for a maximum module operating temperature in the field. Whilst the
lower limit corresponds to the minimal air temperature where the module would be installed. The
temperature in desert climates, under clear skies, usually changes in rates of two times per day: from
sunrise to operating conditions, and from this one to sunset, i.e., Tm = T a → Tm > T a → Tm = T a .
Such a temperature change can be, for example, 80 K, from −10 ◦C to 70 ◦C in the Atacama Desert;
and 50 K, from 18 ◦C to 68 ◦C in Saudi Arabia. To this, Owen-Bellini [209] recommends to run 1500
cycles of thermal cycling to match twenty-five years of experience in hot and dry climates.
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Figure 4.1 Thermal cycling test profile according to the IEC 61215-2. Adapted from [23].

According to Owen-Bellini [209], TC200 ensures only bonding reliability for three years in hot and
arid climates. In the following subsections, several modules are subject up to 1000 cycles of TC test
which is equivalent to at least fifteen years of operation in a desert with a clear sky environment.
The packing materials are selected as for a bifacial module, i.e., transparent backsheet or glass as
rear cover. As encapsulant, EVA and POE are used due to their availability in the market at the
time of the experiment. The solar cells are varied in size to assess the reliability of half-size solar
cells. These ones are of great interest due to the strongly reduced power loss at module level.
These kind of cells are usually made by cutting a full-size cell by means of laser cutting into two
identical parts. This process introduces extra stress and hidden failures at the edge of the cell
where the laser beam is applied. Thus, the study of such a solar cell under TC is of great interest
for desert applications.

4.1.1 Experimental setup
To perform the TC test, one-cell and two-half-cells modules are manufactured based on bifacial
mono-Si solar cells (n-type, 6-inch, pseudo-square, 3BBs) and several packing materials. The
metallization of the solar cells is of traditional H-pattern with three busbars of 1.5 mm width on
both front and rear sides (3BBs each side). The electrical connection is made by soldered ribbons
to the busbars of the solar cell using the traditional front-to-back method. The ribbons are of
1.5 mm width and 0.2 mm thickness made of a Cu core coated with a (16–22) µm SnPb60/40 layer.
The soldering is done by a semi-automated machine, whose process is adapted such that the peel
strength force is in the range of 2 N to 6 N.
The half-size cells are made by splitting a full-size cell in two equal parts by means of laser
cutting. The cut is made perpendicular to the busbars. In this way, two half cells are connected
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to obtain a module with one-cell equivalent power —approximately twice the voltage and half the
current of the original solar cell. The power loss induced by the laser damage, which is due to an
increased edge recombination, is not subject of this study.
Different glass, encapsulant and backsheet are employed as packing material of the samples. Flat
glass of 1.0, 2.0 and 3.2 mm thickness is used as front cover. As encapsulant material, traditional
formulation of EVA and POE are employed. These encapsulants are supplied as foils of 460 µm
thickness. Only one slide is deposited on each cell side. In the case of the back cover, a transparent
TPT and glass of 1.0 mm and 2.0 mm are used. The groups are classified in Table 4.1. Each group
consists of at least two modules with no relevant cracks as determined by EL inspection.
Table 4.1 Module groups for TC test. Half and Full refer to half-size and full-size cell respectively. The
acronyms used to name each material are G for glass (with the thickness in mm as prefix), E for
EVA, P for POE, and Tbs for the transparent backsheet.

Group

Front cover

Encapsulant

Cell size

Rear cover

3.2-E-Full-Tbs
3.2-P-Full-Tbs
3.2-P-Half-Tbs
2.0-E-Full-Tbs
2.0-P-Full-Tbs
2.0-P-Half-Tbs
2.0-E-Full-2.0
2.0-P-Full-2.0
2.0-P-Full-2.0
1.0-E-Full-Tbs
1.0-P-Full-Tbs
1.0-P-Half-Tbs
1.0-E-Full-1.0
1.0-P-Full-1.0
1.0-P-Full-1.0

3.2G
3.2G
3.2G
2.0G
2.0G
2.0G
2.0G
2.0G
1.0G
1.0G
1.0G
1.0G
1.0G
1.0G
1.0G

EVA
POE
POE
EVA
POE
POE
EVA
POE
POE
EVA
POE
POE
EVA
POE
POE

Full
Full
Half
Full
Full
Half
Full
Full
Half
Full
Full
Half
Full
Full
Half

Tbs
Tbs
Tbs
Tbs
Tbs
Tbs
2.0G
2.0G
2.0G
Tbs
Tbs
Tbs
1.0G
1.0G
1.0G

The lamination process is adapted in time, temperature and pressure for each case of packing
design and encapsulant material, i.e., different pressures are used according to the module setup
(glass-glass or glass-foil). In a similar way, the duration and temperature of each step during the
lamination process are adjusted according to the recommendations of each encapsulant material
supplier.
The samples under test are characterized by means of I-V and EL measurements, both using
four-wires sensing method in all cases. Electroluminescence is carried out to control the soldering
and lamination process as well as to determine the impact of the test in the crack formation
and/or expansion. Current-voltage characteristics curves are measured using an A+A+A+ class
(flasher type) sun simulator, with an illumination area of 22 cm × 22 cm. Cells and modules are
measured on a chuck with opened bottom area and non metallic background, in order to avoid
reflection from the base material. A black square-mask of 15.8 cm × 15.8 cm is used on top of
the modules to avoid light entering the module edges hence increasing the module current. An
active electronic load is used to swap the voltage within a certain range of interest. A hysteresis
measurement method is employed to measure each I-V curve allowing to accurately determine the
module performance even for high efficiency solar cells. The previous means that the sample is
flashed twice to obtain one I-V curve. During each flash, the voltage sweep is performed in two
different ways: 1) forward, from I SC to VOC and 2) backwards, from VOC to I SC . Each stage has
an individual flash with a duration of 120 ms. Five hundred ten points are recorded per each stage.
The final I-V measurement corresponds to the point to point average of the I-V curve obtained
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in forward and backward voltage sweeps, minimizing in this way the FF measurement error due
to capacitive effects of the solar cells [30]. The same I-V measurement profile is carried out at
cell and module level, and after a certain number of thermal cycles. The voltage range and lamp
intensity are configured before every batch of measurements using a calibrated1 cell or module, as
appropriate.
The thermal cycles are performed in a climate chamber enabled to run TC test as described in
IEC 61215 [162], without bias current. The samples are controlled before starting the test and
later after 200, 400, 600 and 1000 cycles (labelled as TC0, TC200, TC400, TC600 and TC1000,
respectively). In this way, the requirements of the IEC 61215 standard are exceeded up to five
times.

4.1.2 Results
The modules subject to the extended TC test do not show any significant mark of degradation
to the naked eye. However, the combination of two-half-cell with backsheet experiences a very
strong degradation in their electrical parameters. This is mainly because half-size cells develop
finger interruptions already after 200 cycles which are only visible on EL pictures (Figure 4.2). This
failure decreases in occurrence if the module is a glass-glass type, regardless of the encapsulant. By
using glass on both sides, the shear and tensile stress are equilibrated on both module sides. This
means that the expansion and contraction are of similar magnitude on each module side, which
is totally different for glass-foil modules, where forces applied by the glass are higher than those
from the backsheet. The lamination process parameters also influence the module behaviour. In
this case, the pressure of the upper membrane plays an important role. Glass-glass modules are
laminated with lower pressure.
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POE

EVA

POE

POE

EVA

POE

POE

EVA

POE

POE
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POE
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3.2G / Tbs

2.0G / Tbs

2.0G / 2.0G

1.0G / Tbs

1.0G / 1.0G

Figure 4.2 EL images of representative sample per group for the extended TC test. Image contrast is
not regulated, therefore the analysis is qualitative only. White squares correspond to missing
pictures.

In Figure 4.3, the individual losses in power and current are shown. The values are expressed
as percentage relative to TC0. The grey band corresponds to the ±1%rel deviation. In this case,
empirical observations show that the measurement repeatability deviates ±1%rel , hence the results
within this band are considered as no change. The results of the extended TC show that the
main driver of power loss is not an optical degradation of the glass-encapsulant layer (I SC does
not show significant change). It is possible to state that finger disconnection is the principal root
cause for the power loss to increase by combining EL pictures and electrical performance. For
this reason, one can expect a low reliability for glass-foil modules based on half-cell under desert
1 Characterized at Fraunhofer ISE -CalLab

58

4.2. EXTENDED DAMP-HEAT

climates. Nonetheless, it could be that the lamination process (the upper membrane pressure) has
not yet improved for half-cell modules to qualify the TC test.
Glass-glass modules based on full-size cells showed better mechanical stability when glass of

2.0 mm thickness is used, while for half-size cell the higher resistance to the TC test is achieved by
using 1.0 mm glass. These differences can be attributed to the lamination process. The adjustment

of this process is usually done to obtain modules without visual damage and an acceptable electrical
performance, i.e., no bubbles, no de-lamination, gel content above 85%, no broken glass, cells
without cracks and electrical parameters within the expected tolerance. In Wu [210], the importance
of tuning the lamination process for an enhanced electrical performance and to withstand the
accelerated ageing test is discussed. In this way, a lamination process adjusted to obtain high
electrical performance after module processing does not imply a proper reliability. The solar cells
and module packing materials are subject to shear stress while heating up and cooling down within
the lamination process and the TC test. This mechanical stress is mainly caused by the differences
in the CTE and the shear modulus of the materials. If a symmetric encapsulation design is used,
this shear stress is reduced. For this reason, glass-glass modules yielded better results after the
presented tests.

According to Owen-Bellini [209], TC200 ensures only bonding reliability for three years in hot
and arid climates. Using this logic, if one would like to ensure thirty years, the modules should be
subjected to 2000 cycles of TC with a pass fail criteria of power loss lower than 5%. Considering
linear degradation (4.1), this turns to a TC200 with a pass fail criteria of P MPP loss smaller than
0.5%. In this way, TC1000 is just enough to match fifteen years in hot and arid climates. For
the half-cell modules in this trial, most of the bonding defects (decrease in I MPP ) are seen within
the first 400 cycles, meaning such a devices would present soldering faults within the first six years
in desert climates. Soldering improvement will be a big challenge to ensure thirty years lifetime,
especially for the glass-foil module design due to the large difference of CTE between the module
packing materials. The glass-glass module design should be therefore selected as the packing option
for desert applications, regardless of the cell-size format.

4.2

Extended damp-heat

The damp-heat (DH) is used to test the packing materials as barriers against moisture ingress. In
the long term, this moisture can turn into electrochemical degradation of the (solar cell) metal grid
and ribbons hence damp-heat (DH) assays the module capability to withstand corrosion induced
by moisture. It is also used to determine the change in adhesion force of the encapsulant to back
cover or front cover to encapsulant interfaces with humidity.
According to IEC 61215-2, the module temperature has to be set to (85 ± 2) ◦C and the chamber
RH to (85 ± 5)%. The pass test criteria corresponds to no significant visual change during final
inspection and to a power output drop less than 5% after 1000 hours of exposure. As for TC, the
module temperature is assigned similar to the maximum expected during outdoor operation. Theoretical calculations indicate that subjecting a PV module for 400 hours at (85 ± 2) ◦C and (85 ± 5)%
RH is representative to twenty years of exposure under a wide range of climates [211]. Such calculations are based on the Hallberg-Peck model (equation (4.2)) [212, 213]. The acceleration factor
for the DH test can be estimated as:
RH L
=
RH U
µ

A f ,D H

¶3

e

Ea
kB

³

1
TU

− T1

L

´

(4.2)

where A f ,D H is the acceleration factor for the DH test, RHL and TL are the relative humidity (in
%) and absolute temperature (in K) for the test, RHU and TU are the relative humidity (in %)
and absolute temperature (in K) of the environment to be simulated, whilst kB is the Boltzmann
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constant in same units as the activation energy, E a . The latter corresponds to the energy level
required to start a chemical reaction. For example, in Kempe et al. [86], E a is estimated to be
approximately 0.93 eV for the formation of acetic acid. By substituting this value in equation (4.2),
for EVA under operative conditions of TU =50 ◦C and RH U =55%, the acceleration factor equals
96.5.
¯
¯
A f ,D H ¯¯

= 96.5

E a =0.93

If such a factor is substituted in equation (4.1), one can expect that the formation of acetic acid
under such an environment will not lead to reliability problems due to corrosion within the first thirty
years, as long as a breathable back cover is used (permeability in both directions). However, under
hotter operative conditions, i.e., with a module temperature of 70 ◦C, the acceleration factor equals
13.8. Consequently, the test will represent 4.7 years of operation, far below from the expected
lifespan. This is the case for hot and dry climates. For this reason, the DH test duration should
be increased to 6500 h in order to approximate thirty years of field function in desert climates.
In this section, different front and back covers are tested under extended DH test to determine
which of them allows the EVA to create least corrosive conditions and hence the module to withstand thermochemical degradation. Polyolefin elastomer (POE) is used for comparison due to its
low WVTR (see Table 2.6).

4.2.1 Experimental setup
The samples subject to an extended DH test correspond to one-cell modules based on multi-Si
solar cells (p-type, 6-inch, full-square, Al-BSF, 3BBs). The metallization of the solar cells is of
traditional H-pattern with 3BBs of 1.5 mm width on front and pads of similar width on the rear
side. The electrical connections are made by using the traditional front-to-back method with
ribbons soldered to the three busbars and pads of the cell. The ribbons are of 1.5 mm width and
0.2 mm thickness made of a Cu core coated with a 16 to 22 µm SnPb60/40 layer. The soldering
is done by a semi-automated machine, whose process is adjusted for a peel strength force in the
range of 2 N to 6 N.
Different glasses, encapsulants and backsheets are used as packing material. The front cover
corresponds to a flat-glass of different thickness: 1.5, 2.0 and 3.2 mm are used. As encapsulant
material, traditional formulation of EVA and POE of 460 µm thickness are employed. Only one
layer of encapsulant foil is deposited on each cell side. For the back cover, three variations of TPT
are used: (traditional) white, transparent and a so called desert material. The last one corresponds
to a thicker (traditional, white) TPT bettered in terms of abrasion endurance for desert regions
(thicker layers). The group classifications are shown in Table 4.2. Each group consists of four to
two samples per group. Only modules with no relevant cracks after manufacture (determined by
EL inspection) are chosen.
The time and temperature of the lamination process are adjusted according to the recommendations of the supplier of each encapsulant material.
The samples are characterized by means of I-V and EL measurements, in similar way as in
Section 4.1.
The devices under test are subject to DH testing in a climate chamber which allows to running
the test as specified in IEC 62125 [162]. The samples are characterized before the test and after
1000, 2000, 3000, 4000, 5000 and 6000 hours of DH exposure (DH0, DH1, DH2, DH3, DH4, DH5
and DH6, respectively).
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Table 4.2 Module group for DH test. The acronyms used to name each material are G for glass (with the
thickness in mm as prefix), E for EVA, P for POE and Tbs, Dbs and Wbs for the transparent,
desert (white) and traditional (white) TPT backsheet, respectively.

Group

Front cover

Encapsulant

Rear cover

1.5-E-Wbs
1.5-E-Dbs
2.0-E-Wbs
2.0-E-Dbs
2.0-E-Tbs
3.2-E-Wbs
3.2-E-Dbs
3.2-E-Tbs
3.2-P-Wbs
3.2-P-Dbs

1.5G
1.5G
2.0G
2.0G
2.0G
3.2G
3.2G
3.2G
3.2G
3.2G

EVA
EVA
EVA
EVA
EVA
EVA
EVA
EVA
POE
POE

Traditional
Desert
Traditional
Desert
Transparent
Traditional
Desert
Transparent
Traditional
Desert

4.2.2 Results
The extended DH test reveals that the FF losses are mainly driven by contact degradation, i.e.,
electrical conductors corrosion caused by moisture ingress. The use of a transparent backsheet
does not affect negatively the module to withstand the ageing test. Even more, it has been proven
that the power loss caused by dust can be to some extent reduced by using a transparent backsheet
[214]. Besides, POE experiences the lowest degradation after DH6, hence the best performance,
regardless of the backsheet used (traditional or desert TPT in this case) as seen in Figure 4.4.
However, after DH4 the power loss is already higher than 5% for both groups made out of POE.
80
1.5-E-Wbs

70

1.5-E-Dbs
2.0-E-Wbs

Pmpp loss (% rel)

60

2.0-E-Dbs
2.0-E-Tbs

50

3.2-E-Wbs

40

3.2-E-Dbs
3.2-E-Tbs

30

3.2-P-Wbs

20

3.2-P-Dbs

10

0

-10
0

1

2

3

4

5

6

DH

Figure 4.4 Relative loss in P MPP along the progress of the extended DH test. The modules best to withstand
the test are those built with POE as encapsulant.

Figure 4.5 shows the EL images of a representative sample of each group before the test (DH0)
and after 6000 h of DH (DH6). Most of the groups suffered an expansion of electrically inactive
areas (black zones) caused by corrosion of the cell metallization and ribbons. Such an expansion
of electrically inactive areas starts mainly from the edges, demonstrating to some extent the importance of the module edge sealing to avoid moisture ingress. The samples less affected by this
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degradation effect are those modules built with POE regardless of the backsheet employed.
The so called desert TPT backsheet (Dbs) does not help to slow down the degradation rate.
This effect is more clearly seen in Figure 4.4 as from DH4 on most of the groups experience already
a more than 50%rel of loss in power.
DH0

DH0

DH6

1.5-E-Wbs

3.2-E-Wbs

1.5-E-Dbs

3.2-E-Dbs

2.0-E-Wbs

3.2-E-Tbs

2.0-E-Dbs

3.2-P-Wbs

2.0-E-Tbs

3.2-P-Dbs

DH6

Figure 4.5 Electroluminescence images of the extended DH test. Only one representative sample per group
is shown.

4.3

Extended UV exposure

In terms of UV degradation, the kinetics of encapsulant ageing and discolouration are still being
researched [215]. For this reason, there is no ageing test related to UV existing in the IEC 61215
standard [23, 162]. The testing performed in this standard is rather a preconditioning by exposing
the samples to 15 kW h m−2 in the wavelength range of 280 nm to 400 nm. Furthermore, this level
is far below the energy measured in the field, specifically in desert climates. For example, in the
Negev Desert, the annual dose of UV reaches 120 kW h m−2 approximately, eight times the dose of
63

4.3. EXTENDED UV EXPOSURE

the aforementioned preconditioning test.
The main degradation mechanisms of the UV stress test are expected to be directly linked to
the semiconductor device, oxidation of electrodes, encapsulant discolouration and delamination of
the packing layers [215].
In this section, several module materials are subject to UV and temperature conditions similar
to those of the Negev Desert. Different solar cells are exposed to these conditions to determine
their sensitivity to UV. Encapsulant materials such as EVA, POE, PVB and silicone are tested by
building glass-glass modules to determine if the remaining gases play a role in discolouration. Front
covers with ARC are also tested to observe if it causes any effect in module degradation due to
UV.

4.3.1 Experimental setup
The samples subject to UV testing correspond to one-cell modules based on three different solar
cell types and several encapsulation materials. The solar cells are of type: i) traditional mono-Si
(p-type, 6-inch, pseudo-square, Al-BSF, 3BBs, rear pads), ii) bifacial mono-Si (n-type, 6-inch,
pseudo-square, 3BBs), and iii) IBC mono-Si (n-type, 6-inch, pseudo-square, 4BBs).
The electrical connection is made by means of soldered ribbons to the 1.5 mm thick busbars. In
the case of iii), the connection is done completely at the rear side. For any solar cell type, the
ribbons are of 1.5 mm width and 0.2 mm thickness made of a Cu core coated with a SnPb60/40
layer with thickness in the range of 16 µm to 22 µm . The soldering is done by a semi-automated
machine, whose process is adjusted to result in a mean peel strength force to be in the range of
2 N to 6 N.
The front cover is either flat-glass of 2.0 mm thickness or slightly textured glass of 3.2 mm
thickness with ARC. As encapsulant material, four different commercial encapsulants are used: a
traditional formulation of EVA, POE from two different manufacturers (POE1 and POE2), PVB
and silicone. The thickness of the encapsulant foils are 460, 450, 460 and 760 µm for EVA, POE1,
POE2 and PVB, respectively. Only one encapsulant sheet is deposited on each cell side in all
cases. For the back cover, two different materials are used: a traditional white TPT and flat-glass
of 2.0 mm.
The groups for this test are summarized in Figure 4.6. Each group consists of four samples
(one-cell module) for averaging. No cracks after module process were found (determined by EL
inspection). Non-laminated (naked) cells are used as control group to determine the degree of
sensitivity of the solar cells to UV light.
The lamination process and sample characterization are performed in similar way to those described in Section 4.1, with two exceptions. The first one refers to the silicone encapsulant material,
which is applied as two semi-liquid compounds to build some of the glass-glass modules. The silicone is dispensed using a cartridge which properly mixes both components. The mix itself is
uniformly deposited in a layer of approximately 0.2 mm thickness on each glass sheet. The second one refers to an additional SR characterization which is performed before and after each UV
exposure to determine any changes in optical transmittance of the encapsulant.
The samples are exposed to light in the range of 280 nm to 500 nm in a semi-enclosed climate
chamber. The chamber consists of an array of fluorescent lamps that illuminate an area of approximately 2 m2 . The lamps intensity over the samples’ plane is regulated to be (11 ± 1) mW cm−2
for wavelengths between 280 nm and 315 nm, and (20 ± 2) mW cm−2 for wavelengths ranging from
315 nm to 500 nm. The light inhomogeneity over the total radiation plane is determined and adjusted accordingly before each test and after any changes to the lamps, with a limit of acceptance
to be 10%. The module temperature is regulated to (60 ± 2) ◦C based on the rear side temperature
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Figure 4.6 Samples’ groups used in the UV test.

of one of the modules under test. The RH is measured but not regulated, typically reaching values
of up to 30% during the test duration.
The modules’ electrical performance is measured by I-V and SR initially and subsequently after 15,
60 and 120 kW h m−2 of accumulated UV doses (UV0, UV15, UV60 and UV120, respectively). The
I-V measurements are performed using an A+A+A+ flasher type solar simulator of 2 m2 illumination
area. Because the illuminated area is much larger than the area of the samples under test, external
reflection could generate charge carriers from the opposite side of the illuminated one. Therefore,
certain regions of the module have to be properly covered using special black masks. On the
illuminated side, the mask has an open area of 15.8 cm × 15.8 cm (centred square), while the opposite
side is completely covered.
The SR is measured on two positions being the same for each sample (located at the middle and
at the edge). The measurements are performed in a wavelength range from 280 nm to 1200 nm.
The temperature of the samples under test is controlled to be (25 ± 1) ◦C during the measurement.

4.3.2 Results
Figure 4.7 shows that depending on the cell technology, PV devices can convert light into electric
energy down to approximately 250 nm. This statement is valid as long as the packing materials on
top of the solar cell transmit the light down to such wavelength range. Solar glass itself cuts light
below 300 nm. This lower limit for glass is a given value which can neither be adapted nor modified.
Therefore, the encapsulant materials need to be as close as possible in terms of light cut-off to the
solar glass. Comparing the measured EQE of modules with various different encapsulant materials
(see Figure 4.8), silicone and POE1 are candidates to be the most suitable encapsulation material,
in terms of optical transparency in the wavelength range of interest. This is seen in Table 4.3,
column I SC , for groups G7 and G5 respectively, been POE1 the material with the lowest optical loss
(1.8%rel ). Besides, the interface glass–PVB blocks almost all UV light plus a significant part of the
blue light. Due to this, and comparing the bifacial cells only, G8 samples exhibit the highest C2M
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optical loss (3.3%rel ), followed by G7, G5 and G6. By comparing G4 and G5, one can notice that
the optical loss is reduced for bifacial solar cells by approximately 2%. This can be explained by the
scattered light reflected back to the solar cell from the rear glass or from the encapsulant–glass
interface. Such photons have higher chances to be absorbed if the rear side of the solar cell is not
fully covered by a metal sheet.
Cell type
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Figure 4.7 Comparison of EQE for the control group for varying UV doses (in kW h m−2 ).
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Figure 4.8 EQE of glass-glass modules (based on n-type bifacial solar cells) with different encapsulants.

The C2M changes are summarized in Table 4.3. The positive variation in I SC for G9, G10 and
G11 is due to the use of ARC-glass and white backsheet. The ARC-glass contributes with 5%rel
while the white backsheet does it with 3%rel due to photon reflection over the back side of the
bifacial solar cell.
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Table 4.3 Change in the C2M conversion of the modules used in the UV stress test.

Group
G4
G5
G6
G7
G8
G9
G10
G11

P MPP

I SC

%rel

−9.4
−7.8
−8.1
−8.3
−11.1
−4.1
−3.6
−4.5

FF

%rel

± 1.3
± 0.3
± 0.4
± 1.3
± 0.6
± 0.3
± 0.7
± 0.5

−3.8
−1.8
−2.9
−2.8
−3.3
4.8
5.0
4.3

%rel

± 1.1
± 0.6
± 0.5
± 0.5
± 0.3
± 0.5
± 0.3
± 0.8

−5.0
−5.8
−5.6
−5.7
−7.8
−8.7
−8.5
−8.4

± 0.7
± 0.4
± 0.2
± 0.4
± 0.5
± 0.3
± 0.3
± 0.6

In terms of UV stability, the EQE of the control group exhibits barely any degradation (see
Figure 4.7). This behaviour is found for the I SC in Figure 4.9, which allows stating that the current
generation is not directly affected by the UV exposure. In terms of voltage, the VOC decreases
strongly for the Al-BSF sample, leading to a strong degradation in power. This power loss can be
explained by the effect of light induced degradation (LID).
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Figure 4.9 Comparison of P MPP , VOC and I SC for the control group undergoing the UV degradation test.
The error bars are constructed with one standard deviation.

The tested encapsulants do not exhibit a strong degradation in terms of electrical performance.
Figure 4.10 shows the MPP parameters of the samples under test. In this graph, the ±1%rel band
corresponds to the equipment uncertainty and is marked as a grey area, i.e., any change within this
range is overlooked. Groups made out of glass-glass with bifacial cells (G5 to G8) do not show
degradation. Group G8 exhibits a slight improvement in power of up to 2.7%rel , mainly driven by
an increase in voltage. This phenomenon is not present in the naked (tabbed) cells used as control
group (G1, G2 and G3) and is not reflected in the SR of those samples2 .
Improvement in P MPP is also seen for groups G9 to G11, i.e., the glass-foil modules also show a
slight improvement in power of 2.8%rel , 3.6%rel and 3.5%rel respectively. In this case, the current
is the main driver of the increase in power.
2 Data not shown.
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Figure 4.10 Relative change of the electrical parameters of samples exposed to the UV stress test. The
error bars are constructed based on one standard deviation.

4.4

Abrasion test

Not only dust accumulation is a problem for PV installations in desert areas. The impact of dust
grains on the solar glass surface with a certain momentum affects the integrity of the module
covers and their external coatings (e.g., an ARC on glass), specifically under desert climates. For
this reason, it is important to understand how the glass surface and its ARC layer resist normal
abrasion and even sandstorms. In this matter, the most reliable standards are the MIL-STD-810G
(method 510.5) [216], the IEC 60068-2-68 Lc [217] and the AECTP 300 (Ed.3) [218].
The velocity at which certain sand grains begin to move is known as fluid threshold velocity.
The initial grain movement is usually defined by rolling [219–221] or by a kind of vertical ejection
[222, 223]. Once the particles are lifted from the ground, they are transported by wind in several
manners such as those shown in Figure 4.11. In this diagram, the three main aeolian transport
modes are displayed. The wind, blowing over a ground surface, exerts a surface shear stress that
provokes the superficial particles (A) to lift off the surface, carries it downwind back to the ground’s
surface where (B) it bounces back into flight (saltation); the particle at (C) hits a large rock and
it elastically rebounds to a relatively high saltation trajectory; grain at (D) hits the surface and
triggers other particles into saltation; grain at (E) strikes the surface containing very fine particles
(too fine to be moved by the wind alone) and spatters them into the wind where they are carried
in suspension by turbulent flow; grain at (F) collides a larger one and pushes it downwind a short
distance (impact creep, or traction) [224].
Moreover, sand particles larger than 100 µm have no cohesion except if they are affected by
moisture [224]. In this case, the tensile force between the sand grain and water molecules produces
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cohesion at the points of grain contact, where moisture is retained [220, 225]. In this way, the
fluid threshold velocity increases and lower heights can be achieved by the same wind speed.

