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Abstract

Selected results in modelling and numerical simulation of advanced solar cells
obtained by the Solar Energy Group from the Faculty of Applied Sciences
of PUB (SEG-FSA) are highlighted. The opportunities for PV development
together with the world PV market performances, relevant European PV
market features and the forecasts until 2018 are discussed.
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1 Introduction

The speed and scale of the current development of the photovoltaic (PV)
industry in the last 30 years is extremely surprising and remarkable [1]. It was
accompanied by the rapid dropping of the PV prices. The PV revolution has
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reflected the microelectronic revolution in several ways. One of its attractive
features is represented by the international contributions in PV industry and
technology. There is a fantastic leap between the first PV laboratories in
fundamental physics and chemistry from Europe since 60 years ago and
the modern industrial PV laboratories and manufacturing all over the world
(Europe, USA, Japan, China etc.). To understand how it was possible to reach
this impressive level of development, it would be necessary to consider the
talent of the researchers who succeeded to introduce lower cost abundant PV
materials, new methods of photon management, and new paradigms in PV
conversion.

Based on these ideas, the present paper was organized in the following
sections:

e Advanced Solar Cells Technologies

e Results obtained by the Solar Energy Group from the Faculty of Applied
Sciences of PUB (SEG-FSA)

e Modelling and Simulation for Advanced Solar Cells — Global Vision

e World PV Market Development

e High Opportunities for PV Development

e Relevant European PV Market in 2014

e Forecasts of PV in Europe until 2019

e Conclusions and Prospects

2 Advanced Solar Cells Technologies

According to the World Energy Vision 2100 recommended by German
Advisory Council on Global Change [2], Solar Photovoltaic electricity can
become a major source of energy with approx. 20% in 2050 and 70% in 2100
(see Figure 1).

The main performances of different types of solar cells including: conver-
sion efficiency, area, fill factor (FF) and main electric parameters (short circuit
current J5. and open circuit voltage V) are presented in the Table 1. We could
remark that compound multi-junction and concentrator solar cells together
with CdTe solar cells and CIGS (CulnGaSes) solar cells are expected to have
high efficiency. At the same time the development of heterojunction Si solar
cells with transparent conductive oxide layers has very good perspectives.

The cost drop of PV modules is essential for the implementation of large
scale photovoltaic systems. The comparison of PV module price for different
types of solar cells is presented in the Figures 2, 3 and 4.
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Figure1 Transforming the global energy mix: Reserve of primary energy by 2050/2100 [2].
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RENEWABLE POWER GENERATION COSTS IN 2014
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Figure 3 Cumulative global PV development and PV module prices, 2000 to 2014 [4].
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3 Selected Results Obtained by the Solar Energy Group
from University Politehnica of Bucharest, Faculty
of Applied Sciences (SEG-FSA)

The Solar Energy Group from the Faculty of Applied Sciences of University
Politehnica of Bucharest (SEG-FSA) developed contributions in electrical
and optical modelling and simulation of advanced solar cells, like: Multiple
Quantum Well Solar Cells (MQW), Dye-Sensitized Solar Cells (DSSC),
Polymer Solar Cells and Thin Film Solar Cells. In addition, forecasting
of photovoltaic systems by estimation of solar radiation has also been
studied.

3.1 Quantum Well Solar Cells (MQW)

3.1.1 New results in optical modelling of quantum well solar
cells — Silvian Fara, Paul Sterian, Laurentiu Fara, Mihai
lancu, and Andreea Sterian, International Journal
of Photoenergy, Volume 2012, DOI:10.1155/

2012/810801 [6]
This article brought further advancements to the quantum well solar cell
concept proposed by Keith Barnham [7].

(1) There were studied several MQW solar cells configurations for opti-
mized values of the optical parameters (reflectance, refraction index, and
absorption), so the conversion efficiency could be improved.

(ii) Although in our study, we have considered only rectangular quantum
wells, the hybrid model allows computing the levels of the quantum
well, regardless of its form.

(iii) It was evaluated the quantum well number effect over the refraction index
and reflection losses by evaluation of the optimal quantum well structure
number.

(iv) The proposal reflectance model could be used to determine the variation
effect of the quantum well number over the refraction index.

(v) It was developed an absorption coefficient model [8], in order to be used
for studying the simulation of the MQW solar cells [9].

(vi) It was obtained the internal quantum efficiency for the absorption process
between the confining levels [10].

