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Increasing energy demand has created the challenge of supplying safe, economical,
and durable energy with minimal impact on the environment. Therefore, governments
have developed and executed several strategies such as increasing efficiency in
energy systems in addition to replacing existing sources with renewable energies. One
of the most important renewable energy sources that have a competitive advantage
compared with other resources is solar energy and its related technologies. However,
development of this technologys, its related products, and their competitiveness in the
market has created a plethora of challenges. In this study, the focus is on the analysis
of photovoltaic technology development in the context of different technology
generations. The S-shape curve of each generation and sub-technologies of photovol-
taic is designed and analyzed. Results show that the first generation of photovoltaic
technology is in growth and early maturity stage. The second generation is also in
growth stage, but the third generation is mainly in the introduction stage. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4952763]

1. INTRODUCTION

Global demand for energy is increasing. To effectively meet future energy demand, secu-
rity and reliability of energy should be improved and alternative energy sources should be
developed. An effective way to meet this demand is the utilization of renewable energy sources.
Developing and using renewable energy sources can increase diversity of energy sources in the
energy markets.'

Among the renewable energy sources to be exploited on a commercial scale, solar energy
has an important role.> According to research, solar energy has a potential to supply whole
human energy needs in the world. This source is useable via technologies such as photovoltaic
panels (PV), concentrating solar thermal power (CSP), and concentrated photovoltaic (CPV).?

Despite the importance of solar energy utilization, the development of products and tech-
nologies related to this energy comes with many challenges. The challenges are mostly related
to the complexity and efficiency of the utilization of the technologies.'”'® However, develop-
ment of new solar technologies and products has grown faster in recent years, leading to a
shorter life cycle for older technologies, difficulty for older technologies to maintain market
share and less product success in the market. Therefore, due to the high competitiveness of so-
lar technology alternatives, such as fossil fuels and alternative renewable, the success of the so-
lar products and their position in the markets have faced challenges.*
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One of the important solar energy utilization technologies is photovoltaic. This technology
is divided into different generations and sub-technologies. This research focuses on monitoring
and analyzing photovoltaic technologies based on the Technology Life Cycle (TLC) approach.
This approach helps the researchers to understand the technology development trends and pre-
dict the future of the technologies and sub-areas. The diagrams are based on the patent analysis
registered in the international patent organizations. The patent trends show how a technology is
growing or declining. It helps policy makers allocate their budgets and priorities on research
with high efficiency and based on market demand.

The work starts with an overview on the importance of renewable energy sources and tech-
nologies. Subsequently, the concept of product development and technology life cycle is
reviewed, followed by the introduction of the main technologies of each photovoltaic genera-
tion. Finally, by using the patent analysis method, the status of each photovoltaic technology
generation is analyzed and the future of the technologies is drawn.

Il. LITERATURE REVIEW
A. Importance of energy and renewable sources

Energy is an important factor for achieving economic development and social welfare.’
Fossil fuels still cover more than 80% of the world primary energy supply. Increase in energy
prices, volatility and uncertainty in supplying energy, and political factors are some of the chal-
lenges that increase the risks of energy security.'® Utilization of alternative renewable energy
sources is one of the solutions to maintaining competitive advantage and economic growth,
while ensuring energy supply and improving economic and environmental sustainability.®>

The potential of renewable energy sources is enormous and can meet the world energy
demand. Due to the limitations, supply risks, and environmental effects of fossil fuels, the utili-
zation of renewable energy technologies, in particular, sources such as solar and wind power
have been the subject of much interest within governments and policy makers. Given the devel-
opments of renewable energy technologies, the market opportunities of renewable energy prod-
ucts and services have been rapidly increasing and the advantages have been established for
emerging renewable energy markets.

B. Overview of the photovoltaic technology

Two of the main solar energy technologies are CSP (Concentrated Solar Panels) and PV
(photovoltaic solar cells). The focus of this research is photovoltaic technology. Photovoltaic
panels (PV) are the devices that directly convert solar radiation into electricity using the photo-
voltaic effect.?