WIND
SUSPENSION

SALTATION

(A)

CREEP
( )
(D)

(E)

(B)

(F)

Figure 4.11 Sand transport mode. Adapted from [226].

In Kamal Aboelmaged [227], sand traps were installed in the Sahara Desert at different height
from the ground. The author found that the mean grain size at a height of 55 cm was ranging from
200 µm to 300 µm whilst it was between 100 µm to 180 µm at 110 cm height. This means that part
of a PV module can be hit by particles of 300 µm diameter, or even larger depending on the wind
speed and ground conditions. On hard desert surfaces, grains of any given size bounce higher than
on loose sand. In places with such hard surfaces, the mean saltation height may exceed 20 cm,
with a maximum saltation height of more than 3 m [224].
In the present section, the exposure of glass to abrasion is evaluated. For this, sand of defined
grain dimensions is used in an artificial abrasion test (sandstorm chamber) on samples of the
same glass type with ARC. To compare the samples, the glass surface roughness and the optical
transmittance are measured by means of an OLYMPUS LEXT OLS4000 LSM and a PerkinElmer
Lambda 950 spectrophotometer, respectively.

4.4.1 Experimental setup
To perform the experiment, four parameters are identified to be fundamental to control: 1) the
sand type (grain size and chemical composition), 2) the wind speed, 3) the angle of impact, and
4) the test duration. Figure 4.12 shows the apparatus used for these trials. The volumetric flow
rate of the sand is neither regulated nor measured but fixed by the aperture of the sand dispenser.
To ensure the sand does not clog the dispenser opening, an automated shaker is used with constant
vibration during the trial.
Sand dispenser

Housing
Blower

Adapter

Sample

Holder
Adjustable
height and
angle

Figure 4.12 Schematic view of the chamber used to perform the abrasion test.

To simulate dust exposure as realistic as possible, dust from ground around the solar platform
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of the Atacama Desert (PSDA, from the Spanish plataforma solar del desierto de Atacama)3 is
collected. The PSDA is located 80 km south-east of Antofagasta city, Chile, in the longitudinal
valley, above 1000 m a.s.l., in the core of the Atacama Desert. In Olivares et al. [155], the authors
found the soil of this desert to be particularly hard with presence of chlorides (Cl – ), sulphates
(SO24 – ) and nitrites (NO3 – ). Consequently, serious damage is expected on glass coating layers
during exposure to dust particles in movement like in wind or sand storms.
The grain sizes are classified by dry sieving, using an electrically powered shaker. The most
common size is smaller than 500 µm. The samples are divided into two groups according to their
diameter: 1) 63–200 µm and 2) 200–500 µm. For particles in the range of 63 µm to 200 µm, only
a few measurements were possible to be made due to apparatus limitation (particles smaller than
200 µm get randomly stocked in the sand supplied provoking non-desirable uniformity during the
test). It is important to note that grains smaller than 60 µm are mainly transported by suspension
and are considered to not produce a significant ballistic impact [224].
To determine the wind speed and relative humidity, twelve years of data4 from the Chilean
meteorological office is reviewed for two different locations: 1) in the coastal zone and 2) above
2500 m a.s.l. [228]. For the first case, the mean wind speed measures (8.0 ± 5.6) m s−1 and the mean
maximum wind speed is 17 m s−1 . The RH ranged from 61% to 83%, the ambient temperature
averages 16.3 ◦C and oscillates in the range of 5.9 ◦C to 28.6 ◦C. For the second, the wind speed
has a mean of (7.5 ± 4.9) m s−1 with a mean of maximum of 28 m s−1 . The RH ranged from 17%
to 64%. The ambient temperature averages 12.8 ◦C and varies in the range of −9.6 ◦C to 30.6 ◦C.
Besides, one year of meteorological data at the PSDA5 exhibits that RH varies from 10% to 81%,
while the wind speed averages to (3.5 ± 4.0) m s−1 with a mean maximum of 15 m s−1 .
Based on the mean maximum previously mentioned, the reference wind speed is 22 m s−1 , measured at 10 m above the ground. This wind speed can be extrapolated to the one at the level of
the center of a typically ground mounted PV panel (see Figure 4.13), according to equation (4.3)
[229]:
z
z0
z ref

ln
ν ≈ νref ·
ln

(4.3)

z0

where ν(z) is the wind speed at height z , νref is the reference speed measured at the height z ref
and z 0 corresponds to the roughness length in the current wind direction,
z0 ≈

d
3

(4.4)

being d the diameter of the sand grains forming a flat, homogeneous surface.
Consequently, the wind speed set to perform the test was (17.0 ± 0.3) m s−1 .
The ambient temperature was selected to be (20 ± 4) ◦C. Whilst the environmental relative
humidity was not controlled but measured to be between 60% to 80%.
The angle of incidence for dust particles was set up to 30° and 90°, emulating the flow of dust
parallel to the ground that could hit modules installed with the mentioned angles of elevation.
The samples under test correspond to a commercial solar glass with an ARC of 100–150 nm
thickness. Twelve samples were used in total, three for each trial. The damage after 1 min exposure
was quantified by LSM and optical properties, while the cumulated damage was quantified by optical
properties only.

3 A test platform in the Atacama Desert.
4 Between years 2000 to 2012.

5 Data shared by the University of Antofagasta.
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WIND
z = 10 m
 20.3 m/s

PV module
z=1m
1.7 m/s
1m

Figure 4.13 Wind speed profile over a ground mounted PV module. Not to scale.

4.4.2 Results
Figure 4.14 shows an example of the mean damage caused by bombarding sand at an angle of 90°
for 1 min. The ARC layer of the samples under test is completely removed in certain areas for any
of both range of grain size tested.
Figure 4.15 shows the change (decrease) in optical transmittance of the tested glass. It is
noticeable that such decrease depends not only on the angle of incidence but strongly on the
duration of the attack. These results lead to think that modules installed vertically have the
challenge of higher glass abrasion if the module bottom is below 1 m height. The previous also
depends highly on the frequency of sandstorm occurrence, and the wind speed and direction. It
is possible that land roughness will be affected by these kinds of installations, therefore the wind
profiles will also change.

PSDA, 63-200 µm, 90°, 1 min

Mean damage [µm]
< 0.10
< 0.13
< 0.15
< 0.18
< 0.20
< 0.23
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>= 0.40

PSDA, 200-500 µm, 90°, 1 min
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Figure 4.14 Example of mean damage caused by sand abrasion on the ARC of glass during 1 minute at 90°.
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Figure 4.15 Optical transmittance of ARC glass after 1 min, 2 min and 3 min of abrasion test compared
with the initial state (reference).

4.5

Chapter summary and discussions

In the present chapter, the experimental results of accelerated ageing which approximate desert
conditions were presented together a literature review about this topic.
According to Owen-Bellini [209], TC200 ensures only bonding reliability for three years in hot
and arid climates. Using this logic, if one would like to ensure thirty years, the modules should be
subjected to 2000 cycles of TC with a pass fail criteria in power loss of less than 30%. Considering
a linear degradation, this turns to a TC200 with a pass fail criteria in P MPPloss less below 3%.
Although half-size solar cells are part of the solutions to mitigate the power loss caused by an
increased current flow, specifically for the long path on 60- or 72-cells size modules (see Section 2.4), the extended TC test shows that differences in the CTE of the packing materials lead
to early failures of the electrical interconnections which strongly affect the half-size-cell design. To
avoid this drawback, two measures have to be taken: 1) the solar cells should be halved by a lower
stress process such as the thermal laser separation [67, 70, 230] and 2) the PV modules should be
built with a symmetrical packing design, i.e., by using glass-glass encapsulation.
In terms of moisture ingress, one can tend to assume that for desert climates humidity does
not play a significant role. In this matter, meteorological data reviewed in order to perform the
abrasion test (Section 4.4) show that high humidity may be present and condensate in certain areas
of a desert. Nevertheless, the use of POE as encapsulant helps to prevent early degradation of
modules working in coastal zones, for example. Furthermore, the use of POE, as encapsulant for
bifacial glass-glass modules, show the lowest C2M optical loss (lowest drop in I SC in Table 4.3). In
addition, not only a low WVTR of the back cover–encapsulant interface is desirable, but also proper
edge isolation is needed. Usually, the one-cell samples are quick to process prototypes, which is
the reason why they are built without edge sealing. Since this can lead to erroneous conclusions,
special care has to be taken.
Due to the results of the UV exposure test, n-type solar cells are recommended for solar modules
being exposed to larger quantities of UV radiation for two main reasons: 1) short term stability
against UV degradation (120 kW h m−2 , or one year of exposure in Negev Desert) and 2) significantly
increased sensitivity in the UV range of the solar spectrum. The aforementioned may lead to an
increased long-term energy harvesting in deserts when compared to p-type c-Si based PV panels,
as long as the proper packing materials are chosen.
From the results of the abrasion experiment, it is seen that the damage caused by sandstorms
could be critical enough to remove fully or partly the ARC layer on the solar glass. Nevertheless,
the AR effect can be achieved by introducing a certain structure to the glass and not only by adding
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an extra layer necessarily. However, even if the AR effect is made by structuring the glass instead of
using a thin coating layer, the deformation of such a structure due to the impact of sand grains can
lead to a diminution in the module performance. Thus, the use of structured glass could mitigate the
performance loss caused by early ARC degradation, but it is not free from failure and the reliability
has to be assessed. Other topics to be considered is the soiling accumulation rate over structured
glass and how it affects the maintenance of the system (cleaning). Considering the aforementioned,
novel installation methods and control strategies should be developed to counteract glass damage.
For example, by installing bifacial PV modules in a vertical manner, facing east-west (E/W) (check
Chapter 6 for more details). This installation could be seriously affected by abrasion when strong
east or west wind blows. The abrasion effect could be to a certain extent reduced by changing the
module angle elevation, similar to what the tracking system does but, in this case, modified in such
ways to keep the module in a horizontal position during a sandstorm. Furthermore, the presence
of salts on dry sand raises the cohesive force within sand grains, acting as cement at points of
grain contact [224]. In this matter, conditioning the ground in a PV farm in desert climates should
be carefully evaluated in order to diminish early performance loss. Nevertheless, modules installed
with their bottom part above 1.1 m from the ground may have less probabilities to get damage by
ballistic impact of sand grains. This is the case for bifacial PV modules, for which the minimum
height, to harvest as much energy as possible, is over 1.2 m from the ground surface [122].
All the experiments performed reaffirm the necessity of differentiated and more sophisticated
ageing tests for certification or labelling by climate zones, to ensure an optimal module lifetime. It
has been shown that the UV preconditioning of the modules should be adapted according to the
climate zone. The IEC 61215-2 standard request exposition to UV light of at least 15 kW h m−2
which doses is much less than the expected one in desert climates with more than 100 kW h m−2 in a
year. In this matter, the non-encapsulated mono-Si Al-BSF solar cells showed a strong degradation
after the first 15 kW h m−2 . Furthermore, even if it is not assessed in this work, if we consider that
for reliability testing, after the UV preconditioning, TC and HF tests are performed, whose results
can be affected hence leading to erroneous conclusions about the reliability of a product to operate
in a targeted climate.
Consequently, considering the results of the performed tests, a recommendable design seems
to be the use of n-type bifacial solar cells embedded between a glass-glass sandwich by means of
silicone or POE as encapsulant. The use of Silicone seems to be the most appropriate packing
material in terms of light transmission, particularly in the range of the UV. However, the use of
it has to be meticulously evaluated in terms of material suppliers and technical adjustments of
the module production line. The aforementioned is due to the application of a two semi-liquid
compound instead of a sheet of encapsulant material as in the traditional manufacturing lines. The
use of ARC-glass has to be carefully evaluated due to the high risk of having the ARC layer deeply
damaged by sandstorms. For such modules, a lifespan of thirty years is expected hence TC has to
be extended ten times in duration, i.e., to 2000 cycles.
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CHAPTER 5

Measures to improve the electrical performance of
solar modules

Device efficiency is of great importance, especially for applications related to energy conversion,
where high efficiencies are most of the time desirable. In the case of non concentrated PV devices,
based on single c-Si p-n junction (with a band gap energy of 1.1 eV), the efficiency has a theoretical
limit1 of about 32%, under STC. This limit increases to approximately 33% for a single p-n junction
with a band gap energy of 1.34 eV [231–233]. Nowadays, commercial c-Si solar cells have efficiencies
up to 21.3%–25.6%, under STC. However, the most efficient available solar PV panels on the
market today have efficiency ratings as high as 22.5% [234, 235], whereas the majority range
from 15% to 17%. The difference in efficiency between cell and module, known as cell-to-module
(C2M), is caused by various optical and electrical interactions between the solar cells and the
module packing materials. Typical C2M power losses range between 1% and 4% depending on the
cells and module materials. For example, it has been reported that modules made out of a batch of
ninety-six IBC solar cells with mean efficiency of η=23.6% showed a total area module efficiency of
21.2% after lamination, i.e., a C2M conversion loss of 2.4% absolutely in efficiency can be stated
[236].
The act of embedding solar cells within packing materials to form a PV panel entail, the power
of the final product to differ from the sum up of the power of each individual solar cell that forms
the module. These phenomena are caused by several effects such as: 1) (optical loss) a decrease
in the photon flux, which finally reaches the solar cells caused by reflection/absorption in the glass
or in the encapsulant or at the glass–encapsulant or/and encapsulant–cell interface, 2) (optical
loss) shading from the tabbing ribbons, 3) (optical gain) the light reflected from the rear cover
(backsheet) back to the solar cell, the rear cover to the front cover and all other internally reflected
photons which finally reach the cell, 4) (geometrical loss) the efficiency loss caused by the large
area of the module compared to the total cells area (inactive area vs. active area)2 , 5) (ohmic
loss) an increase in the R S caused by the electrical conductors3 , by the bonding interface between
a conductor and the solar cells4 , and due to the connections and the cables inside and outside the
junction box, 6) the power loss caused by the current mismatch of the solar cells causing some of
them to behave as a power sink (load) instead of a source. An example of how the C2M loss/gain
mechanisms affect the efficiency of the final product is shown in Figure 5.1. The calculations are
based on a 60-cells module made out of 6-inch, mono-Si, full Al-BSF cells with two busbars of
2 mm width. The cells are embedded within two sheets of EVA (each one of 0.5 mm thickness).
A Diamond solar glass of 3.1 mm as front cover and a traditional TPT as backsheet are used.
The simulation was performed at the STC. The result shows a decrease of 12.2%rel in the mean
1 Shockley–Queisser limit.
2 This areas are usually the space within the solar cells and from this one to the module border.
3 Required to connect all solar cells electrically together.
4 Soldering or gluing.
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efficiency5 . It is important to note that the I MPP mismatch between the solar cells is not included
in these calculations.
From Figure 5.1, the module packing density for traditional PV modules is one of the main
contributing factors to the C2M losses. At least 2 mm of space between solar cells for the traditional
front-to-back connection method is required to prevent any problems during the lamination process.
This space can be reduced if IBC solar cells are chosen. Another way to reduce this space is by
using shingled solar cells. The difference in packing factor for these three connection methods was
already shown in Figure 2.16. Independently of the interconnection technology, the space between
the solar cells and the module border is another issue since the distance between exterior cells and
the module frame cannot be smaller than 10 mm, as given in various safety standards. Frameless
modules often have less border than their framed homologue but this may introduce challenges for
transport and mounting.
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Figure 5.1 Example of the distribution of cell-to-module gain/loss showing a total loss of 12.2%rel in mean
efficiency. Most of the C2M efficiency is lost by the module packing factor (module border, plus
cell spacing, plus cell border), followed by the module electrical resistance (cell interconnection,
plus string interconnection, plus external connectors).

In this chapter, the ohmic losses will be further analysed and discussed. In the first section, the
ohmic loss at cell and module level are reviewed. Next, the potential to improve the performance
is discussed together with a technological way to reduce the ohmic losses.
In the following sections, the influence of power loss due to the ribbon cross-section at different
irradiance levels is assessed. Two approaches are used to evaluate this topic:
1.

Determination of the influence on the solar cell electric performance of the tabbing ribbons
cross-section at different light intensities and temperatures (Section 5.3). In this case, indoor
measurements of I-V curves at several light intensities (from 0.1 to 1.3 times AM1.5G) and
solar irradiance measurement data from three different places are used as input.

2.

A comparison of cell-to-module loss between STC and desert light conditions (Section 5.4).
Here, a calculation of C2M loss is performed based on the solar spectrum of a desert climate.
A simulation of the solar spectrum for the Atacama Desert is used as a case of study.

Finally, in Section 5.5, the shingle cell interconnection concept is evaluated. The C2M power
loss is empirically evaluated by fabricating one-cell and equivalent power modules.
5 The total module area is included in the module efficiency calculation.
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In every case, the C2M relation of any parameter is calculated as:
X C 2M =

X module
−1
X cell

(5.1)

where X corresponds to the variable under evaluation (i.e., I SC , VMPP , P MPP etc). This relation is
commonly expressed as relative change in percentage (%rel ). For a conservative comparison, the
values within the range of ±1%rel are considered as without significant change.

5.1

Overview on ohmic losses in PV devices

In a solar cell, the generation of photocurrent or light-generated current ( I Ph ) involves two key
processes: 1) the absorption of incident photons to create electron-hole pairs (photovoltaic effect),
and 2) the collection of these charge carriers by the p-n junction.
At the p-n junction, an electric field is created when charge carriers are collected. The already
existing electric field is then reduced which leads to an increase of the diffusion current. A new
equilibrium is reached in which a voltage exists across the p-n junction. In silicon, this transfer
of electrons produces a potential barrier of approximately 0.6 V to 0.7 V. At this point, the net
current is zero, i.e., the light-generated current is exactly balanced by the forward bias diffusion
current. Such balance is reached in open-circuit condition, for which the mentioned potential is
the maximum voltage available from a solar cell —open-circuit voltage (VOC ). Such maximum
voltage is not achieved during operation. The effect of parasitic resistances such as the series
resistance (R S ) and the shunt resistance (R Sh ) limit the operating point of the solar cell at MPP.
Consequently, the I MPP and VMPP hence the P MPP of the solar cell (and of the PV panel) are
restricted by those resistances, among other effects.
In this section, the power loss related to the series resistance at cell and module level are
summarized.

5.1.1 Solar cell
Just like the absorption of a photon can create an electron-hole pair, the reverse process is possible: an electron and a hole recombine thereby emitting a photon. This process is known as
recombination and it reduces the efficiency of the cell. The Shockley–Queisser model states that
the recombination rate depends on the voltage across the cell [231, 233]. Other effects which
cause losses in efficiency conversion are:
Reflection loss: corresponds to the loss caused by the fraction of incident photons reflected from
the solar cell, which are not absorbed [175, 176]. Solar cells made with back contact technology
have less reflection loss compared to those with traditional H-pattern metallization. Texturing the
outer layer of the solar cell (e.g., a random pyramid or acid texture [17]) and/or applying an ARC
can help to reduce the reflection loss.
Transmission loss: represents the power loss caused by the fraction of photons that are neither
reflected nor absorbed by the solar cell [175, 176]. Usually, in solar cells with full metal Al backsurface, part of the IR range of the solar spectrum is reflected at the BSF interface, whilst in
bifacial solar cells photons within this range of wavelength pass fully through the device.
Below band gap loss: corresponds to the power loss caused by the (non reflected) photons whose
energy is not sufficient to excite an electron across the band gap [175, 176]. These photons
generate heat in the crystal lattice.
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Parasitic loss: refers to the heat caused by photons with energy higher than the band gap which
are absorbed by the lattice atoms or by the free carriers [175, 176].
Thermalisation loss: is the energy resulting from the relaxation of excited carriers down to the
band gap edge (conducting band), transferring the excess energy (E ph −E g ) to phonons [175, 176,
181].
Emission loss: corresponds to the energy of the emitted photons when the solar cell works at
MPP [175, 176, 181].
Carnot loss: is related to the voltage drop caused by the balance between recombination and
generation rates [175, 181]. It expresses the unavoidable necessity of evacuating heat to the
environment.
Angle mismatch loss: refers to the voltage drop related to the entropy generation caused by the
solid angle mismatch between absorption and emission [175, 181].
Non radiative recombination: represents those recombinations that can not be classified as radiative such as the Shockley-Read-Hall, Auger and surface recombination mechanisms [181]. The
result is a reduction in the available power at the MPP due to a reduced output current and,
particularly, to a lower voltage.
Shunt loss: corresponds to the heat generated by electrical current flowing through the shunt
paths [176]. It can be assimilated to recombination affecting the output current.
Transport loss: refers to the Joule heating created in the transport of the charge carriers out of
the solar cell [41, 176, 181]. This loss is proportional to the charge carrier flow and to the cell
series resistance.
The effects of series and shunt resistance on the I-V curve are illustrated in Figure 5.2. The R S
affects the FF of a solar cell due mainly to a drop in the operating voltage —the larger the R S ,
the smaller the VMPP (see Figure 5.2c). For the case of 6-inch c-Si solar cells, the FF is modified
decreasing 4.5% to 5.5% (absolutely) per each 4.1 mΩ increase in R S [41, p. 13]. On the other
hand, a decrease in R Sh leads to a decrease in I MPP (see Figure 5.2d). When a solar cell operates
in the field, sometimes hotspots appear. Most of the hotspots are related to a decrease in the
shunt resistance with the consequence of an increase in the I Sh (see Figure 2.6. A draining current
occurs provoking not only a drop in I MPP but a heat source as well. This heat source (and power
loss) mechanism is known as shunting.
By focusing on the front side metallization layer, in order to improve the solar cell performance,
both optical and ohmic losses have to be balanced. The optical loss of a solar cell is directly
proportional affected by the metal grid area that covers the solar cell (fingers and busbars). This
variable is called coverage fraction or shading fraction.
In order to reach an optimal operation, the shunt resistance has to be increased as much as
possible whereas the series resistance has to be reduced (ideally tending to zero). To achieve the
latter, an increase in the cross-sectional area of the aforementioned grid or the use of a conductive
material6 with lower electrical resistivity is required. For industrial solar cells, the reduction in series
resistance is usually achieved by increasing the height of the contact area which often leads to a
broadening of the metal grid over the wafer, which provokes in turn an increase in the shading
factor7 thus leading to an increase of the optical loss.
In Mette [41], a methodology to adjust the metal grid for the traditional H-pattern metallization
is discussed. Mette calculated the contribution to the power loss caused by the emitter, the contact
finger and the busbar, among others. He proposed an interaction of the cell resistance as shown
in Figure 5.3, where the emitter resistance and the effective series resistance for the emitter can
6 Usually a paste made of silver particles with solvent, binding agent, boron silicate glass and other additives.
7 The reflected light and the shading over the wafer caused by the metal grid increase.
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be calculated as:
¡
¢
sf − wf
1
rE =
R E ,Sheet
a · sf
12
lf

¡
¢
sf − wf
1
R E = R E ,Sheet
6
lf

(5.2)

where R E ,Sheet is the emitter sheet resistance, s bb is the distance between busbars and s f , the
finger-to-finger distance. The finger width and length are denoted by w f and l f , respectively.
The distance a usually equals half of the distance from busbar to busbar s bb (see Figure 5.4 for
geometric considerations).
s bb
(5.3)
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Figure 5.2 Example of the effect of (a) the series and (b) the shunt resistances on the I-V curve, (c) the
series and (d) the shunt resistances on the P-V curve, respectively. The black dots represent
the maximum power points for the individual curves.

If the cell current output is considered to be linear in function of the distance between contacting
points (black squares in Figure 5.4), the busbar contribution to the series resistance is then proportional to the distance between such points and each area. Furthermore, the power loss caused
by the busbar resistance decreases in a logarithmic manner with the increase of contacting points
(see Figure 5.5). These contacting points are the equivalent to soldering points in a module.
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Rbase : base resistance
RBSF : BSF layer resistance
Rbb,f : resistance of the front side busbar
Rbb,r : resistance of the rear side busbar

Rrib,f

Rc,f

Rbb,f

Rsj,f

: contact resistance from the emier to
the front side ngers

Rc,r : contact resistance from the BSF layer
to the rear side ngers
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: resistance of the rear side ngers

Rrib,f : resistance of the ribbon connected to
the front side
Rrib,r : resistance of the ribbon connected to
the rear side
Rsj,f : resistance of the soldering joint
(busbar to ribbon) on the front side

BSF

Rc,r

Rsj,r : resistance of the soldering joint
(busbar to ribbon) on the rear side

Figure 5.3 Schematic of a transverse section of a solar cell to illustrate the contribution of busbar, soldering
points and ribbon to the series resistance of the module. Adapted from and in [41, 1.2,p. 14].
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Figure 5.4 Geometric considerations for the calculation of the solar cell electrical resistance. The red arrows
indicate charge carrier flow from the cell to the busbar through the fingers. In this figure, the
variables are: the distance from finger to finger (s f ), the finger width (w f ), the finger length
(l f ), the busbar width (w bb ), the length from the cell edge to the middle of the busbar (a ),
the cell width (w cell ), the cell length (l cell ), the average spacing between soldering points (s s j ),
the spacing between ribbons (s bb ) and the ribbon length in the spacing from cell to cell (l C2C ).
Adapted from [41, p. 16].
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The finger resistance per area and the effective series resistance of the finger are:
rf =

lf
1
ρf
s bb · s f
6
hf · wf

Rf =

lf
1
ρf
3
hf · wf

(5.4)

where ρ f is the electrical resistivity of the finger, l f , h f and w f are the length, height and width
of each cell finger, s bb is the separation from busbar to busbar, and s f is the separation between
fingers.
In a similar way, the busbar resistance and the effective series resistance are:
r bb =

s bb · s sj
1
ρ bb
24
h bb · w bb

R bb =

s sj
1
ρ bb
3
h bb · w bb

(5.5)

where w bb , hbb and ρ bb are the width, the hight and the electrical resistivity of the busbar.
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Figure 5.5 Ohmic power loss versus contacting points (busbar soldering points). Adapted from [41, p. 59].