(vii) The results generated by the model simulator are in agreement with the
experimental ones [11, 12].
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3.1.2 Quantum mechanical effects analysis of nanostructured
solar cell model — Andrei Badea, Florin Dragan, Laurentiu
Fara and Paul Sterian, Proceedings WREC 2015, Journal
of Renewable Energy and Environmental Sustainability,
1,3,2016, DOI: 10.1051/rees/2016003 [13]
The quantum mechanical effects resulted from the inclusion of nanostruc-
tures, represented by quantum wells and quantum dots, in the i-layer of an
intermediate band solar cell are analysed.

(i) The role of these specific nanostructures in the increasing of the solar
cells efficiency is discussed [14, 15].

(ii) Following the placement of InAs quantum wells in the i-layer of a GaAs
p-i-n cell, there are analysed the quantum confined regions and deter-
mined the properties of the eigenstates located therein.

(iii) The electroluminescence that occurs due to the nanostructured regions is
simulated and discussed [16].

3.2 Dye-Sensitized Solar Cells (DSSC)

3.2.1 Numerical Procedure for Optimizing Dye-Sensitized Solar
Cells — Mihai Razvan Mitroi, Laurentiu Fara and Magdalena
Lidia Ciurea, Journal of Nanomaterials, Volume 2014,
Article ID 378981, 6 pp, http://dx.doi.org/10.1155/2014/
378981 [17]

A numerical procedure consisting of a simplified physical model and a

numerical method with the aim of optimizing the performance parameters

of dye-sensitized solar cells (DSSCs) are proposed [18, 19].

(1) It is calculated the real rate of absorbed photons (in the dye spectral
range) Greal(z) by introducing a factor 8 < 1 in order to simplify the
light absorption and reflection on TCO electrode.

(i1) The proposed numerical procedure is applied on a classical DSSC based
on Ruthenium dye in order to validate it [20].

(ii1) There are simulated the I-V characteristics and calculated the main
parameters: short-circuit current density Js., open circuit voltage Vi,
fill factor FF, and power conversion efficiency 7.

(iv) There are analysed the influence of the nature of semiconductor (TiO3)
and the influence of different technological parameters on the perfor-
mance parameters of DSSCs.
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(v) The proposed numerical procedure is suitable for developing a numerical
simulation platform for improving the DSSCs performance by choosing
the optimal parameters.

3.2.2 Optimization of black dye-sensitized solar cells by
numerical simulation — Mihai Razvan Mitroi and Laurentiu
Fara, Journal of Renewable Sustainable Energy 5, 041818
(2013); http://dx.doi.org/10.1063/1.4817719 [21]

The numerical simulation of the physical parameters for dye-sensitized solar

cells with black dyes was considered based on a new optimizing procedure.

(1) It is used a new procedure for optimizing established by Mitroi et al.,
which describes DSSC operation and focuses on the influence of oxide
or semiconductor parameters, namely the thickness and lifetime, on the
solar cell characteristics.

(i1) This model is successfully applied to a DSSC based on nanoporous TiO2
layer coated with a monolayer of black dyes. The I-V characteristic of
DSSC was numerically simulated, and its main parameters, Js. (short-
circuit current density), V. (open circuit voltage), FF (fill factor), and n
(efficiency) were determined [22].

(iii) Based on the influence of the TiO9 film thickness, d, over the cell para-
meters, the optimal film thickness d = 10 wm was determined. For this
optimal film thickness, Js. and 7 reach their maximum values of 19.699
mA/cm? and 14.289%, respectively [23]. A suitable film thickness of
10-50 wm for TiO9 layer was found in a way in which both J,. and 7 are
decreasing with the increasing of thickness [24, 25]. It was established
that J. and 7 significantly decrease when the lifetime 7 increases up to
100 ms. The simulation results can be used to optimize the manufacturing
process of black dyes solar cells.

3.2.3 New materials for hybrid dye-sensitized solar cells — Aurel
Diacon, Laurentiu Fara, Corneliu Cincu, Mihai Razvan
Mitroi, Catalin Zaharia, Edina Rusen, Cristian Boscornea,
Constantin Rosu, Dragos Comaneci, Optical Materials,

Vol. 32, pp. 1583-1586, Oct. 2010,
DOI:10.1016/j.optmat.2010.06.003 [26]

This article deals with the synthesis and characterization of new phtalocya-

nine based chromophores and new electrolyte for the fabrication of hybrid
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dye-sensitized solar cells (hybrid DSSCs). This type of photovoltaic cells is
not presented so far in the literature.