Based on the European Photovoltaic Industry Association (EPIA), solar PV systems
capacity will reach 688 GW by 2020 with annual investment worth 620 x 10” euros between
now and 2020. It is a technology that over a billion people will use and 3.62 x 10° job oppor-
tunities will be created until 2020. The global capacity of solar PV facilities was around
16.5GW in 2010. The International Energy Agency (IEA) expects solar energy to supply 11%
of global electricity and 20% of global energy by 2050. This means solar energy plays an im-
portant role in the future of energy, so it would be the first choice for the governments and pri-
vate companies in the solar-rich countries.’

From a technological perspective, PV is divided into three generations: the first generation
of solar cell technology which is fully commercialized. It is the technology of crystalline silicon
(c-si) semiconductors used in both single crystal (sc-si) and multi-crystalline (mc-si). Single
crystals are typically used and hold about 80% of the PV market. Maximum efficiency of mono
crystalline silicon solar cells under standard conditions is about 23%, but the highest efficiency
recorded was 24.7%.Due to the high cost of single crystalline production, manufacturers turned
to multi-crystalline cell. Semiconductor polycrystalline silicon (pc-si) is a good material to
reduce the cost of solar cells that are being developed. However, its efficiency compared to
single-crystal cells and other developing materials is less.
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The second generation of solar cells that currently has been expanded on the market is
based on a “thin layer” solar cell technology. It has three main types: (1) amorphous (a-si) and
micromorph silicon (a-si/uc-si), (2) cadmium telluride (CdTe), (3) copper-indium-Selenide
(CIS) and copper indium gallium di selenide (CIGS).

Compared with silicon solar cells, thin-film technology is less expensive because of the
materials and the manufacturing process. The biggest challenge for CIGS modules is the limited
ability to scale up the process for high throughput and high-performance. In addition to first
and second generations of solar cell technologies, emerging methods have been introduced in
the manufacture of solar cells.® PV technologies that have been made by many countries
include equipment manufacturers, cell manufacturers, panel’s builders, and installers. According
to the annual survey by market PV trade magazine, Photon International, the global production
of cells and PV modules on 2009 was 12.3 GW, 45% of this amount was made by the top 10
leading companies: First Solar, Suntech Power, Sharp, Q-Cells, Yingly Green Energy, JA Solar,
Kyosera, Trina Solar, Sunpower, and Gintech.'

C. Technology life cycle and product development

The concept of the technology life cycle (TLC) and product planning was created between
1960 and 1970 with the aim of providing technology strategy and products. Generally, the tech-
nology/product life cycle consists of four stages: introduction, development, maturity, and
decline (Figure 1). The concept of technology life cycle from a marketing point of view has
been created in order to define the best strategy for the development of technology and related
activities associated with the development of products that have a special place in the market
and among customers.*

To estimate the future development of a technology and evaluating investment decisions,
understanding the current stage and trends of TLC is beneficial. The prevailing approach to the
analysis of the TLC is the S-curve which observes patent applications made over time. Economic
environment that is rapidly changing and is under fierce competition needs innovative companies,
both in terms of products as well as marketing strategies. Successful products should have a bal-
ance between three elements: technology, marketing, and user experience. Technology plays a
key role among these three components. Before developing the product strategy, technology strat-
egy should be established to offer competitive products, materials, processes, and technology sys-
tems. The first step in establishing a technology strategy is to decide whether the technology is
worth the investment or not. How would the technology development be in future? Will technol-
ogy progress in the future or drop? To answer these questions, understanding the current technol-
ogy life cycle stage in order to estimate its future development trends is important.”~"*

The normal trend of technology advancement is at first slow, then it accelerates, and then it
declines. As a result, it looks like the shape of the curve which shows some steps such as
“introduction,” “growth,” “maturity,” and “aging.” In another approach, it can be a change in

)

NOILONAOYLNI

SALES IN $ OR VOLUME
ALIENIYIN
aNITD3a

TIME

FIG. 1. Life cycle curve.
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design or improvement of technologies used over time. The progress in the early stages where
industry has faced with uncertainty is slow and gets faster when obstacles are overcome.
Accordingly, for the simplest products, taking a TLC that represents all technological progresses
related to specific synthetic is impossible, and for this reason, the concept of technology life cycle
should focus on the technology applications where each synthetic or product is used.'>'®