5.1.2 Solar modules
In a PV module, most of the efficiency loss mechanisms are inherited from the solar cell. Moreover,
reflection and transport related losses tend to be larger in PV modules compared to those in solar
cells due to the influence of the front cover (typically glass) and tabbing ribbons, respectively. At
the module level, the solar cell heat generation is of great importance due to the (usually) poor
heat dissipation into the environment. In solar cells, most of the loss mechanisms generate heat.
From the previously mentioned mechanisms, only the reflection loss does not directly contribute
to heat generation. Furthermore, the flow of charge carriers not only contributes to the heat
generation but also is responsible for a voltage drop along the conductors. As a consequence, VMPP
will decrease if compared with the one measured at STC by the influences of a higher Joule heating
in the conductors and the (probably higher) operating temperature of the solar cell. The former
affects the latter in an iterative manner: a current flow across the ribbons will cause Joule heating.
This heat generation will lead to a voltage drop in the ribbons and, at the same time, an increase in
the cell temperature. This increase, in the operating temperature, then decreases the cell voltage
but also increases the charge carrier generation. High carrier generation will probably lead to a
high current flow, repeating the interaction until reaching a point of equilibrium. The module
temperature outdoors is not only a function of the power generation, the temperature coefficients
and the thermal conduction capabilities but also of the solar spectrum, the wind speed and the
air density8 . Consequently, by having an inadequate ribbon, the consequences can be disastrous in
8 This will affect the convection cooling of the module at certain altitude above sea level.
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terms of module efficiency.
The equivalent series resistance of the module can be calculated as the sum of the ribbon and
solar cell series resistance [237, 238]. Thus, the voltage drop due to a flow of current through
the semiconductor is included as part of the C2M calculation. In Hädrich et al. [239], the authors
considered that the current collection of each ribbon increases linearly with the ribbon path. Based
on this, they suggested to calculate the ohmic power loss for H-pattern solar cells as following:
¡
¢
∆P ohmic = NC ∆P rib,front + ∆P rib,rear + ∆P C2C

∆P rib =

bb
1 nX
I 2 R bb,rib,k
3 k=1 k

(5.6)

(5.7)

where ∆P ohmic is the ohmic power loss, NC is the number of cells in the module, ∆P rib and ∆P C2C are
the power loss within the ribbons on the cell and in the cell-to-cell interconnection gap, respectively.
The current collected by the k-th section of a solar cell is I k2 , whilst R bb,rib is the equivalent electrical
resistance of the parallel circuit between busbar and ribbon, and n bb is the number of cell busbars.
In this method, the series resistance of the cell, R S , is treated as inherent of the cell and therefore
any voltage drop due to current flow across the bulk should not be considered as a module loss
factor. In this context, the aforementioned method is more suitable to the experimental results
and therefore the one applied for C2M calculations.
Under symmetric conditions, I k and R bb,rib,k can be considered to be equal in each k-th ribbon,
and therefore equation (5.7) can be reformulated as:
∆P rib ≈

1 R bb,rib 2
I
3 n bb

(5.8)

In Mette [41], the power loss caused by the soldering joints, the tabbing ribbon and by the ribbon
extension are discussed. The latter is easier to discern as it corresponds to the Joule heating in the
ribbon between cell-to-cell (R C2C in Figure 5.6). This fraction of ribbon is considered to be part of
the power loss in the cell-to-cell gap only.
To understand the interaction between the resistances of the ribbon and the solar cell, the
electric circuit of Figure 5.3 was reworked and displayed in Figure 5.6. In this case, the equivalent
resistance R bb,rib is the circuit according to each portion of the cell from one soldering point to
the next one. For every contacting point, an interaction within the ribbon (R rib ), the contacting
point (R sj ) and the busbar (r bb ) resistances exist. To calculate the equivalent resistance in the
ribbon–busbar interaction, the circuit showed in Figure 5.6 has to be simplified by transforming the
small resistance network of each solder joint by using a ∆-Y (Delta-Wye) transformation method
[240, 241].
Modern solder joints have usually very small electrical resistance, contributing to approximately
0.006% to the total C2M power loss [242, p. 73]. In such case R sj, j → 0, thereby allowing one to
neglect the influence of the electrical resistivity of the soldering points. Consequently, the ∆R bb,rib
can be considered as the parallel connection of the ribbon and the busbar resistances in between
the contacting points. This is not the case when electrically conductive adhesive (ECA) is used to
attach the ribbon to the solar cell since its electrical conductivity must be considered.
The ribbon resistivity is commonly smaller than the busbar resistivity, leading the equivalent
resistance R bb,rib to be sensitive to R rib and to the attachment mechanism of the ribbons to the
solar cell. The ohmic power loss is a module design factor and it is more pronounced if the ribbon has
an unsuitable cross-section, or it is soldered with less than ten contacting points (see Figure 5.5),
or if the ribbon is attached to the solar cell by means of a low conductive material, e.g., an ECA
made out of an epoxy matrix mixed with Ni instead of Ag or Cu [54, 243].
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Figure 5.6 Equivalent electric circuit of a p-type solar cell with a traditional front-to-back connection considering the two-diode model. The circuit shown in a) is equivalent for a b) portion of cell
of w cell · s bb area, connected to a ribbon. In c) the cell portion is displayed in the transversal
section. In this case R cell, f ,m = ∆R base + R E + R c, f , and R cell,r ,m = ∆R base + R BSF + R c,r . For the
sake of simplicity, the distance between the soldering point closer to the cell edge are considered
to be half of the distance between solder joints. The circuit is valid for p-type solar cells. For
n-type, the front and rear sides’ resistances have to be exchanged.

Pursuant to this, in terms of power loss, both, the electrical resistance of connections and the
solar irradiance play the most important role. Neuhaus et al. [244] proposed the following equations
to calculate the power loss (P loss ) related to the power dissipation on ribbon interconnection:
µ

P loss,rib = NC

¶
ρ rib l rib
ρ rib ρ Al
+
I2
3Nbb w rib h rib ρ Al w rib h rib + ρ rib l cell h Al MPP

(5.9)

ρ rib
2
l C2C I MPP
Nbb w rib h rib

(5.10)

P loss,C2C = NC
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P loss,s = NC Nbb

w rib − w bb
P max
l rib

(5.11)

P loss,ohmic = P loss,rib + P loss,C2C

(5.12)

P loss = P loss,sp + P loss,rib + P loss,s

(5.13)

where P loss,rib , P loss,C2C , P loss,s , P loss,ohmic are the power losses due to the soldered ribbon on the
solar cell, to the cell-to-cell spacing l C2C , and due to the shade created by the ribbon part exceeding
the busbar, w rib − w bb . The ohmic power loss is denoted by P loss,ohmic , whilst NC and Nbb are the
number of cells in series connected and the number of busbars per cell, respectively; l rib corresponds
to the ribbon length over the solar cell (it can be the cell length as maximum, but it is usually 1 mm
to 2 mm smaller); P max is the maximum power, also known as P MPP .

5.2

Potential for improved performance

In this section, ohmic loss is considered as the sum-up of the power loss due to the cell-to-cell,
string-to-string and external module interconnections. As the example shown in Figure 5.1, it
reaches 5.2%rel (for the AM1.5 spectrum). The ohmic loss decreases to 1.85%rel if cells with 3BB
are employed. Nevertheless, by changing the solar irradiance conditions from AM1.5 to AM1.2,
as can be expected in desert climates, the power loss for a 3BB cell module is calculated to be
2.15%rel .
If solar cells are connected in series, the current generated by one of them will flow not only
through the tabbing ribbons and the metallization of the next cell but also through the bulk and the
front and rear layers hence Joule’s heating is also produced in such zones. Unfortunately, from the
point of view of the module maker, the solar cell resistances are unlikely modifiable. Consequently,
the tabbing ribbon resistance, the cell-to-cell interconnection and the cells arrangement are the only
parameters that can be properly designed. High voltage and low current outputs are desirable from
the point of view of Joule heating generation. With the current industrial solar cell technologies,
the aforementioned is translated into a decrease in the cell area and an increase in the series
connections (i.e., the number of cells stringed together). The latter implies an increase of the
numbers of cell-to-cell contacting points, hence an increment in the failure probability due to the
series interruption.

5.2.1 Technological approach to reduce ohmic losses
In the case of the power loss in PV modules, the most efficient solution to avoid optical loss is
by moving the contact points to the back side of the solar cell. Another advantage of the back
contact is that it offers more flexibility in terms of cross-section area of the electric conductors,
especially in terms of ribbon width. In Section 2.4, the most prominent interconnection methods
were described, including: 1) interdigitated back contact (IBC), 2) metal wrap through (MWT),
3) multi busbar (MBB), 4) smart wire connection technology (SWCT) and 5) the shingled solar
cells concept. The power loss due to series resistance can be reduced as long as the finger length
is reduced, the distance between them is shortened and the number of contact points to extract
the charge carriers is increased. The IBC and the shingled solar cells use these three concepts to
reduce the module power loss and to improve the module aesthetics. The application of the shingle
interconnection method, already presented in Section 2.4.4, is further discussed in Section 5.5.
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However, if the electrical resistance of the conductors that extract and direct the charge carrier
from the cell out to the module is not suitable for the amount of the generated current, all the effort
at cell level will lead to a low or null reduction in the C2M ohmic power loss. The recommendation
is to carefully evaluate the ribbon or conductor resistance, especially the material resistivity and the
applicable cross-section. For example, a module fabricated with 4BB solar cells can have a similar
ohmic loss if the total ribbon cross-section is equivalent to that of a 3BB solar cells9 .
The electrical resistivity of the ribbon-to-busbar contact points is of great importance. Soldering is one of the most reliable contacting methods, with the lowest electrical resistivity currently
available. Substituting the soldering by ECA, reliability and power output can be compromised. Nevertheless, new ECA technologies and lamination methods allow the module producers to achieve
more reliable panels. The IBC modules are an example of good quality application of ECA [72,
245]. Other, less reliable connection methods, are those made by pressure only. Nevertheless,
nowadays, there exist solder- or glue-free connection methods that pass the IEC reliability tests.
This is the case of the NICE technology [246–248], an encapsulation method that uses pressure
(no solder, no ECA) for establishing the electrical contact between the ribbons and the solar cells.
Modules fabricated with this technology show good results after 1000 cycles of TC test, with less
than 3% of power loss [249].

5.3

Loss mitigation study for high irradiation conditions

One drawback of using the AM1.5G solar spectrum as a standard is the spectral mismatch with
various climatic zones, especially in terms of spectral irradiance and intensities. The frequency
of occurrence and the duration of such high irradiance levels varies not only with the weather
conditions but it also depends on the local latitude, air mass, altitude above sea level, among
others.
From equations (5.9) and (5.10), and considering that I MPP ∝ G POA , one can see that the higher
the irradiation, the higher the ohmic power loss (P loss,ohmic ) is. Pursuant to this, it is important to
determine the distribution of the mean available solar energy due to different irradiance intensities
for diverse climate zone and the interaction with different cross-section of the electrical connectors.
In this section, the importance of this topic in the optimization of PV modules in terms of increasing
the energy harvesting in desert climates is demonstrated.

5.3.1 Experimental setup
The main aim of this experiment is to empirically determine the influence of different ribbon crosssections to the module performance under STC and desert climate conditions (high solar irradiance).
To perform the experiment, several one-cell modules are manufactured using different commercial
ribbons and for all samples the same packing materials. Industrial p-type multi-Si cells (156 mm
length and 243.36 cm2 area) are contacted by soldering ribbons and embedded between flat solar
glass and TPT backsheet by EVA, hence a traditional PV module set-up is applied to manufacture
one-cell modules with dimensions of 20 cm × 20 cm. The metallization of the solar cells is of Hpattern type with 3BB of 1.5 mm width on the front side and Al-BSF with 3BB on the rear side.
The electrical connection is established by soldering ribbons to the six busbars of the solar cell using
the traditional front-to-back method. The soldering is processed by a semi-automatic machine,
which is adjusted to achieve a mean peel strength force between ribbon and cell in the range of
2 N to 6 N. Current-voltage measurements are carried out to determine the electrical performance
9 Assuming identical current generation for both solar cells.
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at cell and module level. Both, cells and modules are measured using a chuck with an opened
bottom area and non metallic background to avoid extra reflection from underneath. The cell and
module integrities are determined by EL image inspection. Only modules without significant cracks
are selected to form the groups of this experiment. Each group consists of at least two modules
and differs from another by the ribbons characteristics. The groups are summarized in Table 5.1.
The reference ribbon corresponds to the solar ribbon most typically used on 60-cells modules in
industry. All ribbons have a copper kernel coated with layers of SnPb60/40 (the reference ribbon
and sample 3) and SnPbAg62/36/2 (for ribbon samples 1, 2, 4, 5 and 6).
Table 5.1 Group of devices under test to investigate ohmic losses. Each group differs from another by the
ribbon only, reason why just ribbon characteristics are shown. The variables Wr , D r and ρ r stands
for ribbon width, thickness and electrical resistivity at room temperature, respectively.

Group

Ribbon (r)

Ref
1
2
3
4
5
6

Reference
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6

Wr

Dr

ρr

(mm)

(mm)

(Ω mm2 m−1 )

1.585 ± 0.009
1.508 ± 0.088
1.988 ± 0.008
2.026 ± 0.009
1.641 ± 0.010
2.023 ± 0.011
1.984 ± 0.009

0.246 ± 0.004
0.196 ± 0.005
0.191 ± 0.004
0.197 ± 0.005
0.261 ± 0.006
0.246 ± 0.005
0.275 ± 0.005

0.022 ± 0.003
0.023 ± 0.003
0.027 ± 0.002
0.023 ± 0.002
0.024 ± 0.004
0.022 ± 0.003
0.021 ± 0.003

The I-V characteristic curves are measured at different irradiances, ranging from 10 mW cm−2
to 140 mW cm−2 by using a flash type solar simulator of class A+A+A+, whose illumination area
is 22 cm by 22 cm. The measurements are performed at a controlled ambient temperature of
(25 ± 1) ◦C. The electrical variables are corrected by temperature and irradiance using simple linear
correction:
Ix =

Gx

I

G 1 + α · (T x − T )

Vx =

V
1 + β · (T x − T )

(5.14)
(5.15)

where G x and T x correspond to the target correction values for irradiance and temperature, respectively (e.g., 100 mW cm−2 and 25 ◦C for STC), while G , T , I and V are the measured values
for irradiance, temperature, current and voltage. Additionally, α and β represent the temperature
coefficients for current and voltage (in %/K), respectively. In this case, the coefficient used were
α=0.068 99 %/K and β=−0.302 41 %/K.
Each module is measured two times for each irradiance level applying a black shading mask of
size (15.8 × 15.8) cm2 on the front side of the module to simulate the effect of neighbouring cells.
The voltage range and lamp intensity are setted for each light intensity level using a reference
module10 .
In addition, to measure the change in electrical resistance of the ribbons due to temperature
changes, three ribbon samples per each group are measured for electrical resistance at different
temperature levels: 25 ◦C, 60 ◦C and 120 ◦C. One meter of each ribbon is placed in an oven for
one hour at the desired temperature. The ribbon temperature is measured by using a RTD Pt100
type sensor, whilst the ribbon resistance is obtained by applying a current and measuring the voltage
drop across the ribbon using the four-wires sensing method while the sample is still in the oven.
The P loss and FF C2M are calculated using as input the data obtained from the experimental
10 Calibrated at STC.
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measurements described above and equations (5.9) to (5.13)
To empirically calculate the C2M ratio for any electrical variable (i.e., I SC , P MPP , FF , etc), the
relation in equation (5.1) is used.

5.3.2 Results
The solar cells show a mean efficiency of (16.7 ± 0.2)% while on module level it decreases to
(15.5 ± 0.2)%. As shown in Figure 5.7, the power loss of the C2M process mainly depends on the
tabbing ribbon. In this figure, it is noticeable that the module efficiency increases with increasing
ribbon cross-section. However, in terms of relative changes for each cell-module, a fair comparison
has to be made. The previous statement is supported by the plot in Figure 5.8, where a summary
of C2M in terms of efficiency at STC is shown. The reason why group 6 slightly outperforms the
reference one, is due to a higher VMPP (check Table 5.2).
To determine the effect of ribbon cross-section on the device performance for different irradiance
levels, one can compare the mean efficiency of each n group with the reference one, i.e.:
(5.16)

∆η rel,n = 〈η〉C2M,n − 〈η〉C2M,Ref

where 〈η〉C2M,n corresponds to the mean relative change in efficiency of the n -th group (relative
to each respective cell), whilst 〈η〉rel,Ref , to the mean relative change in efficiency of the group
Ref. The results are plotted in Figure 5.9. The values within a range of ±1% are considered to be
without a significant change. For irradiance levels below 60 mW cm−2 , the best performance can
be obtained by groups 4 and Ref, while above 60 mW cm−2 a breakthrough is achieved in favour of
groups 5 and 6. An even larger positive change is seen for the last group.
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Figure 5.7 Cell and module efficiencies at STC for the different tabbing ribbons.

The reason why the efficiency decreases while the irradiance increases is due to the drop in FF ,
which is caused by ohmic losses in the tabbing ribbon and its interface to the solar cell (contact
resistance). The reason for the higher FF of group 6 compared to group Ref is the larger crosssection area of the former compared to the latter. The cell output current increases in a directly
proportional manner to the solar irradiance. Thus, if the net solar irradiance increases by 20%11
11 As it could be expected for a bifacial PV module.
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Figure 5.8 Change in efficiency due to module manufacture for different ribbon cross-section area, expressed
in %rel . Efficiencies are measured at STC for both cells and modules. The change in color
indicates the difference in electrical resistivity, mainly due to ribbon cross-section area.
Table 5.2 Comparison between groups for modules made out with different ribbon cross-section area. Measurements were performed at STC. The symbol %rel.Ref indicates the relation of the respective
group with the Ref group.

Group

VMPP,C2M

(%rel )

(mV)

Ref
1
2
3
4
5
6

−3.9 ± 0.4
−5.7 ± 0.4
−4.4 ± 0.5
−4.2 ± 0.4
−4.1 ± 0.4
−3.3 ± 0.2
−2.0 ± 0.9

495 ± 2
493 ± 4
498 ± 1
495 ± 3
496 ± 2
508 ± 1
511 ± 1

VMPP

FF

(%rel.Ref )

(%)

(%rel.Ref )

–

74.6 ± 0.4
73.5 ± 0.4
73.9 ± 0.4
74.6 ± 0.4
74.6 ± 0.5
75.8 ± 0.3
76.2 ± 0.3

−1.6 ± 0.1
−1.0 ± 0.1
−0.1 ± 0.1
−0.1 ± 0.2
1.6 ± 0.1
2.1 ± 0.1

−0.37 ± 0.03
0.59 ± 0.01
0.06 ± 0.00
0.20 ± 0.01
2.76 ± 0.05
3.19 ± 0.03

–

the power loss will increase by almost 44% due to ohmic losses (P loss,ohmic , equation (5.12)). To
reduce such a power loss, the ribbon cross-section area should be carefully selected —the larger the
ribbon cross-section area, the smaller the VMPP,C2M reduction hence a better module FF is obtained.
The power losses are plotted in Figure 5.10. The power loss of each module is normalized to its
own P MPP . From this graph, the effect of extra shading over the active area of the solar cell caused
by the ribbon width (expressed as P loss,s ) can be noted. Besides the shading losses, the ohmic
losses caused the ribbon connected to the cell (P loss,rib ) and by the cell-to-cell spacing (P loss,C2C )
are added. The shading loss in the reference group is almost negligible, which is not the case
for groups 2, 3, 5 and 6 (wider ribbons). Nevertheless, the total power loss is always smaller for
groups 5 and 6, with a remarkable difference in the last one. In the interval of irradiance levels
above STC (100 mW cm−2 to 140 mW cm−2 ), the normalized power loss of the Ref group ranges
from approximately 4.0% to 5.2%, for group 6 from 3.0% to 3.8% and for group 5 from 3.4% to
4.4%. The causes for such variations are the irradiance and the ribbon cross-section area.
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Figure 5.9 Deviation of relative efficiency regarding the reference group (Ref) for each level of evaluated
irradiance. Groups with negative tendency are plotted with dashed lines.
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Figure 5.10 Average of calculated power loss per group for different irradiance levels, where P loss,s (blue bars)
is the power loss due to the shading of the ribbon on the cell, P loss,C2C (green bars) represents
the loss due to power dissipation on the section of ribbons in the cell-to-cell connection and in
the ribbons from the cell to the border of the module, and P loss,rib (red bars) is the ohmic loss
in the section of the ribbon directly connected to the solar cell. The normalization is done to
the P MPP of each individual group. The grey band displays the range of the normalized power
loss of the reference group for the irradiance levels between 100 mW cm−2 to 140 mW cm−2 .

5.3.3 Impact to the energy yield
Given the aforementioned effect, it is of great interest to consider how a change in ribbon resistance
can, to some extent, lead to a change in energy harvesting. To answer this question, the annual
yield is calculated for all groups using the I-V curves as input, measured at different light intensities
and the in-situ measurements of solar irradiance data for three different locations: 1) Stuttgart,
Germany (temperate climate, without dry season, warm summer (Cfb) [7, 8]), 2) El-Gouna, Egypt
(arid, hot desert, climate (BWh) [7, 8]), and 3) San Pedro de Atacama, Chile (arid, cold desert,
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climate (BWk) [7, 8]). The calculations include the expected thermal response of the module due
to the working temperature at each irradiance level. It is necessary to clarify that the aim of this
section is not to precisely estimate the energy harvesting on each site, but rather to compare the
influence of various ribbon dimensions in the energy yield.
In Figure 3.5 is noticeable that, by comparing the available solar resource, the energy above
100 mW cm−2 is approximately 6.3% in El-Gouna, and 24% in San Pedro de Atacama. Thus, the
larger production of electrical energy can be expected by using ribbons of the type of group 6
instead of the group 1 type, even if the optical losses are higher for group 6 compared to group 1.
Hence, higher energy yield for group 5 and 6 compared to the reference group is expected. The
annual energy yield is calculated by using the following equation:
Y A,x (G POA , Tm ) = HPOA,x (G POA ) · A

η(G POA , Tm )
P max,STC

(5.17)

where Y A,x is the annual yield in the x geographical location as a function of the global global
in-plane of array irradiance (G POA ), and of the module temperature, Tm . The solar annual energy
in the module plane, HPOA,x , is a function of the plane of the array (POA). The variable η and
P max,STC correspond to the module efficiency (function of G POA and Tm ) and to the maximum
power at standard test conditions, respectively. Values for these two variables are taken from
the measurements previously shown in Section 5.3.2. The module efficiency is extrapolated to
the expected operating temperature of the module, Tm , using equations (5.14) and (5.15) and
the coefficients α = 0.69 · 10( − 3)K−1 and β = −3.02 · 10( − 3)%/K. The module area, A , is fixed to
249.64 cm2 which is basically the inner (open) area of the black mask previously described.
Other assumptions for the calculation are: i) η (G POA , Tm ) is considered to exhibit a significant
change only every 100 W m−2 , i.e., it remains constant between the intervals; ii) the temperature
Tm is considered to depend linearly on the irradiance, G POA . The Tm depends on the wind speed
and ambient temperature, thus it should differ from location to location, but due to the lack of
proper field wind speed data, this effect is not considered for the present calculations; iii) a batch
of 60-cell modules is considered to be installed in a Megawatt-scale PV plant; and iv) the power
loss is calculated by using equations (5.9) to (5.13) considering the temperature to influence not
only the electrical parameters of the solar cells but also the interconnectors resistance (by affecting
the ribbons resistivity and geometrical length due to thermal expansion of copper). To perform the
calculation, a coefficient of linear thermal expansion (αct e ) of 16.6 µm mK−1 is used. The change
in length of copper ribbons is determined by linear interpolation of values shown in Table 5.3.
Table 5.3 Values for electrical resistivity of copper [250, p. 1161].

Temperature, T
(K)

Total resistivity, ρ
(10 × 10−8 Ω m)

273.15
293
300
350
400

1.543
1.678
1.725
2.063
2.402

A linear fit for Tm vs. G POA is applied (Figure 5.11) by using empirical data12 . In this way, the
equation (5.18) is used to estimate the module temperature for the different irradiance levels.
Tm (G POA ) = 23.3 + 25.7 G POA
12 Data provided by the CDEA, University of Antofagasta
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Figure 5.11 Linear fit of module temperature versus global in-plane of array irradiance, Tm (G POA ).

The resulting yields are presented in Figure 5.12, expressed with respect to the Reference group
(Ref, not plotted). The results indicate the dependence on ribbon cross-section as expected.
Energy losses for narrow ribbons are higher, though desirable to reduce optical losses. There is
an approximately 4% difference between the smaller ribbon cross-section and the larger one, for
the case of San Pedro de Atacama. This difference decreases in Stuttgart and El-Gouna, clearly
dependent on the solar energy distribution. For places with high solar irradiance intensities, a wider
ribbon is recommended.
2
Stugart
El-Gouna
San Pedro de Atacama
Relative annual yield (%rel)

1

0
Ribbon cross-section
area (mm²)
Group 1: 0.30
Group 2: 0.38
Group 3: 0.40
Group 4: 0.43
Group 5: 0.50
Group 6: 0.55
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Figure 5.12 Relative total annual yield (Rel .Y A ) of each sample compared to the encapsulated sample with
soldered reference ribbon for three different locations: Stuttgart, Germany, El-Gouna, Egypt,
and San Pedro de Atacama, Chile.

Figure 5.13 shows the annual energy harvesting for the locations of El-Gouna and San Pedro
de Atacama. Clearly, the performance of groups 5 and 6 exceed all other groups with ribbon of
smaller cross-sections. This means that a 1 MW PV plant can gain around (24.00 ± 0.03) MW h
and (35.00 ± 0.03) MW h in annual yield for El-Gouna and San Pedro de Atacama conditions if the
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appropriate ribbon is chosen, with an adequate width and cross-section area.
1.7
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Figure 5.13 Energy harvesting of a hypothetical Megawatt size PV plant for two different sites: El-Gouna,
Egypt, and San Pedro de Atacama, Chile.

5.4

Cell-to-module loss under distinct solar spectra

The analysis of the C2M power loss helps to understand and to identify various weak points in the
engineering of solar modules.
In order to obtain a fair comparison, cells and modules have to be measured at fixed conditions,
i.e., at STC. However, the modules are rarely exposed to such conditions in the field. Thus,
power loss caused in modules operating under other solar spectra rather than the AM1.5 should be
evaluated.
To determine the C2M power loss for different solar spectra, a modified version of the software
developed by Lais [242] at ISC Konstanz is applied. This software calculates the optical, geometrical
and ohmic power loss starting with the act of embedding a solar cell into a PV module. The optical
loss calculation is based on ray tracing while the ohmic power loss is calculated in a similar way as
Hädrich et al. [239] proposed. This software has the distinction of allowing the user to incorporate
other solar spectra than AM1.5G. One restriction of this software is that it allows front irradiance
and traditional H-pattern with front-to-back interconnections only.
To measure and assess the differences in C2M power losses between the STC and those expected
under desert conditions, the solar spectrum for the Atacama Desert is simulated by using SMARTS
software [251]. The input parameters are taken from Rondanelli, Molina, and Falvey [252] and Kull
and Grosjean [253], and are summarized in Table 5.4. These parameters are determined under
clear sky conditions. Two days are selected to simulate the direct global solar spectrum: the days
of summer and winter solstices, at noon solar time. The resulting spectrum finally is assumed to be
the average between the two previous cases. The SPCTRAL2 [Bir86][254] is used as atmospheric
transmission model.
The simulated solar spectra (Figure 5.14) show that the irradiance in the Atacama Desert
exceeds the AM1.5G by 7.4% in winter and up to 20.3% in summer, with an annual average of
1138 W m−2 . Field measurements of global irradiance performed in San Pedro de Atacama13 reveal
13 Measured with a Kipp & Zonen CMP11 pyranometer, installed with an angle of elevation of 15°. Data shared by

CDEA, University of Antofagasta.
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that the maximum mean G POA between years 2011 to 2013 was 1304 W m−2 , approximately 4.5%
less than the solar constant and 8.4% larger than the maximum of the simulated spectra.
Table 5.4 Parameters of STC AM1.5G (IEC 60904-3) and those used to simulate the Atacama solar spectrum. Light soil is the surface spectral albedo as defined in SMARTS 2.9.5 [251], and documented
in the ASTER spectral library [255]. Whilst the albedo to calculate the Atacama Desert spectrum was determined from a dataset shared by ESO Paranal Observatory, obtained during the year
2014 by the use of a Kipp & Zonen CNR4 Net Radiometer placed at coordinates 24° 370 42.1800 S,
70° 230 41.6400 W, at an altitude 2478 m a.s.l..

Variable name

STC AM1.5g

Atacama Desert

Air mass
Atmospheric pressure (mbar)
Angstrom turbidity at 500 nm
Total column water vapour (cm)
Total column ozone (atm-cm)
Albedo

1.5
1013.25
0.084
1.42
0.34
Light soil

1.24
1013.25
0.030
0.50
0.23
0.23

Figure 5.14 Simulated solar spectrum for the Atacama Desert compared to AM1.5G and AM0.