(i) There were obtained and characterized by SEM and XRD analysis porous
nanostructurated films of TiO2. These films were used for the depositions
by self-assembly on the surface of photochemical resistant dyes who
serve as sensitizers for the solar cell. The fluorescence characteristics of
the dyes were investigated [27].

(i1) In order to obtain a new design for a hybrid dye-sensitized solar cell,
a polymer with enhanced mobility based on quaternary salts was syn-
thesized and used to replace the classic electrolyte system; this kind of
polymer has not been mentioned in the literature so far for the obtaining
of DSSC.

(iii) Considering the solar cell as a diode, it is known that the series resistance
of the diode junction depends on the technological process. This fact is
very important during simulated solar irradiation when the photocurrent
of the solar cell is high. Its change leads to the variation of the cell
parameters V. and Js., which explains the time degradation of the solar
cells [28].

(iv) PbS and CdS nanoparticles were chemically generated in the presence
of the polymer solution. The best results were obtained in the case of
CdS where the dimension of the generated nanoparticle was 10 nm.
The performance of quantum dots based photovoltaics is dramatically
influenced by dimension, respectively dispersion of these nanoparticles.

3.3 Polymer Solar Cells

3.3.1 Numerical analysis of J-V characteristics of a polymer
solar cell — Mihai Razvan Mitroi, Vladimir lancu, Laurentiu
Fara, Magdalena Lidia Ciurea, Progress in Photovoltaics,
Vol. 19, Issue 3, pp. 301-306, May 2011, DOI:
10.1002/pip.1026 [29]

A numerical method to determine the cell parameters from the analysis of the

I-V characteristics of a polymer solar cell is proposed. This method uses the

equations given by the diode model, experimental data from the literature, and

an adequate fitting procedure with seven fit parameters [30, 31].

(i) The behaviour of a polymer solar cell was discussed by applying
a numerical analysis method to experimental data from literature.
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The Rosenbrock quasi-Newton estimation method for the fitting of the
data and a dedicated program were used.

(i1) This original procedure allows to determine all the main parameters of the
cell: the saturation current density Js, the series and derivation (parallel)
linear resistances Rq and R, the idealist factor g, the pair generation
rate G, the built-in voltage Vy,;, the short-circuit current density Jg., the
open-circuit voltage V., the fill factor FF and the conversion efficiency 7.

(iii) These parameters describe both the physical nature of the active layer
and the technological characteristics of the cell. The used procedure also
enables to determine the influence of the different parameters on the
total current density, the fill factor and the most important, the power
conversion efficiency [32]. The procedure is complete and of general
application in the field of polymer solar cells.

3.4 Thin Film Solar Cells

3.4.1 Optical field characterization of simulated multilayers for
advanced inorganic thin film solar cells — Constantin
Dumitru, Vlad-Florin Muscurel, Laurentiu Fara and Paul
Sterian, Proceedings WREC 2015, Journal of Renewable
Energy and Environmental Sustainability, 1, 3, 2016
(to be published) [33]

An analysis of optical processes (reflectance and absorption) was conducted

for advanced thin film solar cells based on cadmium and metal oxides, in order

to evaluate and improve the optical performance [34].

(i) This is considered as an emerging technology in multilayer stacks for
optical performance evaluation. Using a comparative analysis with metal
oxide heterojunction, by the optical field characterization, it has been
demonstrated that the metal oxide and silicon tandem design could be
viable.

(i1) Optical modelling was performed on cadmium thin film solar cells as
well as metal oxides based on silicon heterojunction tandem devices for
their characterization.

(iii) The assessment has been made for the light interference and absorption
spectra, as a basis, with the generation rate and E-field intensity derived
as means of optimization.

(iv) The simulation methodology could be used for optical performance
optimization, by comparison with experimental data [35, 36].
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3.5 Forecasting Photovoltaic System Output

3.5.1 New results in forecasting of photovoltaic systems output
based on solar radiation forecasting — Alexandru Diaconu,
Laurentiu Fara, Blanka Bartok, Andrei Galbeaza Moraru,
Cristian Oprea, Paul Sterian, Journal of Renewable and
Sustainable Energy 08/2013; 5(4),
http://dx.doi.org/10.1063/1.4819301 [37]

The approach on solar radiation forecast used in this paper is based on two

methods: autoregressive integrated moving average (ARIMA) and artificial

neural network (ANN) [38, 39].