To estimate the future development of a technology, and decide on an investment, the sit-
uation of technology in the life cycle should be identified. The dominant approach to analyze
the technology life cycle is the use of S-shaped curve and patent evaluation of a technology
over time.

lll. RESEARCH METHODS

This study is to identify progress and future of PV technologies by using a technology life
cycle approach. Figure 2 shows the research steps. First, the researchers determine “Technology
Target Area.” Target area is a key area where the researchers are looking for technology life
curve. In this study, the technology target area is solar cell (PV). Then, based on a survey, pri-
mary keywords of PV technologies and generations are identified for searching patents.

In order to provide a technology life-cycle curve of PV, the data related to patents are
extracted and analyzed. The time span is from 1970 until the end of August 2015. Search
results by keywords are number patents and codes and information about them. With further
search among patents and various keywords, a number of repetitive codes are acquired. The
search of patents are verified via CPC codes and screening the codes to get to key codes. After

Technology target area - Searching by keywords ‘ Extracted patent
‘ \

[ \
‘ i \
Search by key codes - Analysis of key codes - TE T T
"\ —— — ,,,,,y‘;‘ J 4
l sy S ———— 4

Identifying the
location of s-curve

Patent analyze and life
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FIG. 2. Research steps.
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TABLE I. Photovoltaic codes, descriptions, and generations.

Source code Description Generation

YO02E 10/541 CulnSe, material PV cells Generation 2
YO2E 10/542 Dye sensitized solar cells Generation 3
YO2E 10/543 Solar cells from Group II-VI materials Generation 2
YO2E 10/544 Solar cells from Group III-V materials Generation 2
YO2E 10/545 Microcrystalline silicon PV cells Generation 1
YO2E 10/546 Polycrystalline silicon PV cells Generation 1
YO2E 10/547 Mono crystalline silicon PV cells Generation 1
YO2E 10/548 Amorphous silicon PV cells Generation 2
YO2E 10/549 Organic PV cells Generation 3

extracting the codes and patent numbers in each sub-technology and generation, the S-curves
are drawn. This is followed by the analysis and results.

IV. ANALYSIS

According to the research steps explained in Sec. III, the main codes of PV technologies,
their descriptions, and generations are shown in Table 1.

After that, patent status and curve are shown. The researchers put these curves in accord-
ance with the S-curve.

A. Solar cells first generation

The first generation of solar cells contains silicon. Silicon is one of the most common ele-
ments on Earth. This element is a semiconductor, suitable for use in photovoltaic systems.
Crystalline silicon cells are divided into different categories: mono-crystal silicon and polycrys-
talline silicon. Other crystalline cell categories contain gallium arsenide. Registered patents in
the field of microcrystalline are shown in Figure 3.

Most of the micro-crystal silicon patents were registered in 2011 (around 270 patents). In
fact, between 1980 and 2007 patenting on this technology had fluctuations, but then from
2007 to 2011, the number of patents has been growing, which can be partially attributed to
the changes in oil prices. Thus, the cost of R&D for photovoltaic technology considered
affordable. After 2011, patenting is reduced according to the number of patents registered in
other two types of first-generation solar cells. This decline might be due to the emergence of
new technologies. By comparing two charts, we can predict the technology life cycle. Graph
technology life cycle consists of four main sections: “birth,” “growth,” “maturity,” and
“decline.” From 1977 to 2000, the technology was at the birth or appearance. It is expected
that the technology began growth in 2000. This stage is when the technology has the potential
in industrial and commercial use. The year 2011 is a point of efficiency for this technology.
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FIG. 3. Microcrystalline silicon graphs.
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Efficiency point is the point where the cost of production is economic for all beneficiaries.
After productivity point of technology, maturation stage begins. At this stage, no major
changes will occur in technology and changes will be limited to optimizations done by the
industry itself. At this stage of technology life span, literatures and patents reduced in
exchange for increasing trademarks and companies that are established in relation to the tech-
nology. When the curve is horizontal, the maturity level is completed. It seems that maturity
for this technology will be completed in 2030. After the point of maturity, depending on the
type of technology, it will enter the decline step. According to the position of micro-crystal
silicon, and remaining years to complete the maturity of this technology, business environ-
ment of this industry continues to be favorable for product development and related technol-
ogy companies. Figure 4 shows the patents in the field of polycrystalline silicon, which is the
category placed in the first generation.