The C2M loss for a 60-cells module under both the STC and the Atacama14 solar spectrum are
determined by using the experimental results from the previous sections and the optical properties
of packing materials such as glass, encapsulant and backsheet. The results of this simulation are
summarized in Figure 5.15. Here only modules consisting of full and half cells with a varying number
of busbars are shown. The module considered as reference is the first from the top (3BB,1.5 × 0.24).
It is interesting to note that by increasing the number of busbars from three to four does not
result in a significant benefit in terms of module efficiency at STC. This is due to the fact that the
total cross-section area of connectors has not increased (i.e., the number of busbar multiplied by
the busbar cross-section area). Nevertheless, by reducing the cell area in half, hence decreasing the
output current by approximately 50%, the power loss falls to a minimum (from more than 3.0% to
less than 1.2%). For modules made with such a solar cells, its efficiency in areas with irradiance
14 Simulated.
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Environmental condition
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2.98

STC

15

Atacama
F, 4BB, 1.0 x 0.2

3.09

H, 3BB, 1.5 x 0.24

15

0.42

H, 4BB, 1.0 x 0.2

15.4
0.85

15.4

F, 3BB, 1.5 x 0.24

4.37

F, 4BB,1.0 x 0.2

14.8

4.12

F, 3BB, 2.0 x 0.24

14.8

3.16

H, 3BB, 1.5 x 0.24

14.8

0.6

15.3

H, 4BB, 1.0 x 0.2

1.15

H, 3BB, 2.0 x 0.24

15.3

0.43
0

15.2
1

2

3

Relative ohmic loss (%)

4

5

14.5

14.7

14.9

15.1

15.3

15.5

 (%)

Figure 5.15 Relative ohmic loss under STC and the simulated spectra for the Atacama Desert. The configurations under evaluation are identified by the size format of their solar cells (F for full-size,
whilst H for half-size), by the number of busbars (BB), and by their ribbon width and height
(width x height, in mm). The busbar width is 1.5 mm for the 3BBs configurations and of
1.0 mm for the 4BBs ones.

intensity higher than STC almost equals those measured in the laboratories (at STC). Using cells
of reduced area allows one to mitigate the C2M power loss. Similar results are discussed in Müller
et al. [256].
The use of more than 3BBs in a solar cell has other benefits more than reducing ohmic losses.
One of the advantages is related to module reliability. The solar cell cracks usually expands from
busbar to busbar, therefore, the shorter the distance from busbar to busbar, the smaller the inactive
area caused by this kind of crack expansion hence reducing the performance loss.

5.5

Shingled solar cells

Shingled solar cells attempt to diminish the C2M power loss mainly by harvesting a lower current per
string [63, 64]. To do this, solar cell stripes of smaller area are connected in series by overlapping
one over the other, as in shingles on a roof. Due to the smaller current output, to achieve a power
generation similar to the traditional 60-cells modules, either more strings have to be connected in
parallel or higher voltage has to be achieved. It is also important to point out that, for high module
voltage, the module efficiency can be compromised due to the length of the string, mainly caused
by strips mismatch or by the higher risk of having a break in the electrical connection. By using
this interconnection concept, there is also an improvement in the aesthetics, mainly linked to the
absence of ribbons on top of each cell and due to the absence of space between cell-to-cell in the
string. This all results in a very homogeneous appearance and also enhances the packing density
and thus the module efficiency.
The contact points can be made by soldering, gluing or by pressure only. The current lamination
processes are good enough not to require soldering to have low resistance contact points. However,
contact by only pressure could lead to reliability issues and therefore premature failure can occur
(e.g., hotspots, shunting or circuit breaks).
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The shingled-cell concept tested in this section corresponds to a full size c-Si solar cell which
is reduced (cut) in area by laser cutting parallel to the busbars (on the busbars or close to it),
resulting in cell stripes (pcs) with electrical interconnections at the long top and bottom edges
only. By overlapping the back of one cell to the front side connection of the next one, the stripes
are directly interconnected in series, forming in this way a shingled string (see Figure 2.14). For
module manufacturing, conductive glue is used to establish a low resistance and stable electrical
contact while providing a sufficient mechanical support. The concept is assumed to be implemented
in a fully automatic module line. Therefore, a feasible laser cutting process and a least overlapping
cell area are required.

5.5.1 Cell-to-module for shingled cells
To calculate the C2M gain/loss in an hypothetical industrial size PV module, first the shingled cell
power is simulated. This is done by calculating the power loss contribution by taking the electrical
resistance of the emitter, the electrical resistance of the silver to the emitter contact and the line
resistance of fingers and busbars of each stripe. This is made by adapting the formulas explained
in Section 5.1 to the geometry of the shingled-type stripe with busbars printed on both sides of a
full-square Al-BSF solar cell.
P MPP,pcs =

P MPP,cell
n pcs

(5.19)

− P loss,pcs

where P MPP,cell is the solar cell power before scribing it and n pcs is the number of pcs or stripes
obtained per wafer. The electrical power loss (P loss,pcs ) is assumed to affect in first order the VMPP
rather than the I MPP of the stripe, and it is calculated as follows:
"

P loss,pcs = R eq

I MPP,pcs
l pc s · w pc s

Ã

lf +

! #2
o pc s s f

2

2

2
n f + R bb · I MPP,pcs

(5.20)

where l pc s and w pc s correspond to the length and width of the solar cell stripe, o pc s is the overlapping between cells (or busbar width at the edge), and n f , l f and s f are the number of fingers,
finger length and spacing between fingers, respectively. The equivalent resistance of the stripe from
the emitter to the finger is represented by R eq and it is calculated as:
R eq =

R e + R E ,C + R f

(5.21)

2

where R E , R E ,C , R f and R bb are the electrical resistance of the emitter, the emitter contact, the
finger and the busbar, respectively, with:
RE =

R E ,C =

sf − wf
1
r sheet
6
lf

p
r sheet ρC
lf
Rf =

Ã

coth w f

lf
2
ρf
3
Af

s

(5.22)
r sheet
ρC

!

(5.23)
(5.24)

where w f is the average finger width, r sheet is the solar cell sheet resistance, and ρ f and ρC are
the finger and contacting resistivity respectively.
To calculate the optical power loss (caused by reflection and absorption of glass, cell AR-coating,
and encapsulant) and the ohmic power loss (caused by cell-to-cell connectors and busing ribbons)
due to the module assembly, the same procedure and equations are used as proposed in [238, 239].
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Changes in J SC during the manufacturing process are considered as fit parameters for the optical
power loss, i.e., optical loss ∝ J SC,module /J SC,cell . It is important to clarify that the C2M power loss
due to cell current mismatch is not included in the simulation.

5.5.2 Experimental setup
Several multi-Si solar cells (without metallization) were fabricated with a phosphorous diffusion
resulting in a sheet resistivity of around 65 Ω sq−1 . The surface was passivated by a layer of SiNX
by plasma-enhanced chemical vapour deposition (PECVD). The wafers were later metallized by
screen printing: first the rear side pads with an AgAl paste, then the rear side Al and afterwards
the front side Ag grid. Four different metal grid layouts were designed for this experiment, each
one optimized for the next individual string interconnection concepts:
i)

Asymmetrical four busbars H-pattern, front-to-back cell-to-cell interconnection: group S 1/4
REF,

ii)

shingle stripes made of 1/4 of a solar cell (39 mm stripe width): group S 1/4,

iii)

asymmetrical five busbars H-pattern, front-to-back cell-to-cell interconnection: group S 1/5
REF, and

iv)

stripes made of 1/5 of a solar cell (31.2 mm stripe width): group S 1/5.

Examples of module sample for groups S 1/4 REF, S 1/4 and S 1/5 are presented in Figure 5.16.
The optimization was done considering an optimum number of fingers due to cell size, the
shading factor and the cost of the silver paste to print the respective amount of fingers. As result
of such calculation, the number of printed metal lines reached 120 for the S 1/4 and 105 for the
S 1/5 cells types. The electrical contacting of the cell and building the Al-BSF were achieved in a
co-firing step. All cells were characterized by using an I-V flasher. Laser grooves were applied to
the rear side by an IR cutting laser. After the laser, the cells were measured again in the I-V flasher
to verify the influence of the laser scribing to cell performance. Later, after this measurement, the
cells were cleaved along the laser scribed lines and split in stripes. A third I-V measurement was
again performed, this time to characterize the final cell stripes.
In addition, three stripes were obtained from each cell of a batch of commercial multi-Si cells (6inch, full square Al-BSF, 3BBs, 92 fingers). This batch of cells was measured at cell and stripe level
only, with the aim to compare the performance of the metallization grid adapted to the shingled
cell concept versus the fabrication of stripes from commercial solar cells.
a)

b)

c)

Figure 5.16 Example of the one-cell equivalent power modules fabricated for the evaluation of shingled cells.
A sample of group a S 1/4 REF, b S 1/4 and c S 1/5 are shown.

Several modules with one-cell equivalent power were fabricated based on stripes from the four
aforementioned groups (see Table 5.5). All modules were manufactured by using 3.2 mm textured
glass, EVA and transparent backsheets. A commercial type of ECA was used to ensure electrical
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connection and mechanical stability [257]. The manufactured modules were characterized by EL
and I-V measurements. Modules without cracks and less manufacture failure were selected for data
analysis. To fabricate the modules, a metal plate with the shape of the final shingle string was
manufactured and utilized to keep each stripe and the overlap precise and equidistant to the stripe
edge. The ECA was applied to the cell stripes by means of a modified computer numerical control
(CNC) machine.
The module fabrication process used is the following:
1.

One cell stripe is placed, with the sunny side facing up, in the semi-automatic CNC-machine
whose process was modified to dispense ECA over a user specified pattern —this time, along
the front busbars.

2.

Once the ECA is properly applied, the cell stripe is moved to the metal plate (again, the sunny
side facing up). The first stripe is fixed with the busbar-free edge towards the outer limit
of the metal plate. Whilst the next ones are placed over the previous in a shingle manner,
ensuring the proper overlap according to the metal plate, i.e., 1.5 mm or 2.0 mm.

3.

Steps 1. and 2. are then repeated until the total of stripes are placed in the metal plate.

4.

Later, a pair of soft ribbons are connected to the string as terminals.

5.

Ensuing, it is time to cure the ECA. To do this, the metal plate is moved to a hotter
surface. The temperature is regulated by controlling a heating plate and an IR lamp. After
the time indicated by the ECA manufacturer (2 s to 3 s), the string is cooled down to room
temperature by passive cooling.

6.

Once the shingle string is complete, it is embedded within two layers of EVA, 3.2 mm textured
glass and transparent backsheet.

7.

The previously mentioned group is then placed into a laminator whose process is adjusted
for curing EVA.

Table 5.5 Overview of the group samples for shingle concept assessment. The ribbons are connected to
the solar cells by ECA.

Group
S 1/4 REF
S 1/4
S 1/5 REF
S 1/5

Description
4 busbar
front-to-back
4 pcs per wafer
5 busbar
front-to-back
4 pcs per wafer

Overlap
(mm)

Sample
quantities

–

3

1.5
2.0

4
4

–

3

1.5
2.0

4
4

5.5.3 One-cell equivalent power
In addition to the groups mentioned in Table 5.5, from a batch of commercial multi-Si cells15 ,
three stripes were obtained from each individual cell. The batch averaged a measured P MPP of
(4.13 ± 0.01) W at STC. After laser and cleaving, the measured MPP for the individual stripes is of
(1.20 ± 0.01) W at STC, meaning that a power drop of 12.8%rel in average occurs. In the case of
the cells with optimized metallization grid, the measured power drop is approximately 6.1%rel and
15 Full square, 6-inch, Al-BSF, 3BB, 92 fingers.
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4.5%rel for S 1/4 and S 1/5, respectively.
As reported in the literature, laser scribing has only a minor influence on the cell performance
as long as the groove is made on the rear side to avoid the formation of shunts [258]. This is
verified by the pseudo-fill factor (pFF ) determined before and after laser scribing, which is plotted in
Figure 5.17. However, such influence is more detrimental after cleaving the cell into stripes due to
higher edge recombination (as pointed out by green points in Figure 5.17). The edge recombination
depends on the ratio between the stripe periphery and the stripe area. Consequently, the pFF is
reduced by around 0.4% to 0.6% from cell after scribing to cell stripe. The variation of the pFF
for the stripes is higher than for the cells due to local cell inhomogeneities, which of course could
influence one stripe while other stripes of the same cell are not affected.
82.0

Initial
Laser

81.5

Stripe

pFF (%)

81.0
80.5
80.0
79.5
79.0
5
4
Number of stripes per wafer

Figure 5.17 Influence of laser scribing and wafer cleaving on pFF in function of the number of stripes per
wafer. Laser stands for the scribing only, before cleavage.

Figure 5.18a) shows the relative change in electrical parameters for cell samples embedded into
a one-cell equivalent module. The relative drop in power is not improved by the application of the
shingled-cell concept but the loss in FF is strongly reduced. The power loss is mainly driven by the
decrease in current density, which itself increases with the overlap distance. The improvement in
FF can be attributed to the increase in the VMPP : VOC ratio (see Figure 5.18b)). Two phenomena
could drive this improvement: i) low voltage drop in the metallization grid (ohmic loss) due to
short finger lengths, low I MPP or the combination of both, and ii) smaller drop in VOC (less than
1%rel ) due to edge recombinations caused by the larger edge length to cell area ratio if compared
to a 6-inch cell.
The J MPP : J SC ratio, seen in Figure 5.18b), reveals an enhancement for the S 1/5 group only.
Nevertheless, no differences have been noticed in the J MPP : J SC ratio for the different overlap chosen
in the manufacture of S 1/4 or S 1/5. It is also seen that the improvement in FF is higher for
S 1/5 than for S 1/4. With the experimental results on hand, parameters to calculate the optical
and ohmic losses could be fitted.
Figure 5.19 shows a) the simulated P MPP of each stripe (pcs) for a certain type of stripe obtained
from a single wafer, and b) the electrical parameters of the in-house manufactured stripes with
adapted grid. The experimental measurements of stripes show better VMPP values than theoretically
calculated.
Finally, from these experimental results, one can state that if a commercial multi-Si solar cell
(6-inch, full-square, Al-BSF, 3BBs) is converted to a shingled-cell stripe, it exhibits cell-to-stripe
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b)

a)
2
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Figure 5.18 Plot of: a) relative change of C2M electrical parameters for the modules made out of shingled
cells and their reference, and b) the VMPP to VOC and the J MPP to J SC ratios during the module
manufacturing process. The calculations are based on the experimental results. The relative
change of J SC has a similar trend and proportion as J MPP , and it is therefore not plotted. The
grey band denotes measurement and calculation accuracy.

loss up to approximately 13%rel in power. If the metallization grid is adjusted for the shingle
concept, this difference in cell-to-stripe power loss decreases to 6%rel and 4%rel for S 1/4 and
S 1/5, respectively.
Simulation
Experimental

1.2
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Figure 5.19 Comparison between simulation and experimental results of the shingle modules for: a) Maximum power of shingle stripes with different amount of busbars per wafer and b) electrical
parameters at MPP for shingle stripes with metallization grid adjusted to each shingle concept.

5.5.4 Full size area module extrapolation
To complement the study, two different module optimizations are carried out: focus on module
P MPP (scenario 1) and module area (scenario 2). For both scenarios, the inner area is considered
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as the sum of the active area (area covered by solar cells) and the area of the space between
cell-to-cell and string-to-string.

5.5.4.1 Scenario 1: Module power
In this scenario, a module power of 300 W is targeted. The mean cell efficiency is considered to
be 18%. The amount of cells per string (connected in series) and strings in parallel are calculated
considering the module values of VMPP and I MPP at STC to be in the range of commercial PV
modules with similar characteristics, meaning 42 V and 8 A. The number of strings in parallel shall
be proportional to the amount of shingle stripes obtained from the full-size solar cell, i.e., if the solar
cell is divided into four shingle stripes, four strings will be connected in parallel to obtain an output
current equivalent to the output of a traditional 60-cell module. The module packing materials
are a traditional EVA formulation, a white TPT backsheet and solar glass of 3 mm thickness.
Both, electrical losses by cell interconnection and optical losses by shading due to stripe overlap,
encapsulating material and glass, are considered.
In Figure 5.20, the results for the power optimization scenario are summarized, i.e., the module
power achieved by using four or five stripes per wafer for different overlaps. In this evaluation, REF
stands for a module made with traditional (soldered) front-to-back cell-to-cell interconnection.
The module efficiency of shingled-cell modules is mainly driven by the overlap. The module power
is always higher than 300 W due to the fact that the results for the number of stripes per string
and strings in parallel are rounded up to the next integer, thereby avoiding a portion of a stripe or
string as a result.
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Figure 5.20 Module power (P MPP ) and inner area efficiency for power optimization plotted versus the overlap
distance and the shingle group. The colors of the bars relates for each calculation to the number
of wafers needed to achieve at least 300 W per module, in function of the stripe area and the
overlap.

The results for the C2M calculations of this section show that a module power of 320 W is within
easy reach using 83 shingled cells per string and four strings in parallel, thus 82 wafers. Unfortunately, the inner area efficiency is still more than 9%rel lower than the mean cell efficiency. This
can be attributed to the optical loss caused by absorption and reflection at the glass–encapsulant
interface, and to the lack of module architecture optimization (extensive length of the individual
strings). For the case of modules made out of 3 mm overlap, the loss in inner area efficiency is
mainly driven by optical loss, i.e., approximately 0.5% (absolute) of the drop in efficiency is caused
by the reflection and absorption of the glass–encapsulant interface.
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5.5.4.2 Scenario 2: Module area
For module area optimization, an equivalent 60-cell module is used as a reference (REF). This
module is made of full-size multi-Si solar cells, assembled choosing the traditional H-pattern and
front-to-back interconnection by soldered ribbons. The measured P MPP of such a device is 235 W
at STC. The inner and outer module areas are 1.46 m2 and 1.50 m2 respectively. Hence, the inner
and total area efficiencies are 15.9% and 15.7%. The packing density of the reference module is
0.97. As in the power optimization scenario, both, ohmic losses by cell interconnection and optical
losses by overlapping, encapsulating material and glass, are taken into account. The results for the
equivalent area optimization are shown in Figure 5.21. The inner area efficiency is always higher
than for the reference module due to the higher packing density of the shingle concept. A module
power higher than the REF module is not possible on 1.50 m2 of module area but the efficiency can
be up to 15%rel higher than REF by using S 1/5 or S 1/6 with overlap of 1 mm (see Figure 5.22).
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Figure 5.21 Module power (P MPP ) and inner area efficiency plotted for the different shingle interconnections,
where REF stands for the 60-cells module as previously described.
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Figure 5.22 Relative difference in the inner area efficiency for the different interconnection concepts relative
to the 60-cell module used as reference (REF).

For the module area scenario, a higher efficiency regarding to REF is attributed to the compact
area of the shingled-cell modules. To achieve higher power, solar cells with VMPP higher than the
reference of this work need to be used. Nevertheless, the simulation and experiment show the
possibility to manufacture modules with improved efficiency as long as module materials of the
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right fitting size are available on the market, or in other words, the market should offer flexibility
in terms of material sizing (without additional costs) to allow improved efficiencies.

5.6

Chapter summary and discussions

Simulation results of the solar spectrum show that the irradiance in the Atacama Desert exceeds
the STC irradiance by 7.4% in winter and up to 20.3% in summer, with an average of 1138 W m−2 .
The maximum global horizontal irradiance measured in San Pedro de Atacama, from years 2011 to
2013 was 1304 W m−2 , around 4.5% less than the solar constant and 8.4% larger than the maximum
of the simulated spectrum.
In this section, the relevance of ohmic losses was discussed, as it becomes more relevant than
optical loss (shading introduced by ribbons) for solar cells operating at currents larger than 8 A,
specifically for places with solar irradiance intensity higher than 1000 W m−2 . Similar results were
also found by Hanifi et al. [259].
The ribbon width can be reduced to decrease the optical loss, but since it also affects the
series resistance there are more chances to worsen than to improve the power output. Instead of
increasing the module efficiency, it will be reduced because of an increase in the series resistance of
the module. In the same way, by keeping in mind the idea to avoid shading from the ribbon (narrow
busbars and narrow ribbons), one suitable way to stay away from high ohmic losses is by decreasing
the output current from the cell, meaning to use a solar cell of reduced area. For example, cutting
the solar cells in half implies directly a decrease in the current by approximately 50%, and with
a lower current it is possible to apply thinner ribbons without the consequence of a significant
power drop. This difference is going to become greater for bifacial operation, where the amount of
available in-module-plane irradiance is higher due to the rear side contribution. Furthermore, the
use of half-cell modules (or cells of reduced areas) seems to be more promising than increasing the
number of busbars, specifically for places with high irradiance intensities.
It is also important to consider that due to the fact that the smaller the ribbon cross-section,
the larger the influence of the temperature on the electrical resistivity (directly proportional in the
range of interest). In hot climates, a larger cross-section of the ribbon will help to mitigate the
increase of the ribbon resistance due to temperature, preventing losses in energy harvesting hence
enhancing the performance ratio of the module.
Due to physical restrictions, solar cells have to be interconnected and embedded in a module
to operate in the field. Consequently, the cell-to-cell interconnection methods should be of crucial
interest for solar cell makers. As long as the output current of the cells exceeds ∼8 A, if one is
interested in harvesting the maximum energy possible in a place with high irradiance, for a traditional
front-to-back connections, a proper policy can be to design the solar cell metallization with a target
current 20% larger, this is ∼9.6 A, in order to match busbar width with the ribbon as it is seen from
Figure 5.10 and in Figure 5.15.
Recommendations for PV module makers is to evaluate the use of half-cells or IBC solar cells.
The former is of great interest especially in the production of bifacial modules. In such modules,
the total net irradiance can reach 1.2 times the STC not only in high irradiance locations. Hence,
module makers should consider using the proper solar cells and ribbons. Utilising half-cells, the
ribbons type become less critical and the 4BB or 5BB cells with busbars and ribbons of 0.8 mm
width can be used. In this line, the use of SWCT and MBB should be carefully evaluated, especially
in terms of reliability and cost for the final product. However, from the point of view of the power
loss reduction those technologies are currently the most prominent ones for the front-to-back
cell-to-cell interconnection.
Furthermore, reducing the cell area, e.g., cutting them in several stripes, does not necessarily
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imply a change in the total length of the electrical connections. For this, the strings connection
design must change, i.e., not all the sub-strings should be in series connected but part of them
should be in parallel. This is crucial, especially if a module maker wants to use the shingled cells
because the number of series connections increases considerably.
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CHAPTER 6

Measures to reduce energy loss caused by soiling in
desert climates

The main message of Chapter 3 and Chapter 4 is that the traditional packing of PV modules is not
the proper solution for allowing such devices to withstand thirty years of continuous operation in
desert climates. Furthermore, in Chapter 5 it was found that the increase of current generation to
boost the PV device performance implies disadvantages such as higher Joule’s heating and higher
nominal module operating temperature. Therefore, an alternative to increase module performance
and energy yield, for installations in desert climates is the use of solar cells of reduced area due to
their lower ohmic losses (hence reduced thermal heat generation) compared to equivalent full-size
cells. Following this, understanding how such devices can perform under real world scenarios is of
utmost interest. In addition, soil particles accumulation on PV modules is doubtlessly one of the
biggest concerns for PV installations in the desert climates (see Section 3.4). One way to mitigate
the power loss caused by soiling is to increase the cleaning frequency. This, of course, increases the
operating or maintenance costs and the methodology depends on the available water resources as
well as the module technology and cleaning techniques (mounting, machines, devices, etc) applied.
Alternatively, an AS-layer can be incorporated on the modules’ front cover. However, it has been
proven that any hydrophobic AS-coating on glass does not avoid the dust to be deposited on the
module. Instead, it simplifies the cleaning process and guarantees a higher recovery after cleaning
[108–110]. An example is the use of a commercial cleaning product on a Megawatt size PV plant
in the Atacama Desert. Distributed as a spray, this nano-coating with 99.9% light transparency
in the VIS range, is applied on the module glass surface. The final layer thickness ranges from
100 to 200 nm. Modules treated with this coating did not show soil-free surfaces but their surface
cleaning is quicker when compared to glass without this coating. Besides these factors, the water
consumption required for cleaning decreases up to 75%. The cleaning frequency is also reduced,
from ten to six times per year, which turns into 40% lower maintenance cost. However, it is
estimated that the coating needs to be re-applied every two years, which decreases the total
maintenance cost to 7% instead of 40%.
Another solution for decreasing the power loss caused by soiling is to install the PV modules
vertically (an elevation tilt of 90°). For this, bifacial PV modules are excellent candidates. Bifacial
solar modules offer a yield gain of up to (and exceeding) 30% if compared to monofacial modules,
if installed in traditional tilted manner. One of the key challenges now is to clarify how bifacial
module materials, installations and mounting can be improved in a way to achieve the highest
possible yield of a bifacial setup. In Guo, Walsh, and Peters [260], it is shown that a minimum
albedo value of 0.2 is required for vertically mounted bifacial PV modules (VBM) to outperform the
conventionally mounted monofacial PV modules (CMM). According to Shoukry [122], the previous
statement is only valid at higher latitudes. Nevertheless, both studies indicate VBM compared to
CMM might show a significantly increased energy yield for specific locations, especially due to the
expected lower soiling effect for the vertically mounted modules.
105

6.1. DESCRIPTION OF THE EXPERIMENTS

In this chapter, the experimental results of PV modules installed in two desert locations are presented. These measurement campaigns are performed to investigate modules’ behaviour for soiling
and short-term performance on desert applications, and to determine the differences between vertically mounted bifacial modules compared to tilt mounted bifacial modules and the conventionally
mounted monofacial modules configuration are presented.

6.1

Description of the experiments

Two test sites are used to assess how traditional monofacial and bifacial PV modules perform
under desert conditions, specifically in terms of soiling and the related power degrading effect.
Measurement campaigns were conducted in locations: 1) the Atacama Desert, in Chile; and 2) the
Sahara Desert, in Egypt.
In the Atacama Desert, several one-cell modules of equivalent power were installed. Different
packing materials were chosen to empirically determine the outdoor module performance when
exposed to typical temperature and soiling conditions. Whereas for the Sahara Desert, typical
commercial-size modules were fabricated and installed in El-Gouna to shown how VBM performs
under desert conditions compared to tilt mounted bifacial PV modules (TBM) and the CMM
configurations.

6.1.1 The PSDA setup
To quantify and determine the soiling effect under the unique conditions of the Atacama Desert,
several one-cell modules with equivalent power were installed at a test facility in the core of the
Atacama desert, the PSDA. All modules were manufactured using a similar process as the one
explained in the previous sections (sections 4.1.1, 4.2.1 and 4.3.1). Monofacial and bifacial cells
of commercial type were used. The monofacial modules were built with p-type multi-Si 6-inch
(full square) 3BBs solar cells, whilst the bifacial modules consist of n-type bifacial mono-Si 6-inch
(pseudo square) 3BBs solar cells. The ribbon soldering process on the front and rear side was
performed by a semi-automatic stringer machine using the same type of ribbon and solder flux for
all module samples. The glass thickness varies from 1.5 mm, 2.0 mm and 3.2 mm. For the 3.2 mm
thick solar glass an ARC layer was incorporated. Three different encapsulant materials were used:
EVA, POE and low UV light cut-off EVA (U). As back cover, a traditional white, a transparent,
and a desert1 type TPT backsheets as well as glass were used. The module groups are summarized
in Table 6.1.
The modules were exposed to the desert environment for a period of eight months. During
this period, the modules were inspected and cleaned at variable intervals, from 30 to 125 days. All
modules were mounted in an open-rack with an installation angle of 20°, which is close to the optimal
angle for such latitudes. Current-voltage curves were measured before and after each cleaning by
means of a h.a.l.m. cetisPV-Outdoortest electronic load, which was modified to measure one-cell
modules. To ensure a proper measurement quality, the modules were connected to this device by
means of the Kelvin sensing method. In addition to this, the module temperature was measured
by using an RTD Pt1000 type probe, attached to the back side of the module.

1 A white backsheet, which is improved in terms of abrasion for desert regions.
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Table 6.1 Module groups made up of p-type multi-Si monofacial cells and n-type mono-Si bifacial cells for
the measurement campaign in the Atacama desert. Half (H) and Full (F) refer to half-size and
full-size cell respectively, hence pF stands for full-size multi-Si cells whereas bH and bF stand for
bifacial Half and bifacial Full respectively. The abbreviations used to name each material are: G
for glass (with the glass thickness in mm as prefix), ARC for glass with anti-reflection coating,
E for EVA, P for POE, U for low UV light cut-off EVA (360 µm instead of 400 µm), Tbs for
the transparent TPT, Wbs for traditional white TPT, Dbs for a white TPT of highest abrasion
durability (a so-called desert backsheet). The combination of multi-Si solar cells embedded within
glass of 3.2 mm thickness, EVA and traditional white TPT backsheet (group 3.2-E-pF-Wbs) is
considered as the reference module group.