(1) The daily solar irradiation variability has been analysed and four synoptic
situations were defined to include the influence of cloudiness changes.
Decadal variations of global solar radiation were also considered for
long term forecast. The results were obtained using a database from
Bucharest/Afumati Meteorological Station.

(i) A more accurate forecasting model for a PV system’s power output
based on solar radiation forecasting results was developed [40, 41]. By
using complete datasets and including meteorological parameters such
as cloudiness, relative humidity, air temperature, atmospheric pressure,
and sunshine duration, as input for the used model, the forecasting errors
were minimized and a more accurate forecast of the power output for the
analysed demo PV system has been obtained.

3.5.2 Forecasting platform of PV systems based on statistical
approach — Alexandru Diaconu, Laurentiu Fara,
Blanka Bartok, Paul Sterian, Silvian Fara, Proceedings
WREC 2015, Journal of Renewable Energy
and Environmental Sustainability, 1, 3, 2016
(to be published) [42]
This paper analyses the daily irradiation variability, as well as other meteoro-
logical parameters which could affect the PV power output.

(i) The statistical approaches used in order to forecast the surface solar
radiation are the Autoregressive Integrated Moving Average (ARIMA)
and the Artificial Neural Network (ANN) models [43, 44], on available
datasets from ANM (National Administration of Meteorology, Baneasa
Meteorological Station) and also from the investigated PV park’s weather
stations.
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(i) To have a better understanding of the effect of different surface solar
radiation forecasting methods on PV output, the PV park’s operating
parameters have also been analysed. The tests had been done in a certain
period of time to see the differences in PV power output using various
surface solar radiation forecasts; thus it have been determined a correct
balance of how this forecasts will affect the final output. The power
output was generated taking into consideration the best estimated results
compared with the power generated onsite.

3.5.3 BIPV (Building Integrated Photovoltaic) systems in
Romania. Monitoring, modelling and experimental
validation — Alexandru Diaconu, Laurentiu Fara, Paul
Sterian, Silvian Fara, Andreea Bobei, Andrei Galbeaza
Moraru, Journal of Optoelectronics and Advanced
Materials, Vol. 15, No. 1-2, January—February 2013,
pp. 125-130 [45]

The study is dedicated to the performance analysis of a BIPV (Building

Integrated Photovoltaic) system developed in Romania and mounted on the

building of the Polytechnic University of Bucharest (PUB) [46]; such systems

highly depend on the fluctuation of incoming solar radiation reaching the PV
system’s surface.

(1) The estimation of the energy production of the BIPV system, on a short
term period (two days), is considered as the main objective of the article.

(ii) Short-term solar irradiation forecasts are elaborated in two ways, based
on the meteorological experimental datasets. First, forecasting tests are
run using Autoregressive Integrated Moving Average (ARIMA) models.
Second, artificial neural network (ANN) techniques are also evaluated in
order to enhance the forecasts of solar irradiation.

(iii) The validation of the obtained results by real measurements determines
the error range of the forecasted values quantified by the root-mean-
square error (RMSE), as well as an estimation of energy production
between forecasted and measured values.

4 Modelling and Simulation for Advanced Solar Cells -
Global Vision

The book ‘“‘Advanced Solar Cell Materials, Technology, Modelling, and
Simulation”, Laurentiu Fara and Masafumi Yamaguchi (editors), published
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by IGI Global(USA), 2013 [1], could be considered as a precursory contribu-
tion to the MultiscaleSolar COST project (2015-2019) and a trial to introduce
a global vision in modelling and simulation of advanced solar cells.

Four generations of solar cells have been developed until now. The third
and fourth generations of solar cells are potentially able to overcome the
Shockley-Queisser conversion efficiency of 31% at l-sun and 41% under
concentration for single bandgap solar cells [47].