Polycrystalline silicon technology patenting trend has begun since early 1966. There have
been large swings in the field of patenting for this technology between 1996 and 2006 that is
partially attributed to the fluctuations in oil price over the years. From 2006 to 2013, the num-
ber of patents of this technology has grown. The highest number of patenting of this technology
was in 2013 and has about 294 patents that almost double the amount of recorded patents in
the micro-crystal technology for that year. This may be due to an unprecedented increase in oil
prices between 2011 and 2013. By comparing the results of two graphs, polycrystalline silicon
technology between 1966 and 1989 was in the emergence stage. Then, it began to grow until
2013, by reaching its point of efficiency. After 2013, the number of registered patents was
reduced. After the point of efficiency 2013, technology maturation phase begins and is com-
pleted by 2030. According to the position of polycrystalline silicon, and remaining years to
complete maturity of this technology, business environment of this industry continues to be
favorable for product development and related technology companies.

Figure 5 shows the trend of silicon single crystal patents which placed in the category of
first generation.

Given the number of single-crystalline silicon technology patent, this technology had most
of its registered patents in 2013 which has been about 1809 patents. This patent is much more
than the other two types of generation in 2013. The number of registered patents in this tech-
nology was stable until 2007 and then from 2007 to 2013 had significant growth.

Comparing the two graphs showing that single-crystal technology was in the process of
emergence during 1966 to 1990, and then it entered into its growth phase. During the growth
phase, patenting had a significant increase. It reached the point of efficiency in 2013.
Technology maturation stage started after the point of efficiency and maturity will be completed
around 2030. According to this process, business environment of this industry for product de-
velopment and related technology companies can be favorable.

As seen in Figure 5, most of the trends in patents relating to the first generation have fre-
quencies during different periods, which indicate that in recent years other emerging technolo-
gies have been introduced and the technology direction has changed (e.g., organic solar cells).



035905-7 Jamali et al. J. Renewable Sustainable Energy 8, 035905 (2016)

800

700
600
500
400
300
200

100

The cumulative number of patents

0
1940 1960 1980 2000 2020 2040 2060 966 197 197  19% 192 196 1990 1994 19% 2002 2006 2010 2014
Year

Single crystal s-curve single crystal trend
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B. Second solar cells generation

Thin-film solar cell (TFSC), also called thin film photovoltaic cell (TFPV), is the second
generation of solar cells. This technology is used in photovoltaic systems integrated with build-
ing materials as well as semi-transparent photovoltaic glass used to cover windows. In other
commercial uses, thin-film cells are placed between two glass plates, and the solar panels are
used on some of the largest photovoltaic power plants in the world (Fig. 6).

Amorphous silicon technology patenting trend begun since 1977. Since 1980, it faced with
an annual increase in patents, but in the meantime had fluctuations. From 2007 to 2012, patent-
ing has grown considerably, so it reached its highest value in 2011. This technology steps in
the emergence between 1977 and about 1980, the number of patents registered in this year has
been reduced. After 1980 entered growth stage; 2011 was point efficiency for this technology,
which then entered the maturity stage and completed maturity until about 2030. According to
this process, business environment of this industry for product development and related technol-
ogy companies can continue to be favorable.

Figure 7 shows the patents in the field of CulnSe, which has been classified as the second
generation.

The number of patent applications for this technology was low during 1996-2004. It made
significant growth during 2004-2014. Most registered patents for this technology happened in
2013 (1239 patents). This technology was in process of emergence during 1962-1991. During
those years, the number of patents was not considerable. Then, it entered to its growth stage,
from 1991 number of patents increased until to the point where the desired technology will
offer using a new products or services. Figure 8 shows semiconductor II-VI groups.