Group

Front cover

Encapsulant

Cell type

Rear cover

3.2-E-pF-Wbs
3.2-E-pF-Dbs
3.2-E-pF-Tbs
3.2-U-pF-Wbs

3.2G
3.2G
3.2G
3.2G

Full
Full
Full
Full

multi-Si
multi-Si
multi-Si
multi-Si

Wbs
Dbs
Tbs
Wbs

3.2-P-pF-Wbs
3.2-P-pF-Dbs
3.2A-E-pF-Wbs
3.2A-E-bF-Tbs
3.2A-U-bF-Tbs

3.2G
3.2G
3.2G ARC
3.2G ARC
3.2G ARC

Full multi-Si
Full multi-Si
Full multi-Si
Full,bifi mono-Si
Full,bifi mono-Si

Wbs
Dbs
Wbs
Tbs
Tbs

3.2A-P-bF-Tbs
2.0-E-pF-Wbs
2.0-E-pF-Dbs
2.0-E-pF-Tbs
2.0-E-bH-2.0
2.0-E-bF-2.0
1.5-E-pF-Wbs
1.5-E-pF-Dbs
1.5-E-bH-1.5
1.5-E-bF-1.5
1.0-E-bH-1.0
1.0-E-bF-1.0

3.2G ARC
2.0G
2.0G
2.0G
2.0G
2.0G
1.5G
1.5G
1.5G
1.5G
1.0G
1.0G

EVA
EVA
EVA
EVA, low
UV cut-off
POE
POE
EVA
EVA
EVA, low
UV cut-off
POE
EVA
EVA
EVA
EVA
EVA
EVA
EVA
EVA
EVA
EVA
EVA

Full,bifi mono-Si
Full multi-Si
Full multi-Si
Full multi-Si
Half,bifi mono-Si
Full,bifi mono-Si
Full multi-Si
Full multi-Si
Half,bifi mono-Si
Full,bifi mono-Si
Half,bifi mono-Si
Full,bifi mono-Si

Tbs
Wbs
Dbs
Tbs
2.0G
2.0G
Wbs
Dbs
1.5G
1.5G
1.0G
1.0G

6.1.2 The El-Gouna setup
For the location El-Gouna, the experimental setup is composed of five commercial size modules
mounted outdoor for I-V curve measurements: three tilted and two vertically installed. For the
data acquisition, a Papendorf maximum power point meter system is installed, which corresponds
to an active electronic load2 , as the one developed by Glotzbach [261]. Current-voltage curves of
all modules were recorded every minute. To measure the global in-plane of array irradiance (G POA ),
four mono-Si ISET sensors (reference solar cells) are used: two for the tilted (one pointing to
the sky and its pair pointing to the ground, both in the same plane of the array (POA), G POA,1
and G POA,2 respectively) and two for the vertical mounting (one pointing to the East and the other
pointing to the West, G POA,3 and G POA,4 respectively). To ensure a certain data quality, each sensor
was cleaned every two days. The global net irradiance (G net ) was obtained by adding the values of
2 Plus other electronics for data handle and storage.
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each pair of sensors respectively, thus the G net value differs according to the installation angle.
The modules under test are divided into three groups: 1) conventionally mounted monofacial PV
modules (CMM), 2) tilt mounted bifacial PV modules (TBM), and 3) vertically mounted bifacial
PV modules (VBM). Devices under test are shown in Figure 6.1.
The TBM and VBM groups consist individually of two bifacial modules, each one manufactured
with full-size bifacial solar cells (6-inch, semi-square, n-type, 3BBs). The modules are made out
of three semi-strings, each with twenty cells in series connected and each semi-string protected
by a bypass diode. Thus, these four modules are made up of 60-cells, three bypass diodes and
manufactured with the same kind of encapsulation material (EVA) and same kind of ribbon interconnections (1.5 mm width and 0.2 mm thick). The CMM group has similar characteristics as
those previously described, except for two different components: PERC mono-Si cells and white
backsheet foil instead of bifacial cells and rear glass respectively, meaning a traditional monofacial
module.
Three types of modules are tested: 1) a glass-foil module installed in the CMM configuration,
2) glass-glass modules with ARC on both glass sheets, and 3) glass-glass modules without any
coating on the glass. Details are summarized in Table 6.2. In this case, SM stands for structured
matt glass (one side of the glass is smooth while the other side has a light scattering structure).
In this way, SM_AR means SM glass coated with an anti-reflection layer on the outer side. Indoor
electrical characterization was performed by using a flash type Sun simulator of class A+A+A+
with an illumination area of 2 m by 2 m, under a controlled ambient temperature of (25 ± 1) ◦C. The
AR_Wb module resulted in higher front side power due to the reflection of photons on the white
backsheet back to the glass and to the solar cells.
Table 6.2 Summary of the experimental module setup for the soiling experiment on CMM, TBM and VBM.
Modules are classified by the mounting style and by their front and rear covers. In this way, SM
means structured matt glass, whilst AR is a glass with an anti-reflection coating, and Wb stands
for white TPT backsheet.

Module
identifier

Module
type

AR_Wb
SM_SM
AR_AR
SM_SM
AR_AR

Mono facial
Bifacial
Bifacial
Bifacial
Bifacial

Glass type
Front
Rear
SM-AR
SM
SM-AR
SM
SM-AR

–
SM
SM-AR
SM
SM-AR

Installation
angle
20°
20°
20°
90°
90°

Power at STC (W)
Front side Rear side
277
261
268
262
269

–
230
244
234
245

The investigation was divided into three parts:
1.

The VBM were mounted facing E/W in a structure with a transversal beam as support.
This structure introduces additional shading to the rear side (Figure 6.2a). The aim of this
section is to quantify, in a certain manner, the effect of a non optimal structure to the power
output of a VBM E/W system. The modules (and the ISET sensors) are periodically cleaned
every two days by means of a soft cloth with clean water. The measurements are performed
during the time frame of one month.

2.

In the second part, the mounting structure is modified to reduce the rear side shading to
a minimum, although the module’s frame still creates shading close to the solar noon (Figure 6.2b). The modules (and the ISET sensors) are periodically cleaned every two days, as
previously stated. The VBM group orientation E/W is not changed. The duration of this
investigation is twelve months.

3.

The third part is related to the soiling test. In this part only the ISET sensors are cleaned,
letting the modules (tilted and vertically installed) accumulate dust. This investigation is
performed over two months.
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CMM

AR_WB

TBM

SM_SM

VBM

AR_AR

SM_SM

AR_AR

Figure 6.1 Modules used to assess the influence of soiling on energy yield in a desert environment. Each
module is mounted in an open rack, with a height of 1 m from the ground to the bottom part
of the module for the VBM and of 1.2 m for the CMM and TBM.

Upper beam shade

a)

b)
*

*

* Shade from the modules frame only (self-shading)

Figure 6.2 Example of the VBM used to assess the influence of soiling. The modules are mounted with:
a) a non optimal structure, with upper beam —picture taken at 11:15 hrs mean solar time—,
and b) minimized shading but with self shading effect —picture taken at 10:00 hrs mean solar
time.

6.2

Data acquisition and preparation

In the PSDA, the I-V measurement system used is a h.a.l.m. cetisPV-Outdoortest electronic load.
Due to system automation limitations, the electronic load needed to be exchanged from sample
to sample by hand during each measurement campaign. This leads the modules to operate at VOC
between individual measurements and to obtain only few days of full data to calculate the daily
performance. For this test site, the data set collected includes measurements of the electrical
characteristics of the samples under test, the samples’ temperature and global in-plane of array
irradiance.
In El-Gouna, each module is connected to its own electronic load, whose purpose is to sweep
the voltage from I SC to VOC and vice versa. Every minute, a representative current-voltage curve
of each module is retrieved and recorded in a CSV file. This curve is an average of six I-V
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curves periodically measured every ten seconds. The main electrical parameters of the modules are
extracted from each I-V curve and gathered in a different CSV file. The data set collected includes
the measurement of I SC , VOC , I MPP , VMPP , G POA,1 , G POA,2 , G POA,3 , G POA,4 , as well as ambient and
module temperatures (T a and Tm ). Due to limitations with power dissipation, the modules were
operated at VOC instead of MPP between individual measurement.
For both test sites, measurement raw data is firstly analysed to find outliers caused by electronic
malfunction or by changes in the environmental conditions faster than the response of the sensors
and the datalogger. To do this, the Grubbs’ test3 [262] is used over the ratio between the shortcircuit current and the global in-plane of array irradiance of the targeted device under test. It is
well known that the output current of the solar cell matrix changes proportionally to the irradiance
and the module temperature. Once the current is corrected for temperature (to STC), the module
can be considered as a 1-input/1-output system (I SC,T ∝ G net ) with normal (Gaussian) distribution.
The Grubbs’ test is chosen after looking at the behaviour of the I SC ,T : G net ratio of the modules
[262, 263]. It is important to note that this methodology does not consider the decrease in current
caused by dust accumulation hence it is not recommended for soiling experiments. Pursuant to
this, the data analysis for such an experiment should consider the application of the mentioned test
for a daily based dataset and not for longer periods.
The modules electrical parameters are corrected for temperature by adapting the equations (5.14)
and (5.15) as follows:
I SC,T =

VOC,T =

I SC,Tx
1 + α · (T x − T )
VOC,Tx
1 + β · (T x − T )

P MPP,T =

P MPP,Tx
1 + γ · (T x − T )

(6.1)
(6.2)
(6.3)

where the temperature T is measured in K and the temperature coefficients for the multi-Si based
modules are αmulti =0.069 % K−1 , βmulti =−0.302 % K−1 , and γmulti =−0.4 % K−1 ; whilst for the (n-type)
bifacial-cell based modules the corresponding coefficients are αbifi =0.038 % K−1 , βbifi =−0.287 % K−1 ,
and γbifi =−0.5 % K−1 .
is:

According to the two-side Grubbs’ test [262], the hypothesis to reject the i -th point as an outlier
|Υi − 〈Υ〉|
σ

N −1
> p
N

s

τ2
N − 2 + τ2

(6.4)

where Υ represents the I SC,T : G net ratio, σ is the sample standard deviation of the dataset with N
number of recorded data points. The τ variable denotes the upper critical value of the t-distribution
with N −2 degrees of freedom and with significance level of αt /2N (i.e., t n−2,p with p = 1−αt /2N ).
The dataset was computed using JMP® software, with a significant level αt = 0.05. Figure 6.3
shows an example of a dataset before and after applying the Grubbs’ test presented which acts
as a filter. Module short-circuit current corrected in temperature (I SC,T ) is expected to be linear
versus the irradiance (G net ). Thus, outliers are represented by the directly seen blue dots (other
blue dots are hidden behind the red ones). However, the slope of a linear fit for both cases (after
and before) are slightly different. Such a difference might be considerable if, for example, clouds
are covering the modules but not the irradiance sensors while I-V is scanning therefore causing the
system to record I SC values lower than expected for determined irradiance values.
To quantify the device performance, two main indicators are used according to IEC 61724-1 [264]
and Woyte et al. [265]: the performance ratio (PR) and its instantaneous measure (pr ). The latter
is calculated by using the ratio between the instantaneous module yield ( y A ) and instantaneous
3 A statistical test applied to detect outliers in a normally distributed data set.
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Figure 6.3 Example of a dataset showing the ratio of I SC,T to G net before and after applying the Grubbs’
test. The histogram of I SC,T /G net for the tilted AR_AR module is shown for (a) before applying
the Grubbs’ test, and (b) after detecting and rejecting the outliers by using the Grubbs’ test.
The smooth lines correspond to the fitting of a continuous Gaussian distribution. It is noticeable
how the normal distribution fits better as long as the outliers are rejected from the dataset. In
(c) the I SC,T versus G net is plotted before (blue dots) and after (red dots) applying the Grubbs’
test.

reference yield ( y R ) for each module as follow:

yA =

P MPP (t )
P MPP,STC

yR =

pr =

yA
yR

=

G net (t )
G STC

P MPP (t ) · G STC
P MPP,STC · G net (t )

(6.5)
(6.6)
(6.7)

where P MPP (t ) stands for the module MPP power (in W) measured at time t . The G net (t )
corresponds to the module net irradiance (in W m−2 ), meaning the sum of the G POA reaching the
front and the rear sides of the module plane4 .
G net = G POA,front +G POA,rear

(6.8)

The PR was calculated considering the module power and global in-plane of array irradiance to
be constant between each measurement interval (∆t ).
P

PR = P

y A · ∆t
y R · ∆t

(6.9)

For this experiment, the time between two consecutive measurements during a normal day is
60 s.
4 For the VBM, the solar light coming from the east plus the west.
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A PR higher than 1.0 can be expected if and only if the irradiance is considered from the front
side only and the bifaciality gain of such modules, along with their rear side power contribution,
allow a module yield larger than the power measured at STC. This way y A > y R .
Due to the temperature dependence of silicon wafers, the module power and hence the PR are
sensitive to the cell matrix temperature. However, the variation of I SC due to temperature is
significantly smaller than the one experienced by VOC [181]. As a result, any variable affected by
VOC has strong influence by the device temperature, such as FF and PR. Consequently, PR is not
recommended to be used as metric to assess losses caused only by dust accumulation. Therefore,
the ratio between (temperature corrected) short-circuit current and the net irradiance (I SC,T /G net )
is used as metric to determine the influence of soiling.

6.3

Experimental results for the location PSDA

As expected, bifacial modules showed better performance compared to the monofacial ones mainly
due to the rear side contribution, even with a low albedo. The latter one averaging approximately
17% measured underneath of the modules, in their plane of the array, at a height of 60 cm from
the ground. In this case, under soiling free conditions, the pr for the monofacial modules reached
an average value of 0.83 ± 0.06 whilst for bifacial modules, the averaged pr is of 0.88 ± 0.06 and
0.95 ± 0.08 for full-size and half-size cells respectively. In terms of module yield, the mean y A
obtained is 0.78 ± 0.05 for the multi-Si modules and 0.9 ± 0.1 and 1.0 ± 0.2 for the bifacial, full- and
half-size cell modules respectively. The specific yield of half-size cell modules was up to 11% higher
and the instantaneous performance ratio 8% higher compared to modules made out of full-size
bifacial cells. This gain in performance is mainly driven by the lower ohmic losses of the half-cells,
caused by the strongly reduced current output together with the higher voltage compared to the
full-size cell modules. Other studies performed in the Atacama Desert revealed a maximum average
of pr of 0.78 for a mono-Si PV plant [106] and 0.70 for a multi-Si installation [105]. It is important
to note that such measurements are obtained from grid connected PV plants hence the inverter
efficiency, the MPPT algorithm, the grid availability to inject energy and the differences in cell
technology play an important role in the quantification of the performance ratio of the modules.
Inquiring into the different packing materials for same cell technology, Figures 6.4 and 6.5
display the pr for the twelve monofacial module groups and the nine bifacial groups respectively.
No significant distinction in terms of electrical performance was seen for the different packing
materials, i.e., at this point there is no evidence that modules fabricated with AR-coated glass5
outperform the ones made with glass without ARC. There does not exist any clear advantage in pr
for the use of low UV cut-off EVA instead of traditional EVA as expected from Ferrada et al. [142].
The 3.2-P-pF-Wbs group did not show an outstanding pr regarding the reference group6 , as can be
expected for modules made with an encapsulant whose spectral response is of wide bandwidth. This
effect cannot be attributed to the solar cell spectral response, as seen in Figure 4.7. In addition,
no clear dependence of pr related to glass thickness is observable. Conversely, such relation is
seen for half-size bifacial cells (Figure 6.5) —the thinner the glass, the higher the performance
ratio. Nonetheless, the fact that glass with ARC and encapsulant of wider bandwidth does not
result in a substantial improvement in pr is because the optical gain is already included in the STC
measurement. If the cell power in the calculation of pr is used instead of the STC module power,
as equation (6.10) indicates, a difference of 7%rel exists in favour for the ARC-glass (0.88 ± 0.04
vs. 0.82 ± 0.02).
Figure 6.6 shows the ratio between temperature corrected module power to STC cell power. In
this plot, one can see a slight tendency of a better mean performance as the solar glass thickness
5 Whose optical transmittance is higher with respect to its homologous without ARC.
6 3.2-E-pF-Wbs.
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decreases. It also shows a small tendency for the pr to increase if POE is used as encapsulant.
However, such tendency is not significant enough to affirm a real improvement. Consequently, from
these measurements we cannot note any considerable advantage, in terms of electrical performance,
in using EVA, POE or low UV cut-off EVA as encapsulant. This can be attributed to a larger ohmic
loss for the bifacial modules. Consequently, only modules made of reduced cells with significantly
reduced area are worth to further improve their optical gain.
P MPP,T (t )
P Cell

prC ,T =

(6.10)

G net (t )
G STC

with
P MPP,T =

P MPP,Tx

(6.11)

1 + γ · (T x − T )
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Figure 6.4 Average of instantaneous performance ratio for the monofacial multi-Si one-cell modules with
equivalent power installed at the PSDA. Each error bar is constructed using one standard deviation from the mean. The reference mean pr corresponds to the one obtained with the
3.2-E-pF-Wbs (see Table 6.1). The following acronyms are used to name each material: in
terms of front cover, glass are mentioned by their thickness in mm as prefix, AR coated glass
is denoted by A after its thickness; the encapsulants are E for EVA, P for POE, and U for low
UV light cut-off EVA (360 nm instead of 400 nm); while the back cover is represented by Tbs
for the transparent TPT, Wbs for traditional white TPT, and Dbs for a white TPT of highest
abrasion durability (a so-called desert backsheet).

The influence of ohmic power loss on the module can be observed by plotting the instantaneous
performance ratio versus the net global in-plane of array irradiance, as Figure 6.7 displays. Results
show how half-size outperform full-size cells’ modules for net irradiances larger than 90 mW cm−2 ,
demonstrating to a certain extent that, nowadays, the electrical performance of modules in desert
locations is highly limited by a non suitable module series resistance, as discussed in Chapter 5.
Consequently, it is worth including the step of splitting the solar cells in half by adding one additional
procedure stage to the current industrial solar cell and module manufacturing process. This will
further reduce Joule’s heating and gives room for additional improvements at module level.
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Figure 6.5 Average of instantaneous performance ratio for the bifacial one-cell modules with equivalent
power installed at the PSDA. Each error bar is constructed using one standard deviation from
the mean. The reference mean pr corresponds to the one obtained with the 3.2-E-pF-Wbs (see
Table 6.1). The following acronyms are used to name each material: in terms of front cover,
glass are mentioned by their thickness in mm as prefix, AR coated glass is denoted by A after
its thickness; the encapsulants are E for EVA, P for POE, and U for low UV light cut-off EVA
(360 nm instead of 400 nm); whilst the back cover is represented by Tbs for the transparent
TPT, and by the glass thickness as for the front cover.
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Figure 6.6 Instantaneous performance ratio, regarding to cell at STC, which is corrected by module temperature and plotted according to the modules installed at PSDA. Each error bar is constructed
using one standard deviation from the mean. The following acronyms are used to name each
material: in terms of front cover, glass are mentioned by its thickness in mm as prefix, AR
coated glass is denoted by A after its thickness; the encapsulants are E for EVA, P for POE,
and U for low UV light cut-off EVA (wavelength of 360 nm instead of 400 nm); whilst the back
cover is represented by Tbs for the transparent TPT, Wbs for traditional white TPT, and Dbs
for a white TPT of highest abrasion durability (a so-called desert backsheet).
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In terms of soiling, Figure 6.8 shows the I SC,T : G net ratio versus number of exposure days or
service time (t ). The I SC,T : G net ratio is logarithmically affected by the latter as:
I SC,T
G net

(t ) ≈

if t = 0,

(
C

(6.12)

if t > 0

C − D · ln (t )

where C is the I SC,T : G net ratio measured at STC, and D is a constant representing the environmental conditions of the site of interest specifically in terms of dust particles deposition. Modules
presenting broken ribbons were excluded from the shown dataset. Unfortunately, due to automation
and other limitations, the number of data points obtained are limited thereby impeding a better fit
of the curves and to analyse the temperature behaviour of the modules under test.
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Figure 6.7 Instantaneous performance ratio for one-cell modules with equivalent power installed at the
PSDA. The front cover corresponds to a flat glass of the mentioned thickness (in mm, whereas
the letter A stands for glass coated with an AR layer. Error bars are constructed by using one
standard deviation. The pr of bifiacial modules shows a tendency to decrease when the net
irradiance exceeds 90 mW cm−2 . The behaviour of the multi-Si based modules is worst, whose
pr declines even from lower levels of irradiance. The bifacial cells reduced in area (Half-bifi) and
hence with lower series resistance, show in two of three configurations a much better performance
for irradiances above the mentioned level.

From Figure 6.8, it is clear that the power loss caused by soiling saturates approximately after
sixty days of field exposure. This trend might lead to a power loss of 5.8%rel for modules with
Dbs, and of 5.0%rel and 4.6%rel for modules with Tbs and Wbs respectively. Previous studies
conducted on c-Si solar modules (mono-Si cells) in the Chilean desert show a decrease in PR due
to dust accumulation ranging from 0.07% to 0.10% per day for CMM [105, 106]. However, the
authors found the module temperature as the main PR loss driver in the Atacama Desert, not
showing any other metric for soiling. Thus no fair comparison can be made.
Looking into the relative change caused by soiling, displayed in Figure 6.9, the fit curves obtained
from Figure 6.8 reveal that modules with AR coated glass suffer more than those with flat-glass
due to the cancellation of the optical gain caused by such coatings. It is also seen that bifacial
modules can be an alternative to reduce the cleaning frequency and hence the water consumption
and probably the maintenance cost as well.
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Figure 6.8 Soiling trend for samples installed at the PSDA. Displayed results stand for modules with different
encapsulants (see Table 6.1 for reference). (continued on next page)
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Figure 6.8 Soiling trend for samples installed at the PSDA. (continued)
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Figure 6.9 Relative difference in I SC,T : G net ratio trend for samples installed at the PSDA. Bifacial modules are less affected by soiling except for the one made with AR coated glass whose optical
performance is degraded as much as a monofacial module with uncoated glass.
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6.4

Experimental results for the El-Gouna location

6.4.1 Self shading effect in VBM
For framed modules installed at 90°, shade will be projected over the module rear side as long
as the Sun elevation increases. Two elements influence such shade: the module’s frame and the
mounting structure. In this work, the shade projected by the module frame is called self shading
(see Figure 6.2). Both projections cause the current output of the module to decrease hence
to limit the power output until the bypass diode activates. The shadow created by the upper
mounting structure (specifically in the morning, as seen in Figure 6.2) results in a stepped I-V
curve as shown in Figure 6.10. The stepped I-V curve makes it almost impossible for a controller
unit (MPPT) to allocate and work at MPP. In this case, the microcontroller logic of the MPPT is
only regulating one module, for larger installations the tracker is watching and controlling dozens
of in series/parallel connected solar modules instantaneously, meaning the shading effect will have
a serious influence on the produced energy of a Megawatt size solar plant.
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Figure 6.10 Shading effect over an open rack VBM demonstrated by a stepped I-V curve. Part 1 corresponds
to the effect of both module’s frame and mounting structure shades, whereas Part 2 does it
for self shading only.

The module reliability is also compromised as the heat generated by the bypass diode increases
the degradation of the packing materials, specifically of the encapsulant for glass-glass modules
(not quantified in this work) [74, 78]. If the module is positioned in portrait mode, the energy loss
will be even larger because the bypass diode will never turn on.
The stepped I-V curve reveals three local maxima which causes the MPP tracker to jump in
between these local maxima. Under these conditions, the MPP is normally achieved at the highest
voltage and hence a lower current is injected. Close to the solar noon, one of the three bypass
diodes is activated, reflected in the shape of I MPP and VMPP in Figure 6.11 between 09:00 and
11:00 hrs —once this diode is turned on, the current jumps and the voltage drops, causing a
further drop in power. In this figure, the influence of the excessive shading over the module rear
side is noticeable by the peak power reached during the morning, which is lower than during a typical
day for the setup without the mounting frame (Part 2 section in Figure 6.12) —the I MPP,T : G net
ratio decreases in the morning while the voltage does not, meaning the self shading is not sufficient
to turn on the bypass diode. This means that the bypass diode switches on only due to the excessive
shading caused by the mounting structure and not by the shade projected by the module’s frame
(self shading). Translated to numbers, the further shade by the upper mounting beam causes the
output power to decrease by up to approximately 8%rel for the SM_SM and up to 10%rel for the
AR_AR, whilst the self shading effect of the module does it by approximately 1%rel and 5%rel ,
respectively.
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Figure 6.11 Electrical parameters of the module showing the activation of a bypass diode caused by the
extended shade projected from the module frame and mounting rack on the rear side of the
module. Each error bar is constructed using one standard deviation from the individual mean
values. Black lines are the smoothing of connection between mean values.
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Figure 6.12 Mean of VMPP and I MPP,T : G net ratio during a typical day for the Part 1 and 2 of the measurements in Egypt. In Part 1, the I MPP,T : G net decreases due to the extra shading on the module
close to the solar noon caused by the mounting structure, triggering the bypass diode to turn
on and hence decreasing the VMPP ; whereas in Part 2, the module is shaded by the projection
of its own frame over the rear side only. The bypass diode did not turn on if the extra shading
is avoided (improved mounting structure).

The mean I MPP,T : G net ratio for the VBM group without the additional shade (shown in Part 2
section of Figure 6.12) is summarized in Table 6.3 for a typical day. Here, the AR_AR module
exhibits an I MPP,T : G net ratio of approximately 7.7%rel higher than the SM_SM. This difference
is basically attributed to the ingress of extra photons (in the AR coated glass) at wider incident
angles, next to the solar noon within 10:00 to 14:00 hours (mean solar time). During this time
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frame the AR_AR module has a mean I MPP,T : G net ratio higher than the SM_SM of approximately
10.2%rel . Likewise, the mean P MPP is higher for the AR_AR than for the SM_SM even for the
case when the FF for AR_AR is lower by up to (1.0 ± 0.1)%.
Table 6.3 Comparison between the VBM AR_AR and SM_SM modules in term of I SC,T : G net and I MPP,T :
G net ratios for a typical average day under no shading conditions. Values are in mA W−1 m2 . The
AR gain term corresponds to the relative difference between the AR_AR module compared to
the SM_SM one.

Module

I SC ,T : G net

I MPP,T : G net

SM_SM
AR_AR
AR gain

8.6 ± 0.4
9.3 ± 0.2
(8.1 ± 0.4)%rel

8.0 ± 0.4
8.6 ± 0.3
(7.5 ± 0.5)%rel

6.4.2 Soiling investigation
In the case of the Egyptian desert expedition, it is noteworthy to mention that the modules are not
cleaned during the soiling measurement campaign, but the ISET sensors are still regularly cleaned
every second day to prevent any mismeasurement on the irradiation. Dust is carefully removed
from exposed modules on day 0 and then later on day 58, these two days are excluded from the
data analysis7 , but days 59 and 60 are incorporated.
As previously mentioned, the G net is obtained by adding the values of each pair of sensors: the
two tilted or the two vertically installed, respectively. The trend for the daily mean of the I SC,T : G net
ratio is plotted in Figure 6.13 and summarized in Table 6.4, suggesting that after fifty-seven days
the VBM have no significant power loss due to soiling with a difference between the dusty and the
clean module of −0.1%rel for AR_AR module and 0.0%rel for the SM_SM. In case of the tilted
modules the situation is distinct, with differences of −17.3%rel for the AR_Wb, followed by the
AR_AR with −12.6%rel and later by the SM_SM with −12.5%rel . This can be translated into a
reduction in energy generation due to dust accumulation in the same order of magnitude.
Table 6.4 Summary of results after fifty-seven days of soiling in El-Gouna. I SC ,T : G net ratio mA W−1 m2 and
relative difference (Rel. Diff.) between modules with clean and dusty conditions.