Limiting efficiencies are expected to be 28.9%, 23.5%, 23.5%, 17.5%,
and 16% for crystalline Si, thin-film Si, CIGS as well as CdTe, dye-sensitized
and organic solar cells, respectively. On the other hands, because 41.6%
efficiency has been realized with concentrator InGaP/InGaAs/Ge 3-junction
solar cells, concentrator 4-junction or 5-junction solar cells have great potential
for realizing super high-efficiency of over 50%. At the same time, in order
to to overcome conversion efficiency limitations, developing new types of
solar cells based on new materials and new concepts is very important. Third-
generation solar cells include both multi-layered/multi-junction solar cells and
intermediate bands, hot-carrier solar cells. Realistic conversion efficiencies
obtained for solar cells by using the above concepts could be less than
55% by considering possible efficiency based on the realistic multi-junction
(tandem) concept. However, further R&D for new materials and new concepts
is necessary to challenge to overcome the Shockley-Queisser limit.

The book is dedicated especially to the third generation of solar cells [48]
and it is structured on five sections, namely:

e Section 1: Basic Topics: Chapter 1, “New Trends in Solar Cells,” and
Chapter 2, “Physical Limitations of Photovoltaic Conversion”.

e Section 2: Quantum Well Solar Cells: Chapter 3, “Quantum Well
Solar Cells: Physics, Materials, and Technology,” Chapter 4, “Quantum
Confinement Modelling and Simulation for Quantum Well Solar Cells,”
Chapter 5, “Analytical Models of Bulk and Quantum Well Solar Cells
and Relevance of the Radiative Limit”.

e Section 3: Hybrid and Polymer Solar Cells: Chapter 6, “Hybrid Solar
Cells: Materials and Technology,” Chapter 7, “Polymer Solar Cells,”
Chapter 8, “Organic Solar Cells: Modelling and Simulation”.

e Section 4: High Efficiency Solar Cells: Chapter 9, “Super High
Efficiency Multi-Junction Solar Cells and Concentrator Solar Cells,”
Chapter 10, “Quantum Dot Solar Cells,” Chapter 11, “Intermediate
Band Solar Cells: Modelling and Simulation,” Chapter 12, “Phononic
Engineering for the Hot Carrier Solar Cells”.
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e Section 5: Luminescent Solar Concentrators: Prospects and Strate-
gies for Advanced Solar Cells: Chapter 13, “The Luminescent
Solar Concentrator: Advances, Optimization, and Outlook, Chapter 14,
“Prospects and Strategy of Development for Advanced Solar Cells”.

This special book looks for to present the main results obtained by interna-
tional research regarding materials, technology, modelling, and simulation
of different types of advanced solar cells. There are simulated the essential
mechanisms using fundamental models of advanced solar cells, in order to
understand better these mechanisms and to evaluate new methodologies.
New materials, concepts and devices are considered. The book stressed on
innovative approaches in photovoltaics using quantum confinement, as well
as light and thermal management.

In order to overcome clean energy supply problems due to possible nuclear
power plant crises, further deployment of PV power generating systems as well
as further development in science and technology of PV are very important.
Very large scale installation of PV power generating systems and further
improvements in conversion efficiencies and reliability and lowering the cost
of solar cells and modules are necessary.

5 World PV Market Development

5.1 World Market Performances for 2014

In the world, 40 GW of PV systems were installed in 2014, compared with
38.4 GW in 2013 and 30 GW in 2012, setting a new record for the solar PV
sector; PV remains, after hydro and wind power, the third most important
renewable energy source in terms of globally installed capacity [49, 50]. This
level of installations has been achieved due to:

o the growth of Asian and American markets;
e the emergence of new markets.

e China officially installed 10.6 GW of PV in 2014, with strong
political support and feed-in tariffs based policies.

e Japan installed 9.7 GW of PV in 2014, based on feed-in tariffs
policies and self-consumption measures.

e US installed 6.5 GW in 2014; California contributed to more than
50% of all US solar PV installations in 2014.

e UKinstalled 2.4 GW in 2014, based on a combination of incentives.

e The PV market in Germany decreased to 1.9 GW installed in 2014
with reduced incentives.
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e France installed more than 900 MW in 2014.

e Korea, Australia and South Africa installed each roughly 900 MW
in 2014.

e Canada, Taiwan, Thailand, Netherlands and Chile installed each
close to 500 MW in 2014.

All these evaluations mark a progress in all regions of the world.

5.2 The Main PV World Market Features in 2014

e [ncreasing competitiveness

PV markets in Europe and around the world continued to make rapid progress
toward competitiveness in the electricity sector in 2014. Strong PV technology
price decreases and electricity prices on the rise have helped drive momentum
toward “dynamic grid parity” — when the savings in electricity cost and/or
the revenues generated by selling PV electricity on the market are equal to or
higher than the long-term cost of installing and financing a PV system.

o The market in Europe slowed down in 2013 and this trend continued in
2014.