Module

Mounting

AR_AR
AR_AR
SM_SM
SM_SM
AR_Wb

Tilted
Vertical
Tilted
Vertical
Tilted

I SC ,T : G net

Clean

Dusty

9.34
8.78
8.81
8.45
7.77

8.16
8.77
7.71
8.45
6.43

Rel.Diff.
(%rel )
−12.6
−0.1
−12.5

0.0

−17.3

This trend differs from the one seen in Chile (see Figure 6.8).
If a linear fit is applied to the curves displayed in Figure 6.13, a reduction in the I SC ,T : G net
ratio of 0.026 mA W−1 m−2 d−1 , 0.017 mA W−1 m−2 d−1 and 0.016 mA W−1 m−2 d−1 for the tilted
AR_Wb, AR_AR and SM_SM modules respectively, is seen. This translates to a drop in I SC
of (24 ± 1) mA/day, (19 ± 0) mA/day and (21 ± 1) mA/day respectively. Meanwhile, the VBM modules do not show a significant power loss due to soiling. Besides this, none of the tested modules
7 To exclude measurements with undesired shade caused over the modules during the cleaning procedure.
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Figure 6.13 Daily mean of the I SC,T : G net ratio plotted over sixty days. Horizontal dashed lines represent
values of I SC,T : G net at the sixth day. Modules mounted vertically (VBM) show insignificant
variance between final and initial values.

showed signs of glass abrasion. This is not in contradiction with Section 4.4. One of the conclusions of that section is to install the VBM group with its bottom part at least 1 m above the
ground, just as it was performed for the present experiment.
The logarithmic shape of equation (6.12) does not fit for modules with two months of no
cleaning in the Egyptian desert. Besides, Figure 6.14 shows the results fitted with a cubic function
rather than with a logarithmic one. However, the cubic function represents partially the soiling
effect because at some time a saturation point should be reached. Consequently, the combination
of both patterns, the cubic and the logarithmic, should describe the complete soiling effect in
optical transmittance. Unfortunately, the lack of long term data does not allow to determine the
complete function that models the soiling behaviour at this particular site (El-Gouna). Although,
this conclusion might apply for both sites, this is not seen for the measurements taken at the PSDA
due to the low number of measurements.
From Figure 6.14 the fitting curves are determined to be:
I SC,T
G net

(t ) =


−3
−5
2
−6
3


8.1 − 24.8 · 10 t − 10 (t − 28.5) − 3 · 10 (t − 28.5)
−3

−4

2

−6

for CMM, AR_Wb
3

8.8 − 12.8 · 10 t − 2 · 10 (t − 28.5) − 8 · 10 (t − 28.5)


9.3 − 14.5 · 10−3 t − 2 · 10−4 (t − 28.5)2 − 7 · 10−6 (t − 28.5)3

for TBM, SM_SM

(6.13)

for TBM, AR_AR

By extrapolating these results to a Megawatt size PV plant installed in this region, using the
empirical values for the daily mean power generated by each system as shown in Figure 6.15, a
higher energy generation for the VBM under certain conditions is seen. Such an extrapolation
is done considering the typical daily generation profile for modules operating with every two days
based cleaning, the solar energy resource measured in the place of interest for 30° tilted north
facing and vertical E/W oriented, and the respective number of modules needed to achieve 1 MW
according to the STC power, i.e., 3611 AR_Wb modules for the CMM system, 3832 SM_SM and
3732 AR_AR modules for the TBM, and 3817 SM_SM and 3718 AR_AR modules for the VBM.
The power generation profiles are displayed in Figure 6.15. The measured solar resource reached
a net reference yield of 6.23 hours for the CMM, and of 7.58 hours and 6.29 hours for the TBM
and VBM respectively.
Figure 6.16 displays the resulting annual energy for the hypothetical Megawatt fixed PV plant
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Figure 6.14 Fit curves for the soiling experiment in El-Gouna. (a) displays the measurements for the CMM
system whereas (b) and (c) represent the two modules of the TBM system. Each error bar
is constructed using one standard deviation from the individual mean values. Data for the
vertically installed modules is not plotted because they are practically not affected by soiling.

in the Egyptian Sahara. In this calculation, the CMM system based on the AR_Wb modules is
expected to generate up to 2.16 GW h per year. This estimation does not include the potential
losses introduced by power conversion systems or by dust accumulation. In a similar manner,
for the case of TBM and VBM based on frameless AR_AR modules (without module or rack
frame shading), it is expected to generate a mean annual electrical energy of up to 2.72 GW h and
2.19 GW h, respectively. If the modules are of SM_SM type, the annual energy generation reaches
2.66 GW h for the TBM installation and 2.09 GW h for the VBM. Note that in section 5.3.3 these
numbers were approximately 1.4 GW h in El-Gouna and 1.6 GW h in the Atacama Desert. The huge
difference is probably due to the differences in cell quality within both experiments and to the
chosen assumptions in terms of solar resource, module active area and real cell temperatures (the
last two apply only for section 5.3.3).
If a power loss due to soiling is taken into account and a bi-monthly cleaning interval is considered,
the estimated loss after two months averages up to 13%rel for the AR_Wb CMM, 9%rel for the
SM_SM TBM, 10%rel for the AR_AR TBM, and 0%rel for the two SM_SM and AR_AR VBM
systems. Under this scenario, the VBM is predicted to generate more energy than the CMM.
Furthermore, a sensitivity analysis shows that the VBM can generate more annual energy than in
TBM, but only if the latter one will suffer from a relative loss, caused by the dust accumulation
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higher than 19%rel (data not shown).
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Figure 6.15 Daily mean power for the CMM, TBM and VBM systems measured in El-Gouna. These power
generation profiles represent the typical day for the site test in Egypt with regular bi-daily based
cleaning (every two days). These profiles can be extrapolated to other desert regions with
differences in peak and valley power depending on latitude and installation surrounding. The
difference in peak power between the morning and afternoon for the VBM is due to the bifacial
factor (i.e., P rear /P front , usually smaller than one), and can be either high in the afternoon or
in the morning depending on whether the module is facing west or east.
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Figure 6.16 Estimated annual energy generation for the hypothetical quasi-ideal 1 MWP PV plant. The
no soiling state corresponds to the ideal case of no dust accumulation, whereas the one with
soiling is based on the results of the soiling test performed, considering a bi-monthly cleaning
program for every module at each mounting system. The percentage showed above the red
bars corresponds to the energy generation relative to the AR_Wb installation under the soiling
scenario (showed as relative change).
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6.5

Financial evaluation

In this section, the economics of a hypothetical Megawatt size PV plant with fixed mounting for
the CMM, TBM and VBM installation types of the two previously discussed sites are simulated.
The goal is to obtain information of how soiling and the associated costs on the operation and
maintenance affect the economy, such as the levelized cost of electricity (LCoE ) value.
The LCoE is an excellent measure —besides others— that allows to determine how much
money per unit of electricity must be earned to recover the lifetime cost of the system [266, 267].
According to Branker, Pathak, and Pearce [266] and Hernández-Moro and Martínez-Duart [268]
the LCoE can be calculated based on the respective capital expenditure (CAPEX ) and operational
expense (OPEX ) as the following:
Ã

CAPEX +
LCoE =

N
P

N OPEX t
P
t =1 (1 + d )

!

t

Et

t =1 (1 + d )

(6.14)

t

where t is the time and N the economic lifetime of the system in years and d represents the
discount rate. The energy generated by the system during the year t , E t , is calculated as:
E t = HPOA · η PV · A PV · η inv · (1 − DR)t

(6.15)

where HPOA represents the estimated mean solar resource (energy per square meter) of the site in
the plane of the array; A PV , the total PV module area; η PV , the PV module efficiency; η inv , the
efficiency of the DC-to-AC conversion system; and DR the, PV module degradation rate.
It is important to note that LCoE is a measure that gives a snapshot of the price of the generated
energy, whereas the market prices are dynamically fluctuating in the real world.
The CAPEX for this type of power plant is not only affected by the PV modules’ cost but also
by other components such as, inverters, mounting structures, sensors, cost of land and even by
the balance of system installation [268]. Consequently, capital investment required for a solar
PV system depends on the system size and supplier, beside geographical attributes. Therefore,
an LCoE calculated for the MENA region might differ significantly from the Chilean desert. For
example, the LCoE calculated ranges from approximately 0.04 USD/kWh to 1.3 USD/kWh in the
MENA region in 2015 [5, p. 14]. A similar value is given by Pillai and Naser [269] achieving an
LCoE in Bahrain of 0.042 USD/kWh in 2018 for a 1 MW plant size.
It is well known that PV module prices were steadily decreasing over the last years, and the
costs of mainstream modules8 were expected to drop to 0.3 USD/WP to 0.4 USD/WP by 2035 [5,
p. 13] In the first quarter of 2017, the spot price of c-Si based modules already reached values of
approximately 0.35 USD/WP on the U.S. market [270].
The general assumptions for this cost calculation are listed in Table 6.5. The PV lifetime is
considered to be equal to the system lifetime. The inverters’ lifetime is assumed to be of fifteen
years, i.e., half of the PV plant lifetime, hence the budget should at least include one re-investment
for this piece of equipment to guarantee operating conditions over the total system lifetime.
The CAPEX is calculated as:
CAPEX = C mod +C inv +C BoS +C Land

(6.16)

where C mod is the total investment in the PV modules, C inv is the investment in the inverters
8 The majority of modules on the market are usually based on 60-cells, standard aluminium frames, TPT based

white backsheet and producing a peak power ranging from 260 WP to 280 WP
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(DC-to-AC conversion system) and C BoS is the investment in the balance of system (BoS) which
considers the mounting structures, cabling, and other expenditures (from the technological point
of view) for the PV installation to inject energy to a grid besides the inverters. The cost of land,
C Land , in this case is omitted as it only influences the CAPEX and does not affect the energy or the
maintenance costs (OPEX ), which are of interest for this case calculation. The total investment
in PV modules, C mod , is calculated based on the individual module costs and the total amount of
modules needed to fulfil a Megawatt size power plant. The latter reaches values of 3611, 3832,
3732, 3817 and 3718 modules for the AR_Wb CMM, SM_SM TBM, AR_AR TBM, SM_SM
VBM and AR_AR VBM, respectively, at both geographical locations. The individual costs in the
Egyptian case are considered to be 0.28 USD/WP , 0.29 USD/WP and 0.31 USD/WP [269, 270] for the
AR_Wb, SM_SM and AR_AR, respectively, and in the Chilean case 0.30 USD/WP , 0.31 USD/WP
and 0.33 USD/WP [270–272] for the AR_Wb, SM_SM and AR_AR, respectively.
The OPEX as a function of time is calculated as follows:
OPEX t =

,

(
C O&M + CAPEX · In

C O&M + CAPEX · In +C inv

©

t ∈ N6=0 | t 6= t inv

ª

(6.17)

, { t = t inv }

where C O&M is the annual operation and maintenance cost, CAPEX is the investment calculated at
t = 0 according to (6.16), In is the insurance cost expressed as a proportion of the CAPEX and C inv
is the replacement cost for the inverter at t inv (inverters lifetime in years).
Table 6.5 Considerations used for the LCoE calculation. Data adapted from [105, 269–274]. The BoS costs
include the electrical and mechanical BoS, whereas the engineering, procurement and construction
(EPC) costs include labour and equipment installation, EPC and developer overhead, permit fees,
and net profits. The annual costs for the system cleaning are calculated based on a fixed price
for a bi-monthly cleaning interval of the PV modules.

Factor
PV plant lifetime, t PV
Inverters lifetime, t inv
Inverter cost, C inv
BoS cost, C BoS
EPC cost, C BoS
Annual cost in system
cleaning, C clean
Annual operational
costs, Op
Annual insurance rate,

Units

Egypt
TBM

CMM

years
years
USD/WDC
USD/WDC
USD/WDC
USD/kWDC

15

%

VBM

Chile
TBM

CMM
30
15

0.11
0.26
0.87

7

17

0.015

VBM

0.12
0.32
1.13

7

0.018

%

0.25

In

Annual PV module
degradation rate, DR
Discount rate, d
Annual net solar
resource, HPOA,net
DC-to-AC conversion
efficiency η inv

%
%
kWh/m2
%

0.75

0.75

0.5
2388

2887
98

7

0.5
3701

4561
96

The difference in DR is based on the module packing design. The power degradation of the
glass-backsheet modules is larger compared to the degradation of the glass-glass modules for a
location with high temperatures and irradiance levels (as seen on page 39).
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The power loss due to soiling is considered to decrease as equation (6.13) indicates for the
El-Gouna installation. As the cleaning interval is assumed to be bimonthly, the difference in power
between the first month and day 0 is measured to be −5.3%rel for the case of the CMM system
with AR_Wb modules in El-Gouna, −4.3%rel for the case of the TBM with SM_SM modules
and −5.1%rel for TBM with AR_AR modules. After the second month (just before cleaning),
the difference in power between day 60 and day 0 is considered to be of −17.4%rel for the case
of CMM AR_Wb, −13.9%rel for the case of TBM SM_SM and −14.2%rel for TBM AR_AR
systems at the same geographical location. For the Chilean case, the power loss caused by dust
deposition is calculated according to the fitting curves shown in Figure 6.8, meaning 3.6%rel for
the CMM AR_Wb, 3.1%rel for TBM SM_SM and 3.4%rel for the TBM AR_AR after the first
month, whereas 4.4%rel , 3.7%rel and 4.2%rel for the CMM AR_Wb, TBM SM_SM and TBM
AR_AR respectively. For both geographical locations, it is assumed that the VBM systems are
not significantly affected by soiling according to the results shown in Table 6.4.
The simulation results are summarized in Table 6.6. The lowest LCoE are obviously obtained
if no soiling effect and no maintenance is considered, which of course are far from reality. For
the El-Gouna location, the VBM obtains lower values of LCoE compared to CMM, even with a
higher CAPEX , if and only if the soiling power loss and its maintenance cost are considered. The
4.2 UScts/kWh as found by Pillai and Naser [269] are not reached by the CMM AR_Wb as the
simulation varies for different values of module degradation rate (DR) and discount rates (d ),
among other factors, such as the cost of modules (C mod ). Similar results are found for the PSDA
site with the difference that the costs of AR_AR modules play a significant role in the LCoE
causing the latter to be higher for VBM compared to CMM. In both geographical locations, the
VBM obtained lower values of LCoE compared to its homologous TBM, a consequence attributed
to the maintenance required to clean the modules every two months.
Table 6.6 Results of the LCoE simulation (values in UScts/kWh). To perform the calculation, equations (6.14) and (6.17) together with the values shown in Table 6.5 were used.

Geographical
Location

Soiling
Condition

CMM
AR_Wb

El-Gouna

No soiling
With soiling
No soiling
With soiling

3.55
4.72
4.46
5.22

PSDA

6.6

TBM
SM_SM AR_AR
3.67
4.70
4.47
5.16

3.91
5.02
4.74
5.49

VBM
SM_SM AR_AR
3.64
3.87
4.51
4.72

4.20
4.46
5.14
5.37

Chapter summary and discussions

With the results of Section 6.3 on hand, it can be observed that any optical improvement at module
level does not imply a direct gain in terms of electrical power generation. Better performance for
modules whose packing materials allowed a wider spectral bandwidth was expected. Such an
improvement cannot be perceived apparently due to the limitations in terms of ohmic loss because
modules based on half-size cells demonstrated better electrical performance compared to those
made of full-size cells. Consequently, it seems to be worth including the step of splitting the solar
cells by half into the current industrial standard of solar cell and module manufacturing, to further
reduce the Joule’s heating, with the intention of allowing room for additional improvements at
module level. A manner to identify at least relative Joule’s heating generation is by means of IR
thermography, taking pictures during module operation or in a laboratory set-up by applying to the
module a current and a voltage equal or similar to those seen at MPP.
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As has been previously discussed in Section 5.6, to improve module efficiency the series resistance
has to be considered not only at STC but also at the irradiance level where most of the electrical
power is expected to be generated. The tabbing ribbons of the module should be properly optimized
for the environmental conditions where the module will be installed and operated. This becomes
even more relevant to the case of bifacial modules, whose current output is expected to increase due
to the contribution from the rear side of the cell. Additionally, if the maximum current generation
is reduced, the Joule’s heating and the power loss caused by the series resistance will also decrease.
The best way to achieve this, without compromising the efficiency significantly, is by reducing the
cell area. In this context, if the solar cells are halved, one can even notice the influence of the
glass thickness on the module performance —the thinner the glass (front cover), the higher the
module performance. This cannot only be attributed to the higher optical transmittance of the
thinner glass9 , but also because such thin glass allows the module to have higher convection cooling
as well. Consequently, equipping a hypothetical 2-times LCPV (low concentration photovoltaic)
system10 with half-cell modules might generate almost twice the power due to a mitigated power
loss. But an unsuitable series resistance could offset the power gain due to losses from Joule’s
heat generation.
However, the use of glass of 1 mm or thinner is of low practical application in an industrial
environment even for modules with glass on their front and rear sides. This is valid not only due
to the dynamic mechanical load that the modules have to withstand once being installed in the
field11 , but also due to the bending which a glass sheet of the module dimension (1.7 m × 0.9 m)
will experience during fabrication. It is more realistic to produce a module with a thin glass front
cover and a thicker rear cover to compensate for vibrations and mechanical loads, although for
this configuration the solar cells will not be in the neutral plane any more thus such double glass
packing loses one of the main advantages of the glass-glass encapsulation. A thin module of smaller
area is also an alternative but such product will increase the cost of installation, specifically on a
Megawatt scale PV plant; more modules imply additional mounting accessories and longer times
of construction compared with the actual commercial 60- to 96-cells module size.
In terms of soiling, the behaviour of a system affected by dust accumulation depends on the
specific conditions of the location. The consequences on a PV plant can not be directly extrapolated
to another at a different geographical location, especially due to the fact that the interaction
between dust grains and module cover might change according to environmental factors such as
wind speed, humidity, temperature and dew point, that might cause glass abrasion and dust to
cement on the module [110, 189]. Furthermore, the effect of soiling is significantly higher for
modules with AR coated glass compared to those made of non-coated flat-glass. However, PV
plants equipped with a one- or two-axis tracking system could achieve lower soiling levels, compared
to fixed tilted plants, if the modules are vertically positioned at night.
The results from Section 6.4 show the importance of properly designing the mounting structure
in vertical installations in order to avoid any extra shading during the time lapse when the Sun
is facing the module close to solar noon.Nowadays, most of the VBM installations are built with
customised modules. If one would like to use commercial modules, the biggest drawback will be the
mounting method. It has been demonstrated that an improper mounting structure might cause a
drop in the module output power of up to 10%rel whilst the self shading effect sums up to around
5%rel , leading to the conclusion to use frameless modules, especially for places with high direct
irradiance at latitude close to 27°, which is the case for many desert regions. From this experience,
the proper solution for the module design is a glass-glass module framed only by the longer side,
mechanically supported by bolts and mounting nuts through the module frame to a vertical pillar.
The module should be mounted in portrait aspect related to the ground (strings vertically oriented)
9 Compared to a glass of similar thickness.

10 Built up with mirrors and a 2-axis tracker.
11 Modules of typical commercial size made with thin plastic and white backsheet experience bending and vibrations

caused by wind loads which lead to cell breakage all along the middle of the module.
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to avoid a cell current mismatch for lower Sun elevations (sunrises and sunsets during winter time).
As the vertically mounted modules rarely exceed their STC power (see Figure 6.15), the power
inverter can be dimensioned to the module nominal power, as stated on the module label12 as in
a traditional CMM. Here, there usually exists the need to exceed the nominal module power by a
security factor (which usually is 20% but as the peak power of a VBM is approximately 20% lower
than the nominal power, there is no need to overestimate the requirements for power electronics).
Another solution is to use frameless glass-glass modules, mechanically supported by rubber clamps,
and holding such at their longer edges by vertical pillars and to an horizontal beam at the bottom,
also orientating the modules in portrait format related to the ground. Under these conditions, it is
expected to obtain at least a 7% gain in the daily yield by using anti-reflection coated glass. A more
innovative alternative is the incorporation of energy optimizers to each module. Such electronic
devices must handle the power output of each string of cells in each module in an independent
manner. In this way, the effect of shading at the solar noon is further mitigated.
The soiling test proved that VBM are not significantly affected by soiling after fifty-seven days
of outdoor exposure for this specific desert location. Likewise, bifaciality helps to mitigate the
influence of dust accumulation in tilted mounting due to the rear side power contribution, resulting
in up to 5%rel less power if compared to a monofacial module with the same coating on the front
glass, making bifaciality more attractive for applications in places with an expected high soiling
rate.
The soiling behaviour in a desert can be described by the combination of a cubic and a logarithmic
functions, with subtle differences in timing according to the environmental characteristics of the
site in question. This might apply for both sites, El-Gouna and PSDA. Unfortunately, this was
not seen for the measurements taken at both locations due to the short measurement time at the
former and the low number of measurement points existing in the latter.
Comparing a Megawatt size bifacial PV plant for CMM, TBM and VBM, in terms of annual
energy production including the effects of soiling, the results indicate that VBM can generate more
energy than TBM if the dust accumulation causes energy losses higher than 19%rel . If the system
is maintained by a bi-monthly cleaning interval, the VBM can generate more energy than CMM,
but it still cannot compete with the TBM in terms of annual energy generation. In other words,
if the soiling effect is included, any simulated PV plant scenario with bifacial modules outperforms
monofacial installations. It must be pointed out, that if the cost of cleaning13 is included in an
LCoE calculation, the VBM can compete with CMM. Even if the use of a hydrophobic anti-soiling
coating on modules’ glass is considered, a cleaning procedure is still required. This can tip a project
in favour of the VBM.
In conclusion from our analysis, vertically (E/W) installed bifacial PV plants should definitively
be considered as complement to the bifacial tilted PV plants at desert locations.

12 Bifacial PV modules are usually labelled to the front side power with a bifacial factor usually lower than one.
13 Which can be very high for desert climate locations due to the lack of water and long distances from main cities.
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Summary, Conclusions and Outlook

Desert climate zones offer high solar irradiation levels and two to three times more Sun hours
on an annual basis than the site locations in Germany experience. This makes desert locations
desirable for solar energy deployment. At the same time, PV modules installed in desert areas will
experience extreme environmental conditions such as high ambient temperatures during operation
time, drastic temperature variations between day and night, dusty environments, and high UV doses,
among other conditions typically found in arid climates. To a certain degree, the aforementioned
factors influence any module installed on planet Earth, but not to such extent. For example, in the
Arctic, the UV doses can be as high as in the desert due to ground (snow) reflection but thanks to
the lower module operating temperature at an Arctic location, the damage of the module packing
materials and the interface between them will experience over time is less severe than in the desert.
As a logical consequence, this means a careful evaluation of the packing materials and the module
design must be conducted according to the environmental conditions of the target climate to allow
a PV module to last at least for twenty to thirty years. Traditionally, modules are fabricated by
using:
-

Front cover material: 3 mm thick glass with low-iron content.

-

Front and back encapsulant layers (pottant): a traditional formulation of EVA with a thickness of around 0.4 mm.

-

Back cover material: a Tedlar®-Polyester-Tedlar, PVF-PET-PVF or PVF-PET-EVA white
backsheet of 0.2 mm thickness.

-

Junction box with at least 3 bypass diodes.

-

Solar cables of 4 mm2 cross-section area, double shielded, UV and salt resistant, with isolated
connectors.

Modules based upon this standard material selection are not matching the environmental requirements of desert locations. Therefore, it is imperative to adjust and improve the packaging
materials and the electrical and structural design.
The experiments carried out in Chapter 4 reaffirm the need of introducing differentiated and more
sophisticated ageing tests for the certification and consequently labelling the modules suitable for
desert climates. To this matter, it has been demonstrated that one of the required key modifications
is the adaptation of the UV preconditioning of the modules according to the UV levels experienced
at the target climate zone.
The IEC 61215-2 standard requests a more than six times smaller UV exposure doses compared
to the UV doses a module would receive over the course of one year in a non-polar desert. Consequently, considering the results of the performed tests, the proper module design has to include
the use of n-type bifacial solar cells embedded between a glass-glass sandwich by means of silicone
as encapsulant. However, the utilization of it has to be meticulously evaluated in terms of material
suppliers and necessary technical adjustments of the module production line. For such modules, a
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lifespan of thirty years is expected. For the required ageing test, this means the thermal cycling
test has to be extended ten times in duration, i.e., to 2000 cycles. In this matter, any soldering
optimization is challenged to ensure a lifetime of thirty years. This is specifically the case for the
glass-foil module design due to the large difference of each coefficient of thermal expansions of the
module packing materials. A glass-glass module layout should therefore be selected as the preferred
packing option for desert applications, regardless of the cell-size format.
According to the experimental results obtained during the UV exposure test (as shown in Section 4.3), n-type solar cells are recommended for solar modules being exposed to larger quantities
of UV radiation for the following reasons: 1) stability against UV degradation (120 kW h m−2 , or
the equivalent of one year of exposure in the Negev desert) and 2) significantly increased sensitivity
in the UV range of the solar spectrum.
The results of the abrasion experiment (as shown in Section 4.4) indicate that the damages to
the PV module packing materials caused by sandstorms are critical. On the module front cover, for
example, the particles transported by sandstorm with a certain momentum remove fully or partly
the ARC layer on the glass over time. To this, the use of ARC-glass in desert locations has to be
carefully evaluated. Nevertheless, modules installed with their bottom part at a minimum height
of 1 m from the ground may have less probability to get damaged by the ballistic impact of sand
grains. This was the case for the bifacial modules installed in El-Gouna, with results shown in
Section 6.4, where no significant damage of the glass coating was detectable.
In terms of C2M losses, the module efficiency is mainly limited by the packing density. Two
principal factors affect the previously mentioned: the traditional front-to-back cell-to-cell interconnection technique and the spacing between the border cells and the module glass edge. To
wit, IBC solar cells mitigate the efficiency loss caused by the packing density, specifically due to
an improved cell interconnection allowing alignment and placement of the solar cells with least
distances. In addition, the use of the shingled solar cell concept further increases the packing
density but not necessarily the module power. To ensure a low power drop due to cell splitting,
the cell metallization should be adjusted for the much smaller stripe area as well as for the voltage
and current levels of such stripes. The results obtained in the simulations show that a low C2M
power loss can be achieved by cutting the solar cells in five or six stripes, and at the same time
implementing improvements in the cell metallization scheme. It is shown that for such devices,
the module efficiency is up to 15%rel higher compared to a similar traditional module made out of
60-cells.
It is important to note that the C2M power loss is mainly driven by the ohmic losses since it
is directly proportional to the generated current and therefore to the irradiance level and to the
area of the solar device. For modules installed and operating in deserts, where most of the energy
is produced at high irradiance levels, Joule’s heating becomes an important topic to be analysed.
Consequently, for a traditional front-to-back interconnection technique, the general rule is to design
the solar cell metallization based on a target current larger than the current at STC (e.g., 20%
above the STC level). Here, the recommendation for PV module makers is to evaluate the use of
half-cells or IBC solar cells, with focus on the n-type cells, especially for the production of bifacial
modules. The total net irradiance experienced in such modules can easily reach 1.2 and up to 1.5
times the irradiation level at STC1 . Thus, module makers should consider the use of half-cells with
at least four busbars (per each wafer side) and ribbons of 0.8 mm width.
The second important parameter to consider is the interface between the front cover and the
encapsulant, which influences the photon reflection, absorption and scattering hence the optical
gain and loss. In this matter, AR coated glass certainly improves the power generation under real
scenarios at any location. However, even if this brings the C2M power loss, as determined at STC,
to its lowest, it is not necessarily translated as a benefit in terms of energy harvesting or in PR due
to the influence of the operating temperature. Furthermore, the use of an AR coated glass has the
1 And not only in regions with high insolation.
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potential to increase the module operating temperature and therefore limits the electrical energy
production [275].
The use of bifacial modules is not the ultimate solution against dust accumulation, but it certainly abates the detrimental effect of soiling in power generation due to the module rear side
contribution and the possibility to install bifacial solar modules in a vertical manner. As results
given in Section 6.4, the use of bifacial modules (either glass-glass or glass-foil) permits mitigation
of the power loss caused by soiling to approximately 31%rel 2 . Furthermore, VBM systems offer
a chance to not only complement the power generation profile during the day3 , but also to harvest significantly more annual energy when compared to CMM due to the intensely reduced dust
accumulation.
The results and observations of this work also allow for giving the following recommendations
to module makers:
-

The strings interconnection design should be adapted according to the cell size, i.e., for halfcells not all the sub-strings should be in series connected, part of them should be in parallel.
By this way the series resistance is substantially reduced on module level.