However Europe is still the predominant player, with more than 88 GW
installed at the end of 2014. The 2014 solar PV markets showed a perfect
balance between utility scale installations and distributed ones.

e PV —an important factor in the electricity mix

For the fourth year in a row, PV in 2014 was amongst the two most installed
sources of electricity in the European Union. While wind energy exceeded
PV in 2013 by some hundreds of MW, these two sources of electricity are the
clear leaders of new generation sources of installations. PV now covers 3% of
the electricity demand and 6% of the peak electricity demand in Europe. As
the share of PV in the electricity mix increases, grid and market integration
challenges are becoming more and more important for the future development
of PV.

6 High Opportunities for PV Development

The main high opportunities for PV development are put in evidence by the
international research [51] and could be considered as follows:

e Reliable solar radiation database to make smart forecasted PV output
o PV performance modelling — spectral corrections
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e Bonding and sealing technology —new adhesive solutions for PV modules

e Development of PV ribbon products

e Progressive integration of PV systems in electricity market to maintain
the grid stability

6.1 Reliable Solar Radiation Database to Make Smart
Forecasted PV Output

Sandia National Laboratories is facilitating a collaborative group of PV
professionals (PV Performance Modelling Collaborative or PVPMC) [51].
This group is interested in improving the accuracy and technical rigor of PV
performance models and analyses. Solar radiation databases and important
weather data that could influence the PV forecasted output could be found in
some of the most important platforms, such as:

o EUMETSAT - is an intergovernmental organisation and was founded
in 1986. Our purpose is to supply weather and climate-related satellite data,
images and products — 24 hours a day, 365 days a year — to the National
Meteorological Services of our Member and Cooperating States in Europe,
and other users worldwide.

e The SODA service — is a broker to a list of services and web services.
It offers a one-stop access to a large set of information relating to solar
radiation and its use. This is an Intelligent System (SoDa-IS) that builds links
to other resources that are located in various countries [52].

o ECMWEF — The European Centre for Medium-Range Weather Fore-
casts is an independent intergovernmental organization supported by 34 states.
ECMWEF is both a research institute and a 24/7 operational service, producing
and disseminating numerical weather predictions to its Member States. This
data is fully available to the national meteorological services in the Member
States.

6.2 Spectral Corrections for PV Performance Modelling

Solar spectral irradiance variation has a demonstrated effect on photovoltaic
device performance. The significance of the effect with respect to energy yield
has been shown to be technology-specific, through device spectral response,
and site-specific, since spectral variation depends on atmospheric path length
and cloud cover.

The performance of a PV module is rated at Standard Reporting Conditions
(SRC). However, PV modules perform under a variety of conditions where
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the spectral distribution varies from the ASTM spectrum. Spectral distribution
is primarily influenced by the path length through the atmosphere and the
amounts of atmospheric water vapour and aerosols. These factors cause
diurnal, seasonal, and geographic variations in spectral distribution that can
increase or decrease Is.. Variations in spectral distribution are more likely to
impact the performance of PV modules that respond to a narrower wavelength
range of solar radiation, such as amorphous silicon, than those that respond to
a wider wavelength range of solar radiation, such as crystalline silicon [53].
Various approaches for correcting variations in spectral distribution have
been completed. Some of the most important are (1) Empirical relationships
based on air mass or path length through the atmosphere, and (2) Use of
spectral irradiance models with PV module spectral response data [54].

6.3 Bonding and Sealing Technology — New Adhesive
Solutions for PV Modules

Because the market conditions put pressure on the entire photovoltaic installa-
tion, efforts are being made for developing new processes for optimization and
installation to reduce the costs. This also leads to new materials and methods
that have to be implemented into production and installation.

There are a number of features that new adhesive and sealants are currently
researched to be developed, leading to lower production costs and higher
efficiency. For example, Sika Corporation is adding value to their products by
implementing the following benefits to their products [55].