-

Glass-glass encapsulation: this design keeps the solar cells in a neutral mechanical bending
zone and creates an almost perfect barrier against moisture ingress. The glass thickness is
recommended to be of 2 mm or thinner but only if the glass stiffness allows to overcome
vibrations and mechanical load caused by wind and snow. It is important to remark that
sheet of glass usually experiences bending during module production. Such bending can be
critical if thin glass is used. For this reason, the glass application method during module
manufacturing has to be accordingly adapted.

-

The most common and prominent encapsulant materials for PV modules are EVA, silicone,
POE, PVB and TPU. From these materials, silicone is the only one that fulfils almost all
requirements for PV module encapsulants (as shown in Table 2.4). Ethylene-vinyl acetate
is not recommended for the double glass module design due to the formation of an acid
environment during lamination and service time. Such acid environments promote the corrosion of the solar cell metallization and the electrical interconnections (ribbons), increasing
the module degradation rate. Thus, silicone is the recommended material as module encapsulant for desert applications instead of the traditional EVA formulations. Silicone as
encapsulant is also the material of choice due to its low curing temperature during module
lamination hence the energy required to fabricate the modules is lower compared to using
EVA or POE. Nevertheless, the implementation of silicone as encapsulant makes necessary
the adaptation of the existing module production line for the application of a (usually) two
semi-liquid compound instead of an encapsulant foil as in the case of EVA use. If the module
production line is not possible to be adapted for the completely different silicone application
process, POE is recommended instead of the traditional EVA.

-

The ribbon cross-section should be adjusted (increased) to mitigate ohmic power losses. For
desert applications, if 6-inch 3BBs (each wafer side) solar cells are used, the ribbon should
have a width and a height of 2 mm × 0.25 mm respectively. Similarly, if 6-inch 4BBs solar
cells are used, it is recommended to use ribbons with dimensions of 1.5 mm × 0.25 mm. In
addition, if the 6-inch cells are halved, the ribbon dimensions decrease to 1.5 mm × 0.2 mm
and to 1.0 mm × 0.2 mm for 3BBs and 4BBs layout respectively.

-

The bypass diodes should be properly dimensioned for the higher current experienced at desert
location in bifacial modules. For the common 60- or 72-cells in series connected cells, the
bypass diode should support at least 20 A instead of the frequently used 15 A. If half-cells are
used, the maximum current of the bypass diodes decreases to 15 A but the diode maximum
repetitive reverse voltage (VRRM ) may increase to the double, depending on the solar cell

2 17%

rel

of a CMM compared to 13%rel of a TBM

3 Single peak versus double peak curves —Camelus dromedarius versus Camelus ferous shape.
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matrix connection design.
-

The use of low temperature ECA to connect the ribbons to the solar cells should be evaluated
as an alternative interconnection process. Electrically conductive adhesive significantly reduces the mechanical stress of the soldering process (temperatures above 200 ◦C for soldering
decrease in a range of 30 K to 50 K).

Using a typical TPT4 or a backsheet with an aluminium layer to embed Al-BSF solar cells will
allow the module to release heat faster than using a traditional solar glass as back cover5 . In any
case, the use of the double glass packing design enhances the mechanical stability of the module
interior (mechanical neutral surface in the solar cell plane), the mechanical stability of the module
itself and provides a high barrier against moisture.
For any installer and PV plant operator choosing an installation site at a desert location, it is
highly recommended to perform, prior to installation, test-measurements at the site of interest for
at least one year to obtain data on the energy harvest and maintenance situation. This is feasible
thanks to the scalability of PV: one can invest in a kilowatt size pilot plant which can be scaled-up
at a later time, without constraints, to a Megawatt size power plant.

Scope for future studies
The mismatch within the angle of photon absorption and emission of a photovoltaic device produces
entropy generation which directly translates into a decrease in voltage (lower VOC ) [181, 276, 277].
Practical efforts to reduce this additional entropy include the application of mirrors in the back
surface of the solar cells, decreasing the photon emission angle, and the focus of the solar light in
a small area (concentration), increasing the incident angle. Glass with an ARC layer also mitigates
this angle mismatch by decreasing the emission angle. In this matter, the use of metamaterials
might allow reducing the angle mismatch. The use of a two-times LCPV would also substantially
reduce the emission angle and offer a significant increase of the incident angle at the same time.
The latter can be easily assessed by modules consisting out of half-size bifacial solar cells mounted
on a two-axis tracker system which is equipped with mirrors as light focusing optics.
To mitigate the power loss caused by soiling in desert applications, the use of EDS is of huge
interest. A potential drawback of using this methodology is the negative energy balance. Nevertheless, current EDS power management technologies allow the system to consume less than 0.1%
of the energy produced [194, 195]. However, the implementation cost has to be carefully evaluated
to finally determine any effect on the LCoE.
The other challenge of any desert application, besides soiling, is the significantly increased module
temperature. Selective layers or reflectors can be used to decrease the module temperature by
either reducing the level of IR radiation entering the module or by enhancing the module radiation
cooling by means of increasing the IR radiation. In Rabanal-Arabach and Schneider [275] the effect
of AR-coated glass on modules’ temperature is assessed for modules installed in desert climates.
This work shows the importance of new glass coating formulas to reject a significant part of the
IR radiation specifically for wavelengths larger than 1200 nm. Of course, there exist coatings for
solar glass which convert the larger wavelengths of the solar spectra to a higher energy level (upconversion or low energy photon conversion). This application turns a silicon solar cell, which is
transparent to a large extent of the IR spectra, into a device absorbing incoming photons with such
energy level. This process will directly affect the electrical power output and the heat generated
inside the module during operation. In a similar way, down-conversion layers can be applied to the
solar glass to enhance the module efficiency by converting photons in the UV range to a longer
4 Whose thickness usually ranges from 0.2 mm to 0.4 mm.

5 Thickness ranging from 2.0 mm to 3.2 mm.
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wavelengths.
The current junction box types available on the market are rarely designed to work and continuously operate at greater current levels than seen for monofacial modules. The increase in current
for bifacial modules compared to monofacial ones implies a larger amount of power to be dissipated
in the diode. This means, the junction box heat management has to be adjusted accordingly to
deal with the generated heat to avoid diode thermal runaway, particularly in hot environments.
Besides this, the J-box must be improved in terms of shading mitigation. A smarter solution to
mitigate the current mismatch within the module strings is the use of module energy optimizers.
Such electronic devices are available already on the market but their implementation in modules is
valued only on installations where the local shading is a serious and unavoidable problem. Bifacial
modules can have current mismatch even without shading on the front cover. Modules installed
at the edge of a rack have higher ground reflection and, as a consequence, higher power output
compared to those installed at the middle of the row. Ground reflection also changes with the Sun
position during the day. In addition, these devices enhance the maintenance safety, allowing the
module to stop the current output even while it is exposed to sunlight. Thus, the use of energy
optimizers should be carefully evaluated to replace the traditional junction boxes.
Finally, it must be pointed out that the design qualification tests commonly carried out in certification tests for type and design approval have to be adapted to accommodate the changes given in
hot and arid climate zones. For this reason, the proper environmental stress tests, and the testing
protocols and methodologies should be carefully analysed and adapted. The outcome of this work
indicates that for achieving best results the application of stress tests should be combined such as:
-

Thermal cycling and ultraviolet stress with direct bias current.

-

Thermal cycling, damp-heat and ultraviolet stress with DC bias current.

-

Thermal cycling, damp-heat, salt mist and potential induced degradation stress.

-

Thermal cycling, damp-heat, salt mist, potential induced degradation and ultraviolet stress
with DC bias current.

This leads to the need of climate chambers which incorporate the previously mentioned stress
test combinations, which have to be corroborated to match with real world degradations.
In a similar way, test protocols to assess the performance of cleaning devices might be of great
interest for PV plant operators, seeking solutions against dust deposition. Real values of dust
accumulation for soiling simulation are dynamic and location dependent. Consequently, matching
test protocols need to be set up to gather a value on the soiling simulation and the related cleaning
methodologies.
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Zusammenfassung

Wüstenklimazonen bieten eine hohe Sonneneinstrahlung und zwei- bis dreimal mehr Sonnenstunden pro Jahr verglichen mit Standorten wie Deutschland. Aus diesem Grund sind Wüstenstandorte
für den Einsatz von Photovoltaik extrem attraktiv. Gleichzeitig werden die in Wüstengebieten
installierten Module extremen Umweltbedingungen ausgesetzt, wie beispielsweise hohen Umgebungstemperaturen während des Tages, drastischen Temperaturschwankungen zwischen Tag und
Nacht, staubigen bzw. sandigen Umgebungsbedingungen und hoher Ultraviolettstrahlung (UV), die
typisch für trockene Klimazonen sind. Zu einem gewissen Grad beeinflussen die zuvor genannten
Faktoren an jedem Standort PV-Module, jedoch nicht in solchen Ausmaßen wie es der Fall für
Wüstenstandorte ist. In der Arktis können zum Beispiel die UV-Dosen aufgrund der sehr hohen Bodenreflexion (Schnee und Eis) so hoch sein, wie es in der Wüste der Fall ist. Dank der niedrigeren
Modulbetriebstemperatur an einem arktischen Ort ist allerdings der durch Umwelteinflüsse verursachte Schaden an den Modulmaterialen und an den Trennflächen zwischen diesen zeitlich gesehen
wesentlich weniger stark ausgeprägt als in der Wüste. Daraus ergibt sich, dass in jedem Fall eine
sorgfältige Bewertung der Verpackungsmaterialien und des Modulentwurfs gemäß der vorliegenden
Umgebungsbedingungen der Zielklimazone durchgeführt werden müssen, damit ein PV-Modul zumindest die garantierten zwanzig bis dreißig Jahre gemäß der Spezifikation funktioniert. Ein nach
heutigem technischem Standard hergestelltes PV-Modul besteht aus folgenden Komponenten:
-

Vorderseitenabdeckungsmaterial: 2–4 mm dickes Glass mit niedrigem Eisengehalt.

-

Vorder- und Rückseitenverkapselungsschicht: Ethylen-Vinylacetat-Kopolymere (EVA) mit etwa 0.4 mm Filmdicke.

-

Rückseitenabdeckungsmaterial: Weißer Verbundwerkstoff aus Tedlar-Polyester-Tedlar, PVFPET-PVF oder Tedlar-PET-EVA mit etwa 0.2 mm Materialdicke.

-

Verschaltungsdose mit mindestens drei Freilauf- oder Bypassdioden.

-

Solarkabel mit 4 mm2 Querschnittsfläche, doppelt abgeschirmt, isoliert und UV- und säurebeständig.

Allerdings entsprechen Module, die auf diesen Standardmaterialien basieren, nicht den Umweltanforderungen von Wüstenstandorten. Daher müssen die Verpackungsmaterialien und das Moduldesign neu angepasst und verbessert werden.
Die Experimente, die in Kapitel 4 durchgeführt wurden, bestätigen die Notwendigkeit, wesentlich differenziertere und hochentwickelte Alterungstests für die Zertifizierung in Wüstengebieten
einzuführen und dementsprechend die Module zu etikettieren: geeignet für Wüstenklima. In dieser
Hinsicht konnte gezeigt werden, dass eine erforderliche Schlüsselmodifikation die Anpassung der
Testbedingungen der UV-Vorkonditionierung an die UV-Werte in der Zielklimazone ist.
Der IEC 61215-2 Standard verlangt in den entsprechenden UV-Konditionierungstests UV-Dosen,
die im Vergleich zu dem UV-Energieinhalt, die ein Modul im Laufe eines Jahres in einer nichtpolaren Wüste empfangen würde, mehr als sechsmal kleiner sind. Dies zeigt auf, dass gegenwärtige Standards hinsichtlich der UV-Belastungstests ungeeignet zum Testen von PV-Modulen für
Wüstengebiete sind. Unter Berücksichtigung der Ergebnisse der in dieser Arbeit durchgeführten
Untersuchungen muss das richtige Moduldesign die Verwendung von bifazialen n-Typ-Solarzellen
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beinhalten, welche zwischen einem Glas-Glas-Sandwich eingebettet, und mittels Silikon verkapselt
werden. Die Nutzung muss jedoch sorgfältig hinsichtlich der Materiallieferanten und der notwendigen technischen Anpassungen in der Modulfertigungslinie bewertet werden. Für diese Module
kann von einer Lebensdauer von dreißig Jahren an Wüstenstandorten ausgegangen werden. Für
den erforderlichen Alterungstest bedeutet dies, dass der Temperaturzyklentest zehnmal in der Dauer verlängert werden sollte, d.h. bis zu 2000 Zyklen. In dieser Hinsicht ist jede Lötoptimierung,
welche gerade bei dieser Untersuchung besonders belastet wird, eine Herausforderung, um eine
Lebensdauer von dreißig Jahren gewährleisten zu können. Dies ist insbesondere für Glas-FolienModule aufgrund der großen Unterschiede der einzelnen Material-Ausdehnungskoeffizienten der
Modulverpackung bedeutend. Daher sollte ein Moduldesign basierend auf dem Glas-Glas-Layout
als bevorzugte Verpackungsoption für Wüstenanwendungen gewählt werden, unabhängig vom Zellenformat. Gemäß den experimentellen Ergebnissen, die in den UV-Belastungstests erzielt wurden
(wie in Abschnitt 4.3 gezeigt), werden n-Typ-Solarzellen für alle Solarmodule empfohlen, die einer
höheren UV-Strahlung ausgesetzt sind. Dies aus folgenden Gründen: 1) Stabilität gegen UV-Degradierung (120 kW h m−2 oder das Äquivalent der Exposition in der Negev-Wüste während eines
Jahres) und 2) deutlich höhere spektrale Empfindlichkeit im kurzwelligen Bereich.
Die Ergebnisse der Abriebfestigkeits-Experimente zeigen (wie in Abschnitt 4.4 gezeigt), dass
die durch Sandstürme verursachten Schäden an den Modul-Verpackungsmaterialien kritisch sind.
Die Antireflexschicht (ARC, aus dem Englisch anti-reflection coating) zum Beispiel wird durch die
Sandpartikel, die durch Wind mit einem bestimmten Impuls transportiert werden, teilweise oder auch
vollständig abgerieben. Aus diesen Gründen muss der Einsatz von ARC-Glas in Wüstenstandorten
sorgfältig evaluiert werden. Module, die mit ihrem unteren Bereich in einer Mindesthöhe von 1 m
vom Boden installiert sind, werden durch den ballistischen Aufprall von Sandkörnern kaum oder gar
nicht beschädigt. Dies war zum Beispiel der Fall für die in El-Gouna installierten bifazialen Module,
an denen keine signifikante Beschädigung der Glasbeschichtung feststellbar war. Dies wurde mit
den Ergebnissen in Abschnitt 6.4 gezeigt.
In Bezug auf die elektrischen Verluste von Zelle zu Modul, C2M (aus dem Englisch cell-tomodule), so ist der Modulwirkungsgrad hauptsächlich durch die Packungsdichte beeinflusst. Zwei
Hauptfaktoren existieren dazu: Die herkömmliche Verbindungstechnik der Zellen, bei welcher die
Vorder- mit der Rückseite verbunden wird und der Abstand zwischen den Randzellen und der Modulglaskante. Hier verringern zum Beispiel Interdigitated Back Contact (IBC) —Solarzellen den
Effizienzverlust, der durch die Packungsdichte verursacht wird, aufgrund einer verbesserten Zellverbindung, die es ermöglicht, die Solarzellen mit geringsten Abständen auszurichten und anzuordnen.
Zusätzlich erhöht die Verwendung des Schindel-Modulkonzepts die Packungsdichte und somit den
Wirkungsgrad, jedoch nicht notwendigerweise die Modulleistung. Am effektivsten wirkt sich eine
Verkleinerung der Zellfläche aus, welche direkt die Verlustleistung durch den geringeren Stromfluss
verringert. Die Ergebnisse, die in den Simulationen in dieser Arbeit gewonnen wurden, zeigen, dass
ein niedriger C2M-Leistungsverlust erreicht werden kann, sofern die Solarzellen in fünf oder sechs
Streifen geschnitten werden und gleichzeitig Verbesserungen an dem Zellmetallisierungsschema
durchgeführt werden. Es hat sich gezeigt, dass im Vergleich zu einem ähnlichen herkömmlichen 60Zell-Modul, der Modulwirkungsgrad bis zu 15%rel höher ist. Es muss berücksichtigt werden, dass
der C2M-Leistungsverlust hauptsächlich durch die ohmschen Verluste verursacht wird, da dieser
quadratisch zum erzeugten Strom und damit zur Bestrahlungsstärke ist. Für Module, die in Wüsten installiert und betrieben werden, wird ein Großteil der Energie bei hohen Bestrahlungsstärken
erzeugt. In diesem Fall wird das Joule-Lenz-Gesetz (Stromwärmegesetz) zu einem wichtigen Thema, welches nicht vernachlässigt werden kann. Die allgemeine Regel ist, dass für die herkömmliche
Zell-Verbindungstechnik und der üblichen Solarzellenmetallisierung mit einem Strom gerechnet werden muss, welcher 20% über den Standardtestbedingungen, bzw. dem STC-Niveau liegt (STC, aus
dem Englisch standard testing conditions). Die Empfehlung kann hier für die PV-Modulhersteller
nur sein, Halbzellen oder IBC-Solarzellen zu verwenden, mit Fokus auf n-Typ-Zellen, insbesondere
für die Produktion von bifazialen Modulen. Die gesamte Bestrahlungsstärke, die in solchen Modulen
gemessen wird, kann zwischen 1.2 und bis zu 1.5 Mal der Bestrahlungsstärke von STC erreichen.
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Modulhersteller sollten daher die Verwendung von Halbzellen mit mindestens 4 Busbars (BB) und
Lötbändern von 0.8 mm Breite unbedingt in Erwägung ziehen.
Der zweite zu berücksichtigende Parameter ist die Grenzfläche zwischen der Vorderseitenabdeckung und der Verkapselung, welcher die Photonen- Reflexion, Absorption und die Streuung und
somit den optischen Gewinn bzw. Verlust definiert. Antireflexions-Glas verbessert die Stromerzeugung unter realen Bedingungen an jedem Ort. Der unter STC bestimmte C2M Verlust wird durch
die Verwendung von ARC-Glas sehr stark herabgesetzt. Allerdings wird dieser nicht immer auch
ein Vorteil in Bezug auf die Energiegewinnung oder das Leistungsverhältnis, PR (aus dem Englisch
performance ratio) darstellen. Darüber hinaus hat die Verwendung von AR-beschichteten Glas das
Potenzial, die Betriebstemperatur des Moduls zu erhöhen und somit die Erzeugung von elektrischer
Energie zu begrenzen [275].
Die Verwendung von bifazialen Modulen ist nicht die ultimative Lösung gegen Staubablagerungen,
bringt aber das Potenzial mit, die nachteilige Wirkung der Verschmutzung auf die Stromerzeugung
zu verringern. Dies in erster Linie aufgrund des Lichteinfangs auf der Rückseite und die Möglichkeit,
bifaziale Solarmodule vertikal zu installieren. Die Ergebnisse in Abschnitt 6.4 zeigen klar auf, dass
die Verwendung von bifazialen Modulen (entweder Glas-Glas oder Glas-Folie) es erlaubt, den durch
Verschmutzung verursachten Leistungsverlust um ungefähr 31%rel zu verringern. Darüber hinaus
bieten vertikal montierte bifaziale PV-Module (VBM) die Möglichkeit, nicht nur das Stromerzeugungsprofil während des Tages zu modifizieren, sondern im Vergleich zu einem CMM aufgrund der
stark reduzierten Staubanreicherung auch deutlich mehr Jahresenergie zu erzeugen. Die Ergebnisse
und Beobachtungen dieser Arbeit ermöglichen es, Modulherstellern die folgenden Empfehlungen zu
geben:
-

Die elektrische Zellverbindung sollte entsprechend der Zellgröße angepasst werden, d.h., bei
Halbzellen dürfen nicht alle Teilstrings in Reihe geschaltet, sondern ein Teil davon muss
parallelgeschaltet sein. Auf diese Weise wird der Serienwiderstand auf Modulebene wesentlich
reduziert.

-

Glas-Glas Verkapselung: Dieses Moduldesign hält die Solarzellen in einer neutralen mechanischen Biegezone und zeigt eine nahezu perfekte Barriere gegen Feuchtigkeit und Wasser
auf. Um die Lichttransmission möglichst hoch zu halten, sollte die Glasdicke 2 mm oder
weniger betragen, jedoch nur, wenn die Festigkeit (Steifigkeit) des PV-Moduls den Vibrationen und mechanischen Belastungen durch Wind und Schnee problemlos und schadenfrei
über längere Zeit standhalten kann. Es ist wichtig anzumerken, dass die Glasscheibe während
der Modulproduktion gebogen und somit mechanisch belastet wird. Dieses Biegen kann bei
Verwendung von dünnem Glas kritisch sein und der Modulprozess sollte dementsprechend
angepasst werden.

-

Die gebräuchlichsten und prominentesten Verkapselungsmaterialien für PV-Module sind
Ethylen-Vinylacetat-Kopolymere (EVA), Silikon, Polyolefinelastomer (POE), Polyvinylbutyral
(PVB) und thermoplastisches Polyurethan (TPU). Silikon ist von den genannten Materialien
das einzige, welches alle Anforderungen an PV-Module erfüllt (wie in Table 2.4 gezeigt).
Ethylen-Vinylacetat kann nicht für das Doppelglas Moduldesign empfohlen werden, da sich
aufgrund der chemischen Funktionsgruppen eine saure Umgebung während der Laminierung
und der Betriebszeit einstellt, welche zu Korrosion und anderen Degradationen führt. In jedem Fall fördert die saure Umgebung die Korrosion an der Solarzellenmetallisierung und an
den elektrischen Verbindungen (Ribbons). Silikon ist in hohem Maße chemisch inert und aus
diesem Grund als Modulverkapselung für Wüstenanwendungen anstelle der herkömmlichen
EVA-Polymers empfohlen. Zusätzlich zeigt Silikon eine niedrige Aushärtetemperatur während
der Modulherstellung auf. Dies reduziert die Energie, die zur Herstellung der Module benötigt
wird, welche im Vergleich zur Verwendung von EVA oder POE als Verkapselung wesentlich
geringer ist. Dennoch ist für die Implementierung von Silikon als Verkapselungsmaterial die
Anpassung der Modulproduktionslinie notwendig: Für die Anwendung wird ein Zweikomponentensystem anstatt einer Folie verwendet. Falls die Modullinie nicht an die Verwendung
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von Silikon angepasst werden kann, stellt POE ein Alternativmaterial zu EVA dar, welches
gerade für die Wüstenanwendung zwar nicht alle Vorteile in den Materialeigenschaften von
Silikon mitbringt, aber dennoch auch als Folie vorteilhafter als EVA ist.
-

Der Querschnitt Zellverbinder sollte angepasst (erhöht) werden, um die ohmschen Leistungsverluste zu minimieren. Bei Wüstenanwendungen und 6-inch Solarzellen mit 3 BB (auf jeder
Waferseite) sollte der Zellverbinder eine Breite und Höhe von 2.0 mm × 0.25 mm haben. Für
6-Zoll-4BB-Solarzellen sollte der Zellverbinder eine Breite und Höhe von 1.5 mm × 0.25 mm
mitbringen. Für halbierte 6-Zoll Solarzellen verringern sich die Verbinderabmessungen auf
1.5 mm × 0.2 mm und 1.0 mm × 0.2 mm für das 3BB- und 4BB-Layout.

-

Die Bypassdioden sollten für den höheren Strom so dimensioniert sein, dass der Anwendung
von bifazialen Modulen in Wüstengebieten Rechnung getragen wird. Bei herkömmlichen 60oder 72-Zellen in Reihenschaltung sollte die Bypassdiode mindestens 20 A statt der üblichen
15 A unterstützen. Bei Halbzellen wird immer noch ein maximaler Strom der Bypass-Dioden
von 15 A empfohlen, wobei sich aber die maximal zulässige Sperrspannung der Diode (VRRM )
abhängig von dem Aufbau der Solarzellenmatrixverbindung auf das Doppelte erhöht. Die
Verwendung von elektrisch leitfähigem Niedertemperaturklebstoff (ECA, aus dem Englisch
electrically conductive adhesive) zur elektrischen Verbindung der Solarzellen mit dem Zellverbinder sollte als ein alternativer Verbindungsprozess bewertet werden. Elektrisch leitfähiger
Klebstoff reduziert deutlich die mechanischen Belastungen des Lötprozesses (die Temperaturen über 200 ◦C für den Lötprozess werden um 30 K–50 K gesenkt).

Durch die Verwendung eines typischen TPT oder einer Rückseitenabdeckung mit Al-Schicht,
kann das Modul seine Wärme schneller abgeben als dies bei Verwendung eines herkömmlichen
Solarglases der Fall wäre. In jedem Fall erhöht die Verwendung von Glas auf Vorder- und Rückseite
die mechanische Stabilität des Moduls und dessen Inneren (mechanisch neutrale Oberfläche verläuft
in der Solarzellenebene) und bietet eine hohe Barriere gegen Feuchtigkeit.
Es wird dringend empfohlen, entsprechende Messkampagnen vor der Installation für mindestens
ein Jahr an der betreffenden Stelle durchzuführen, um Daten über die Energieernte- und Instandhaltungssituation zu erhalten. Dies gilt für jeden Installateur und Betreiber einer PV-Anlage in
Wüstenregionen. Aufgrund der Skalierbarkeit von PV kann dies problemlos durchgeführt werden:
es wird in eine Pilotanlage in Kilowattgröße investiert, die später, ohne Einschränkungen, auf ein
Megawatt-Kraftwerk erweitert werden kann.

Ausblick
Aufgrund des sich ändernden Sonnenstandes über den Tag und das Jahr verteilt kommt es unweigerlich zu einer Fehlanpassung bzgl. des Einstrahlungswinkels und somit der Photonenabsorption
und –emission bei PV-Modulen. Dies führt aus physikalischer Sicht unweigerlich zu einer Entropieerzeugung, welche eine Abnahme der Spannung (niedrigeres VOC ) zur Folge hat [181, 276, 277].
Praktische Bemühungen zur Verringerung der Fehlanpassung umfassen das Anbringen von Spiegeln
auf der Rückseite der Solarzellen bzw. das Anbringen von fokussierenden Optiken, um den Fokus
des Sonnenlichtes auf eine kleine Fläche (Konzentration) zu richten. Glas mit einer Antireflexschicht, mildert ebenso diese Winkelabweichung, indem der Emissionswinkel verringert wird. Die
Anwendung von Metamaterialien könnte eine weitere Verringerung der Winkelabweichung ermöglichen. Die Verwendung einer zweifachen LCPV (aus dem Englisch low concentration photovoltaic)
würde ebenfalls den Emissionswinkel reduzieren und gleichzeitig eine signifikante Zunahme des Einfallswinkels bedeuten. Dies kann zum Beispiel sehr einfach durch in der Größe halbierte bifaziale
Solarzellen technisch ausgenutzt werden, welche auf einem zweiachsigen Nachführsystem montiert
und mit Spiegeln als Lichtfokussierungsoptik ausgestattet sind.
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Um den Energieverlust von Modulen bedingt durch die Verschmutzung in Wüstengebieten zu
verringern, ist der Einsatz von elektrodynamischen Abschirmungen, EDS (aus dem Englisch electrodynamic screen), von großem Interesse. Der hohe Stromverbrauch dieser Methode mag ein möglicher Nachteil sein, welchen es im Detail noch zu bewerten gilt. Aktuelle EDS-Power-ManagementTechnologien verbrauchen weniger als 0.1% der erzeugten Energie [194, 195]. In jedem Fall müssen
aber die Kosten für die Umsetzung sorgfältig bewertet und alle Auswirkungen auf die Stromgestehungskosten, LCoE (aus dem Englisch levelized cost of electricity), bewertet werden.
Eine weitere Herausforderung für Wüstenanwendungen ist neben der Verringerung bzw. Vermeidung der Verschmutzung die deutlich erhöhte Modultemperatur während des Betriebes, welche
unweigerlich zu signifikanten Leistungsverlusten führt. Selektive Schichten oder Reflektoren können
verwendet werden, um die Modultemperatur abzusenken. Dabei wird der in das Modul eintretende
infrarote (IR) -Spektralbereich verkleinert oder die IR-Abstrahlung durch die Strahlungskühlung erhöht. In Rabanal-Arabach und Schneider [275] wurden die Auswirkungen von beschichtetem Glas
(ARC Glas) auf die Temperatur der Module an Wüstenstandorten untersucht. Diese Arbeit zeigt
die Bedeutung auf, dass neue Glasbeschichtungen erforderlich sind, um einen signifikanten Teil der
IR-Strahlung zu reflektieren, insbesondere für Wellenlängen größer als 1200 nm. Ebenso existieren
Beschichtungen für Solarglas, die in der Lage sind, langwellige Photonen auf ein höheres Energieniveau umzuwandeln (niederenergetische Photonenumwandlung). Diese Anwendung führt dazu, dass
eine Silizium-Solarzelle einen großen Teil ihrer Transparenz im infraroten Spektralbereich verliert.
Dieser Prozess beeinflusst ebenso die erzeugte elektrische Leistung und die während des Betriebs im
Inneren des Moduls erzeugte Wärme. In ähnlicher Weise können-spezielle Beschichtungen auf dem
Solarglas dazu beitragen, dass sehr kurzwellige Photonen, welche aufgrund der spektralen Empfindlichkeit der Solarzelle nicht genutzt werden können, in einen längerwelligen und somit nutzbaren
Bereich umgewandelt werden.
Die derzeit auf dem Markt erhältlichen Anschlussdosen sind in der Regel nicht für den hohen
Strom von bifazialen Modulen und Modulen, welche in Wüstengebieten installiert sind, ausgelegt.
Der größere Strom bedeutet im Vergleich zu monofazialen Modulen, dass eine größere Menge an
Wärmeenergie, erzeugt durch die Joulsche Wärme der Diode, von der Diode und somit in der
Dose abgeführt werden muss. Das bedeutet, dass das Wärmemanagement in der Dose entsprechend angepasst werden muss, um die erzeugte Wärme bewältigen zu können. Besonders an heißen
Standorten besteht sonst zunehmend die Gefahr, dass die Lebensdauern der Dioden durch die hohen Temperaturen stark herabgesetzt sind. Ebenso kann eine in die Dose integrierte Elektronik zur
Behebung der aktuellen Fehlanpassung innerhalb des Moduls bei Abschattung beitragen (sogenannte Leistungsoptimierer). Solche elektronischen Geräte sind auf dem Markt bereits verfügbar, aber
ihre Implementierung wird nur in Installationen angewandt, bei denen die lokale Verschattung ein
ernstes und unvermeidbares Problem darstellt. Bifaziale Module können auch ohne Abschattung
auf der Vorderseite Fehlanpassungen aufweisen. Die Module, die an den Rändern einer Installation
aufgestellt werden, erfahren eine höhere seitliche Bodenreflexion und als Konsequenz haben diese
eine höhere Ausgangsleistung im Vergleich zu denen, die in der Mitte installiert sind. Die Bodenreflexion ändert sich allerdings mit der Sonnenposition während des Tages. Leistungsoptimierer
verbessern die Sicherheit einer Installation, weil der Stromfluss des Moduls auch bei Sonnenlicht
unterbrochen werden kann. Der Einsatz von Leistungsoptimierern sollte sorgfältig evaluiert werden,
um die herkömmliche Anschlussdose in ihrer Funktion zu erweitern oder sogar im besten Falle zu
ersetzen.
Schließlich ist anzumerken, dass die Zertifizierungstests für die Typ- und Designzulassung von
kristallinen Solarmodulen angepasst werden müssen. Es müssen entsprechende Änderungen in der
Durchführung der Tests eingebracht werden, so dass diese besser auf die Umweltbedingungen in
den heißen und ariden Klimazonen abgestimmt sind. Aus diesem Grund müssen sämtliche Umweltbelastungstests sowie die zugehörigen Prüfprotokolle und -methoden sorgfältig analysiert und
angepasst werden. Als wichtiges Ergebnis dieser Arbeit können bereits folgende Modifikationen an
den Umweltbelastungstests angegeben werden:
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-

Temperaturzyklen und UV Belastung bei gleichzeitiger Injektion des Stromes bei I MPP (wie
unter STC gemessen).

-

Folgende Untersuchungen in Kombination: Temperaturzyklen, Feuchte-Wärme-Prüfung und
UV Belastung bei gleichzeitiger Injektion des Stromes bei I MPP (wie unter STC gemessen).

-

Folgende Untersuchungen in Kombination: Temperaturzyklen, Feuchte-Wärme-Prüfung, Salznebel und Test auf spannungsinduzierte Degradation, PID (aus dem Englisch potential induced degradation).

-

Folgende Untersuchungen in Kombination: Temperaturzyklen, Feuchte-Wärme-Prüfung, Salznebel, PID und UV Belastung bei gleichzeitiger Injektion des Stromes bei I MPP (wie unter
STC gemessen).

Die erwähnten Modifikationen bedeuten aber auch, dass entsprechende Hardwareumrüstungen an
existierenden Klimakammern durchgeführt werden müssen, welche den Ablauf der entsprechenden
Testsequenzen erlauben.
Ebenso als essentiell kann das Aufsetzen entsprechender Testprotokolle erachtet werden, um den
Verschmutzungsgrad von Solarmodulen und dessen Auswirkung auf die erzeugte elektrische Leistung effektiv zu bestimmen. Jegliche Simulationen zur auftretenden Verschmutzung sind dynamisch
und ortsabhängig. Folglich müssen passende Testprotokolle aufgesetzt werden, um die unterschiedlichen Möglichkeiten und deren Anwendung der Reinigungsanlagen zu bewerten. Wesentlich gehört
hierzu die Ermittlung des aus finanzieller Sicht optimalsten Reinigungsintervalls.
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Glossary

a-Si
Amorphous Silicon. 5, 51
AECTP
Allied Environmental Conditions and Test Publications. 68
Al1000
Unified numbering system for aluminium alloy (1000 series). 19
AM
Air Mass is the path length for light from a celestial source to pass through the atmosphere. 12,
42, 43, 84, 92
AM0
Air mass "at zero atmospheres" (solar spectrum). 12, 93
AM1.5D
Direct solar spectrum with air mass 1.5. 12
AM1.5G
Global solar spectrum with air mass 1.5. 12, 42, 43, 76, 85, 92, 93
AR
Anti-Reflection. 24, 44, 51, 72, 73, 95, 112–115, 117, 119, 127, 130, 132
ARC
Anti-reflection coating is a type of optical coating applied to the surface of optical elements to
reduce reflection. 18, 28, 29, 32, 64, 66, 68–73, 77, 106–108, 112, 130, 132
AS
Anti-Soiling. 29, 105
ASTM
American Society for Testing and Materials. 11, 12
BB
A busbar corresponds to a thin rectangular-shape strip printed on the front and/or rear of a solar
cell. 7, 18–21, 23, 43, 56, 61, 64, 75, 79, 82, 84, 85, 93–98, 102, 106, 108, 130, 131
BoS
The balance of system encompasses all components of a photovoltaic system other than the solar
panels. This includes the mounting system, wiring, switches, one or many solar inverters, among
others. 125
BSF
Back Surface Field consists of a higher doped region at the rear surface of the solar cell with the
aim to minimise the impact of rear surface recombination. 22, 42, 61, 64, 67, 73, 75, 77, 85,
95–98, 132
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Glossary

BWh
It refers to a arid, hot desert, climate, according to the Köppen-Geiger climate classification. 89
BWk
It refers to a arid, cold desert, climate, according to the Köppen-Geiger climate classification. 89

CIGS
Copper-Indium-Gallium-Selenide. 5
CdTe
Cadmium-Telluride. 5
c-Si
Crystalline Silicon. 2, 5–7, 15, 16, 18, 19, 21, 25, 38, 44, 50–52, 72, 75, 78, 95, 115, 124, 161
C10200
Unified numbering system for oxygen-free copper alloy. 19
C11000
Unified numbering system for electrolytic tough pitch copper alloy. 19
C2M
It stands for cell-to-module loss or gain. 5, 30, 37, 50, 65–67, 72, 75–77, 82, 85, 87, 92–96, 99,
100, 130, 162
CCD
Charge-coupled devices are photosensitive electronic components based on the internal photoelectric effect. It is a device for the movement of electrical charge, usually from within the device to
an area where the charge can be manipulated, for example conversion into a digital value. In recent
years CCD has become a major technology for digital imaging. 15, 17
CDEA
Centro de Desarrollo Energético Antofagasta, Spanish for Center for Energy Development Antofagasta, it is a research center of the University of Antofagasta with focus on solar energy. 183
CF
Conductive Foil. 22
Cfb
It refers to a temperate climate, without dry season, warm summer, according to the Köppen-Geiger
climate classification. 89
CMM
Conventionally mounted Mono-facial photovoltaic Modules. 105, 106, 108, 109, 115, 121–126,
128, 131
CNC
Computer numerical control is the automation of machine tools by means of computers executing
pre-programmed sequences of machine control commands. 97
CSV
Stands for comma-separated values. A CSV file stores tabular data (numbers and text) in plain
text. Each line of the file is a data record. Each record consists of one or more fields, separated
by commas or another delimiter. 109, 110
CTE
The coefficient of thermal expansion describes how the size of an object changes with a change in
temperature. Specifically, it measures the fractional change in size per degree change in temperature
at a constant pressure. 25, 55, 59, 72
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Cu-ETP1
Electrolytic tough pitch copper is the most widely used grade of copper in electrical applications
all over the world and represents over half of global copper used. 19
Cu-OF1
Oxygen-free copper (Cu-OF) has substantially no oxygen and is free of deoxidants. Cu-OF1 is a
higher grade than Cu-OF with lower impurity levels and higher conductivity. Because it is oxygenfree, it is free from hydrogen embrittlement. 19
DC
Direct Current refers to the unidirectional flow of electric charge. 53, 133
DH
Damp-Heat refers to an accelerated environmental ageing test that allows one to determine the
ability of the solar panel to withstand long-term exposure to high temperature and moisture ingress.
59, 61–63
E/W
East / West (orientation) 73, 108, 121, 128
ECA
Electrically Conductive Adhesive. The electric conductivity is created by a component that makes
ca. 80% of the total mass of an electrically conductive adhesive 82, 85, 96, 97, 132
EDS
In photovoltaics, an electrodynamic screen is an active dust mitigation technology that uses electrostatic and dielectrophoretic forces to overcome the van der Waals forces that are responsible for
dust adhesion. The electrodynamic screens consist of electrodes on a transparent dielectric film
which acts like a dust shield placed on top of a solar panel. 51, 132
EL
Electroluminescence is an opto-electrical phenomena in which a material emits light in response to
the flow of electrons (or to an electric field). 9, 11, 15, 57, 58, 61, 62, 64, 86, 97
EPC
Engineering, Procurement and Construction is a particular form of contracting arrangement used
in some industries where the EPC contractor is made responsible for all the activities from design,
procurement, construction, to commissioning and handover of the project to the end-user or owner.
125
ETFE
Ethylene Tetrafluoroethylene. 29
EVA
The Ethylene-Vinyl Acetate is the most widely used and adapted material as encapsulant and (in
some cases) in layers of the backsheet in the photovoltaic industry. 2, 7, 14, 25–28, 32, 34, 35,
38, 39, 42, 45, 56, 57, 61, 62, 64, 75, 85, 96, 97, 100, 106–108, 112–114, 129, 131
FEP
Fluorinated Ethylene Propylene. 29
GaAs
Gallium-Arsenide.. 5
GHI
Global Horizontal Irradiance. 40
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GIZ
Gesellschaft für Internationale Zusammenarbeit GmbH. 41
HF
Humidity Freeze is accelerated ageing test performed to verify the withstand of the packing materials to mechanical stress caused by water expansion as it freezes around the module. 10, 73
InGaAs
Indium-Gallium-Arsenide. 15
I-V
Current-voltage (characteristic curve). 11–13, 39, 49, 57, 58, 61, 65, 76, 78, 86, 89, 96, 97, 107,
109, 110, 118
IBC
Interdigitated back contact is a solar cell structure technology, where the electrical contact is made
only at the back side of the solar cells. 22, 30, 31, 75, 76, 84, 85, 102, 130
IEA
The International Energy Agency is an autonomous intergovernmental organization established in
1974 in the wake of the 1973 oil crisis. The IEA acts as a policy adviser. The Agency’s mandate
has broadened to focus on: energy security, economic development, and environmental protection.
The latter has focused on mitigating climate change. 37
IEC
International Electrotechnical Commission (standards organization). 9–12, 23, 29, 32, 42, 44, 52,
55, 56, 58, 59, 61, 63, 68, 73, 85, 93, 110, 129, 135
IP
The ingress protection code classifies and rates the degree of protection provided against intrusion,
dust, accidental contact, and water by mechanical casings and electrical enclosures. It is regulated
by the IEC standard 60529. 23
IR
Infrared (electromagnetic spectrum). 9, 11, 16, 17, 27, 41, 48, 50, 77, 96, 97, 126, 132
ISET
Is the name of a solar radiation sensor produced by the company IKS-Photovoltaik. 107
ISO
International Organization for Standardization. It is an international standard-setting body composed of representatives from various national standards organizations. 41
J-box
The junction box is an enclosure on the module where the photovoltaic strings are electrically
connected. The external connectors or output interface of the module are also connected to the
junction box. 8, 23, 24, 37, 39, 50, 133
Kelvin sensing method
Also known as four-points method, it is an electrical impedance measuring technique that uses
separate pairs of current-carrying and voltage-sensing electrodes. Separation of current and voltage
electrodes eliminates the lead and contact resistance from the measurement. 13
LCPV
Low concentration photovoltaic refers to the low scale of light concentration (e.g., 2 to 10 times)
in the active area of a photovoltaic device. 127, 132
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LED
Light-Emitting Diode. 49
LID
Light Induced Degradation corresponds to the decrease in power caused by the exposition to
sunlight. 67
LSM
Laser Scanning Microscope. 17, 70
MBB
Multi Busbar is a cell-to-cell interconnection technology. 20, 84, 102
MENA
It is an acronym referring to the Middle East and North Africa region. MENA has no standardized
definition but most of the time, it includes countries from Morocco to Egypt and from Yemen to
Syria and sometimes Turkey and Sudan, among others 124
mono-Si
Monocrystalline silicon is the base material for silicon chips used in virtually all electronic equipment
today. It consists of silicon in which the crystal lattice of the entire solid is continuous, unbroken
to its edges, and free of any grain boundaries. 39, 51, 56, 64, 73, 75, 106–108, 112, 115
MOSFET
Metal–Oxide–Semiconductor Field-Effect Transistor. 12
MPP
The Maximum Power Point is the operative point of a photovoltaic device were its power output
is the maximum. 9, 11, 13, 43, 44, 47, 67, 77, 78, 97, 99, 110, 111, 118, 126
MPPT
A maximum power point tracker is usually an electronic system that seeks the power output of the
module allowing it to operate on its maximum, according to the circumstances. 23, 44, 112, 118
multi-Si
Multicrystalline silicon, also called polysilicon (poly-Si), is a high purity, polycrystalline form of
silicon. It consists of small crystals, also known as crystallites, giving the material its typical metal
flake effect. 16, 39, 51, 61, 85, 96–98, 101, 106, 107, 110, 112, 113, 115
MWT
Metal Wrap Through is a cell-to-cell interconnection technology. 22, 84
nc-Si
Nanocrystalline Silicon. 5
Neutral plane
In mechanics, the neutral plane or neutral surface is a conceptual plane within a beam or cantilever.
When loaded by a bending force, the beam bends so that the inner surface is under compression
and the outer surface is under tension. The neutral plane is the surface within the beam between
these zones, where the material of the beam is not under stress, neither compression nor tension.
32, 127
NMOT
The nominal module operating temperature is defined as the equilibrium mean solar cell junction temperature within an open-rack mounted module operating near peak power mounted in an
open rack (37 ± 5)° from the horizontal under air mass 1.5, module irradiance of 800 W m−2 , air
temperature of 20 ◦C, and wind velocity of 1 m s−1 . 12, 43, 44, 50, 53
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NOCT
The nominal operating cell temperature is defined as the temperature reached by open circuited
cells in a module mounted in an open rack (45 ± 5)° from the horizontal under irradiance on cell
surface of 800 W m−2 , air temperature of 20 ◦C, and wind velocity of 1 m s−1 . 12
OPV
Organic Photovoltaics. 42
P-V
Power-voltage (characteristic curve). 13
PECVD
Plasma Enhanced Chemical Vapour Deposition is a chemical vapour deposition process used to
deposit thin films from a gas to a solid state on a substrate. 96
PET
Polyethylene Terephthalate is the most common thermoplastic polymer resin of the polyester family.
29, 30, 42
PID
The Potential Induced Degradation is a effect in some photovoltaic devices that cause performance
degradation (power loss). 11, 27, 28, 32–34, 37, 51–53
PL
Photoluminiscence refers to the light emission from any form of matter after the absorption of
photons (photoexcitation). 15
POA
In photovoltaics, the Plane Of Array refers to a surface which has the same angle of elevation and
same azimuth as the modules under study. 90, 107
POE
Polyolefin Elastomer is a polymer showing viscoelasticity and very weak inter-molecular forces. In
photovoltaics, it is used as encapsulation material. 25, 27, 28, 32, 34, 35, 42, 56, 57, 61–65, 72,
73, 106, 107, 113, 114, 131
PSDA
From the Spanish Plataforma Solar del Desierto de Atacama. It refers to a site test on the Atacama
Desert, a place where technology related to solar energy is developed. 69, 70, 106, 109, 113–117,
121, 126, 128
PV
Photovoltaic. 1–7, 9, 11–13, 16–19, 21, 23–30, 32–35, 37–41, 43–53, 55, 59, 65, 68–73, 75–77,
81, 84, 85, 87, 90–92, 95, 100, 102, 105, 106, 108, 112, 121, 123–125, 127–133
PVB
Polyvinyl Butyral is a resin mostly used for applications that require strong binding, optical clarity,
adhesion to many surfaces, toughness and flexibility. 7, 25, 27, 35, 64, 131
PVDF
Polyvinylidene fluoride is a highly non-reactive thermoplastic fluoropolymer used in applications
requiring the highest purity, as well as resistance to solvents, acids and bases. Compared to
other fluoropolymers, like polytetrafluoroethylene (Teflon), Polyvinylidene fluoride has a low density
1.78 g/cm3 . 30
PVF
Polyvinyl fluoride is a polymer material mainly used in the flammability-lowering coatings of air-plane
interiors and photovoltaic module backsheets. A well known trade mark is Tedlar® of DuPont™.
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29, 30
PVPS
The Photovoltaic Power Systems Programme is one of the collaborative research & development
agreements established within the International Energy Agency (IEA). Its participants have been
conducting a variety of joint projects in the application of photovoltaic devices. 37
RH
Relative Humidity is the ratio of the partial pressure of water vapour to the equilibrium vapour
pressure of water over a flat surface of pure water at a given temperature. It is normally expressed
as a percentage; a higher percentage means that the air–water mixture is more humid. At 100%
relative humidity, the air is saturated and is at its dewpoint. 32, 53, 59, 65, 70
RTD
Resistance temperature detectors are sensors used to measure temperature. They usually consist
of a length of fine wire wrapped around a ceramic or glass core. The RTD wire is a pure material, typically platinum, nickel, or copper. The material has an accurate resistance/temperature
relationship which is used to provide an indication of temperature. 86, 106
R&D
Research and Development refers to innovative activities undertaken by corporations or governments in developing new services or products, or improving existing services or products. 3, 23
SnAgCu
Tin-Silver-Copper. 19
SnBiAg
Tin-Bismuth-Silver. 19
SnPbAg
Tin-Lead-Silver. 19
SnPb
Tin-Lead. 19
SMARTS
The Simple Model of the Atmospheric Radiative Transfer of Sunshine corresponds to a software
developed by Dr. Christian Gueymard, from the National Renewable Energy Laboratories (NREL).
It computes clear sky spectral irradiances (including direct beam, circumsolar, hemispherical diffuse,
and total on a tilted or horizontal receiver plane) for specified atmospheric conditions. 92
SolarChilD
It stands for Solar Collaboration between Chile and Germany and corresponds to a project of the
German Ministry of Education and Research (BMBF) under contract number 01DN14005. 183
Solder flux
Is a chemical cleaning agent, flowing agent, or purifying agent, used in both extractive metallurgy
and metal joining. 7, 106
STC
Standard Testing Conditions correspond to restrictions on certain parameters to evaluate a sample
under test. In photovoltaics, these conditions usually refer to a light intensity of 1000 W/m2 , with
a spectrum similar to sunlight hitting the Earth’s surface at latitude 35°N in the summer (airmass
1.5) and cell temperature being 25 ◦C. 9, 12, 43, 44, 49, 53, 75, 76, 81, 85–88, 92–94, 97,
100–102, 110, 112, 114, 115, 121, 127, 128, 130, 162
SWCT
Smart Wire Connection Technology is a cell-to-cell connection technology. 20–22, 84, 102
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TBM
Tilt mounted Bifacial photovoltaic Modules. 106, 108, 109, 121–126, 128, 131
TC
Thermal Cycling refers to an accelerated environmental ageing test that allows to queries failures
caused by recurrent temperature changes. 10, 22, 55–60, 72, 73, 85
TPO
Thermoplastic Olefin refers to polymer/filler blends usually consisting of some fraction of a thermoplastic, an elastomer or rubber, and usually a filler. Thermoplastic Olefin does not degrade
under solar ultraviolet radiation. 20
TPSE
Thermoplastic Silicone Elastomer. 28
TPT
Tedlar® -Polyester-Tedlar is a composite-layer film used as covering foil on the back of solar modules. It corresponds to the trade mark of polyvinyl fluoride made by DuPont™. 30, 42, 48, 57,
61–64, 75, 85, 100, 106–108, 113, 114, 124, 132
TPU
Thermoplastic Polyurethane is any of a class of polyurethane plastics with properties such as
elasticity, transparency, and resistance to oil, grease and abrasion. 25, 28, 35, 131
UL
Underwriters Laboratories is one of several companies approved to perform safety testing. 32, 55
UV
Ultraviolet. 9, 10, 14, 24–30, 34, 38, 39, 41–43, 53, 55, 63–68, 72, 73, 106, 112, 113, 129, 130,
132
VBM
Vertically mounted Bifacial photovoltaic Modules. 105, 106, 108, 109, 111, 118–128, 131
VIS
Visible light range of the electromagnetic spectrum. It ranges for wavelengths from 380 nm to
750 nm. 27, 41, 105
WVTR
Water Vapour Transmission Rate, also known as moisture vapour transmission rate, is a measure
of the passage of water vapour through a substance. The most common international unit for the
WVTR is g/m2 per day. 30, 34, 42, 61, 72
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Af

Acceleration factor for modelling a linear time relationship in accelerated tests. 55
αc t e

It corresponds to the coefficient of (linear) thermal expansion, α, for selected materials. 90
CAPEX

Capital expense, or capital expenditure, is the money a company spends to buy, maintain, or improve
its fixed assets, such as buildings, vehicles, equipment, or land. 124, 126
EQE

The External Quantum Efficiency is the ratio of the number of charge carriers collected by the
solar cell to the number of incident photons of a given energy. 14, 49, 65–67, 162
ERE

External Radiative Efficiency. 49
η

Solar cell efficiency. It corresponds to the ratio of energy output from the photovoltaic device to
input energy from the sun (under a certain area of interest). 11, 37
FF

Fill Factor is the ratio between the power at the maximum power point compared to the hypothetical
power as if the device had current and voltage equal to short circuit current and open circuit voltage
respectively. 11, 43, 58, 62, 78, 87, 88, 98, 112, 120
G POA

Corresponds to the irradiance measured on a surface which has the same angle of elevation and
same azimuth as the modules under study. 45, 90, 93, 107, 111
I0

The equivalent diode saturation current is part of the reverse current in a semiconductor diode
which is caused by diffusion of minority carriers from the neutral regions to the depletion region.
12
I MPP

Output current of a device at its maximum power point, measured in A. 11, 48, 76–78, 95, 98,
100, 110, 118
I Ph

It corresponds to the generated photocurrent. 11, 13
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I SC

Output current of a device in short-circuit mode, measured in A. 9, 11, 13, 28, 29, 39, 50, 53,
65–67, 72, 77, 109, 110, 112, 120
J SC

The output current density of a device in short-circuit mode, measured in mA/cm2 . 28
LCoE
The Levelized Cost of Electricity is an economic assessment to compare the cost of energy coming
from different sources. 37, 124–126, 128, 132
nD

Diode ideality factor, also known as the quality factor or sometimes emission coefficient. The
ideality factor mainly accounts for carrier recombination as the charge carriers cross the depletion
region, and it usually varies between 1 to 2. 12
OPEX

An operational expense, operating expenditure, operating expense, or operational expenditure, is an
ongoing cost for running a product, business, or system. Operating expenses include: accounting
expenses, license fees, maintenance and repairs, advertising, supplies, attorney fees and legal fees,
insurance, among others. 124
PFD

Photon flux density is a measurement of the number of photons passing through a particular area
per second. 49
pFF

The pseudo Fill Factor is similar to the fill factor but extracted from an current-voltage curve in
the absence of series resistance. 98
P MPP

Power of a device at its maximum power point, measured in W. 11, 38, 62, 67, 77, 88, 89, 97,
98, 101, 120, 161
PR

The Performance Ratio is a measure of the quality of a photovoltaic device that is independent of
location and it describes the relationship between the actual and theoretical energy outputs of the
device under study. 51, 110–112, 115, 130
RS

Series resistance, measured in Ω. In a solar cell it has three causes: firstly, the movement of
current through the emitter and base of the solar cell; secondly, the contact resistance between
the metal contact and the silicon; and finally the resistance of the top and rear metal contacts.
The main impact of series resistance is to reduce the fill factor, although excessively high values
may also reduce the short-circuit current. 11, 13, 18, 20, 44, 75, 77, 78
R Sh

Shunt resistance, measured in Ω. In photovoltaics, it is used to describe an undesirable short
circuit between the front and back surface contacts of a solar cell, which are usually caused by
wafer damage. 11, 77, 78
SR

The spectral response measures the current per unit of photonic energy at specific wavelength or
small wavelength intervals. It is usually measured in units of A W−1 . 11, 14, 41, 64, 65, 67
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VRRM

The maximum repetitive reverse voltage is a critical parameter in the choice of bypass diodes.
It is directly linked to the number of cells bridged by it. The bypass diode reverse voltage must
be greater than the maximum open circuit voltage of the solar panel divided by the number of
bypass diodes. Diodes with VRRM =45 V are the most widely used in junction boxes for photovoltaic
modules. 131
VMPP

Output voltage of a device at its maximum power point, measured in V. 11, 77, 81, 87, 95, 98,
100, 101, 110, 118
VOC

Output voltage of a device in open-circuit mode, measured in V. 9, 11, 13, 67, 77, 98, 109, 110,
112
wt

Is the mass fraction expressed as percentage by mass (or weight). It is one way of expressing the
composition of a mixture in a dimensionless size. 25
YI

Yellowness Index is a number calculated from spectrophotometric data that describes the change
in color of a test sample from clear or white to yellow. 34, 39
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