Table 2 Features and benefits in using new bonding and sealing technology
Benefits for the

Adhesive Features Photovoltaic System
Substrate-friendly =~ e Absorbs shocks and reduces o Eliminated stress peaks for
vibrations reduced glass breakage
joining method e Optimal load distribution e Dimished formation of micro
across the surface cracks in cells
e Accomodates the different e Higher yield over service life

thermal expansion coefficients e Withstands all climatic zones
of the construction and glass

e Compensates for e Simplified automation and
manufacturing tolerances fewer upstream process steps
e Bonding of finished materials e No damage to corrosion
e.g., aluminum — glass) protection as a result of

drilling or screwing

(Continued)
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Table 2 Continued

Benefits for the

Adhesive Features

Photovoltaic System

Scope for design o

Concealed bonding makes for
smooth, barrier-free surfaces

Elimination of frames or
mechanical fixing
Increased self cleaning of
modules for higher yield

e Weight reduction e Appeal for BIPV solutions
e Lower transport costs
o Simplified installation
e Wider range of applications
Dynamic load o Wind and other loads can he e [ess glass breakage and fewer
capacity transferred evenly into the sub micro-cell cracks
construction e Improved long-term durability
e Reduced operating costs
e Less maintenance work
Product e Different curing speeds and e Curing speed fits the process
performance technologies available to eliminate curing zones

Widely approved (e.g., IEC
61215/61646/61730, EOTA
ETAG 002, UL 94/764)

Moisture independent curing
possible

Secured system durability and
performance

Table 3 Key system benefits

Reduced costs in production and

installation

e Savings in costs of up to 15% compared o
to common framing and installation

systems

e Reduced installation time on-site of up

to 40%

Increased durability and performance

Reduced glass breakage through
elimination of stress peaks

e Minimized micro cracks on cells due

to stress distribution simply higheryield

over service life

e Savings in backrail material of up °
to 15% compared to tape solutions

e Value added through mounting
integration, new designs for BIPV °
and architectural appeal

e Elimination of electrical grounding

e Minimized material handling compared °
to clamping

Elimination of raised edges from frames
that trap dirt, snow or water which harm
the laminate and reduce the power output
Structurally bondedwith an adhesive
technology which meets stringent
durability requirements

Simplified tolerance compensation

of bonded components

The company is also introducing a different way to mount the photovoltaic
modules by moving from frames and mechanical mounting, to a bonded
frameless mounting solution that has the following advantages [55].
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6.4 Development of PV Ribbon Products

One of the most important components of the PV system design is represented
by the PV ribbon products. Efforts are made for producing more efficient solar
tabbing and bus wire to help obtain the highest efficiency possible. The latest
technology developed by Ulbrich Solar Technologies, consists in a innovative
grooved solar cell tabbing ribbon, that increases the efficiency of a solar
module by reflecting light back onto the surface of the cell. This grooved
ribbon replaces the traditional wire that connects solar cells together. Eighty
percent of the photocurrent from light that strikes the ribbon is recovered-far
better than the 5% recovered by standard interconnects wire. The recaptured
light creates up to a 2% module efficiency gain. In addition to tinned copper
wire, Ulbrich also manufactures silver plated copper, aluminium alloys, hybrid
alloys and metal substrate materials [56].

6.5 Progressive Integration of PV Systems in Electricity
Market to Maintain the Grid Stability

The subject of grid integration coupled with renewable power generation
is playing an increasingly important role. The optimum integration of the
decentralized and variable power generation capacity of PV systems into the
existing distribution grid (designed for unidirectional flows of power) is as
crucial as it is pressing for that very reason.

There are already progressive approaches for the optimum grid integration
of renewable power generation capacity that go beyond both directives:
Comprehensive energy management at the household level, the incorporation
of solar radiation forecasts, and the use of local storage systems are paving
the way to the intelligent grid, the “smart grid”. SMA is also committed to
this field? with the development of the innovative Sunny Home Manager, the
collaboration with PV forecast services, or the advancement of the proven
Sunny Backup system for a grid-connected storage solution [57].

7 Relevant European PV Market in 2014

The relevant market combines the product market and the geographic market.
Photovoltaics had showed an aggressive grow, however, political support
differs from one country to another. Reasons could be some of the following:

e The overall decline in Europe’s PV market in 2013 hides various realities
at national level
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e The development until 2014 was accompanied by a progressive evo-
Iution in market dynamics, with PV in 2014 becoming increasingly
self-sustainable in several market segments and countries.

e The competitiveness of PV installations not only depends on the ability
of PV to reduce electricity bills, but also to sell excess electricity on
the markets. Several countries took retrospective measures that reduced
the revenues of existing PV plants in the last few years (Spain, Czech
Republic, Bulgaria and Greece), damaging the attractiveness of PV as a
long-term investment.

e For the second time in the last years, the installations in Germany went
down to 3.3 GW. Germany saw four consecutive years with a roughly
stable 7.4—7.6 GW of connections, leading to a total installed capacity in
the country of a record 35.7 GW. However, regulatory changes pushed
the market down.

e With close to 90 GW of PV capacity in European countries, the 2020
targets defined in 2009 have been reached in 2014 by 9 countries [58],
6 years ahead of the target date.

The evolution of European PV installed capacity in the period 2000-2014
is presented in Figure 5 [49]. Distribution per country of annual installed
capacity, cumulative installed, as well as political support for PV, is empha-
sized in Table 4 [50].
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Figure 5 Evolution of European solar PV cumulative installed capacity 2000-2014 [49].
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Table 4 European solar PV market and prospects [50]

Cumulative

Installed

Capacity Political Support
Country 2014 MW DC) Prospects
Austria 767 political support works well
Belgium 3.104 political support works partially OK
Bulgaria 1.022 drastic measures regarding political support
Croatia 33 political support works partially OK
Cyprus 65 political support works partially OK
Czech Republic 2.134 drastic measures regarding political support
Denmark 608 political support works well
Estonia 0.2 political support works partially OK
Finland 11.2 political support works well
France 5.632 political support works partially OK
Germany 38.235 political support works partially OK
Greece 2.596 political support works partially OK
Hungary 80 political support works partially OK
Ireland 1.1 political support works well
Italy 18.313 political support works partially OK
Latvia 1.5 political support works partially OK
Lithuania 68 political support works partially OK
Luxembourg 110 political support works well
Malta 23 political support works partially OK
Netherlands 1.042 political support works well
Poland 34 drastic measures regarding political support
Portugal 414 political support works partially OK
Romania 1.223 political support works partially OK
Slovakia 524 political support works partially OK
Slovenia 256 political support works well
Spain 5.388 drastic measures regarding political support
Sweden 79 political support works well
Switzerland 1.046 political support works well
Turkey 58 political support works well
United Kingdom 5.230 political support works well

8 Forecasts of PV in Europe until 2019

The European market would first grow between 7 GW (low scenario) and 11
GW (high scenario) in 2015, before increasing again at a slower pace with
installations ranging between 6 GW in 2015 and 17 GW (expected) in 2019
(see Figure 6) [50].
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Figure 6 European annual solar PV market scenarios until 2019 [50].

e According to the high scenario, the European market could reach a total
installed capacity of 158 GW by 2019, an almost 80% market increase
compared to today.

o In the low scenario, the total installed capacity would be above 120 GW
by 2019.

e In the medium scenario, the total installed capacity would be roughly
140 GW by 2019.

9 Conclusions and Prospects

After many years of growth and innovation, the PV industry is again going
through a challenging period, with shifting market dynamics and a different
geographical focus. In Europe, changing political support has created a climate
of uncertainty that will hamper the re-development of the PV market. But
outside Europe, the potential for growth remains intact and the various projects
appearing in dozens of countries could transform into real market take-off.
Going forward, the key issues that will play a role in determining how market
evolution takes place include:

e Policy: The PV market remains in most countries a policy-driven market,
as shown by the significant market decrease in countries where harmful
and retrospective political measures have been taken. However, with the
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right decisions creating smart and sustainable support schemes for PV,
markets can continue to grow in a number of countries.

e Competitiveness: In some countries in some segments, PV is already
competitive with other power sources in terms of levelled cost of electric-
ity. In other countries, it is rapidly moving towards cost-competitiveness.
Grid and market integration challenges should be addressed without delay
in order not to further hamper future PV development.

e Industry consolidation: With a global PV modules overcapacity that
is less acute than one or two years ago, prices have stabilised in 2014
and the return to profitability should allow companies to invest again.
This could in return lead to prices of new technology declining in the
coming years and new markets opening for PV. The enormous potential
of solar PV and its benefits for society are very obvious. PV is becoming a
mainstream player within the power system. Under all scenarios, PV will
continue to increase its share of the energy mix in Europe and around the
world, increasingly delivering clean, safe, affordable and decentralised
electricity to people.
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