The number of registered patents for semiconductor II-VI technology had relatively stable
trend with little fluctuation during 1966-2008. However, it had a significant growth from 2008
to 2012. After 2012, the number of patents was again reduced. Semiconductor II-VI technology
was in the introduction phase during 1953-1976. From 1976 until 2012, it reached the effi-
ciency point and moved to its growth stage. After spending the point of efficiency, maturity
stage begins and by 2042 maturity will be completed. According to the predictions and in terms
of investment, this technology is more favorable for product development because of more
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Year Amorphous silicon trend
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FIG. 6. Patents curve of amorphous silicon.
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period of time necessary to complete its maturation. Figure 9 shows the patents in the field of
semiconductor III-V group.

By comparing the charts, semiconductor III-V technology life cycle stages are as follows,
from 1958 to about 1980, it was in the introduction stage. From 1980 to 2013, it spent the
growth stage and it reached to the point of efficiency in 2013. After that, the maturation process
begins and will be completed in 2035. The decline of this technology depending on the circum-
stances may occur in the following years.

Given the number of patents registered in the second-generation technologies, as well as its
comparison with the first generation, researchers have less interest on these technologies and
they still did not reach their full maturity. The main reason for that is low efficiency of second
generation solar cells.

C. Third generation of photovoltaic technologies

Third generation technologies of PV are divided into the following categories: CPV, or-
ganic solar cells, dye-sensitized solar cells, polymer solar cells, and solar cells based on liquid
crystals.
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FIG. 9. Patents curve of semiconductor III-V group.
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Figure 10 shows a stable technology development increase until 2000. In fact, the number
of registered patents in these technologies from the beginning to the end of the graph is rising.
The largest number of patents in these technologies was recorded in 2013. Dye sensitized tech-
nologies were in the introduction stage from 1954 to 1986. It passed the development stage and
reached the efficiency point in 2012. Maturity of this technology will occur around 2042. After
that, depending on the circumstances may face decline (Fig. 11).

Organic technologies, as well as other types of group III, in terms of patent applications
are developing. The process of patenting for this technology began to increase significantly in
2003 and has achieved the highest value in 2014 (4147 patents). Organic group technologies
were in the introduction stage between 1959 and 1996, then they entered the growth stage. The
efficiency point for these technologies occurred in 2014 and full maturity will be in 2040.

V. SUMMARY AND CONCLUSION

Energy is the main input for products/services, increasing world population and energy
demand, as well as shortage of fossil fuel sources brought replacement strategies such as renew-
able energy utilization. One of the important renewable energy sources is solar energy and its
main technologies, photovoltaic. This research focused on the trend of photovoltaic technolo-
gies development by considering its different generations. The results of technological curve
analysis show that overall industries are growing in all three main generations of photovoltaic
technologies. By searching studied technologies patents, life cycle diagram, and their S-curve,
the researchers found that the technologies associated with solar cells are generally located at
their early stage of development and maturity. This shows that the markets related to these
technologies are expanding, which shows more promises in growth of the technology markets.
Figures 12 and 13 are the cumulative patent analysis and S-curve of the photovoltaic technolo-
gies. The cumulative diagram is the sum of technologies that we reviewed in Secs. I-1V.

Overall, photovoltaic technologies spent their growth stage. In particular, the first genera-
tion of photovoltaic technology is in growth and early maturity stages. The second generation
is also in the growth stage and the third generation is in the introduction and growth stages.
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FIG. 11. Patents curve of organic photovoltaic cells.
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FIG. 13. Cumulative s curve of photovoltaic technologies.

This research is one of the first to study the PV technology trends from their generations
and sub-technologies. Several researches can be suggested for future, like identification and
analysis of the effective factors of PV technologies in each generation. Indeed, the approach
can be implemented for other sources and technologies. The efficiency and allocation of R&D
funds for PV technology development can be also studied for future researches. Finally, design-

ing a roadmap for the development of these technologies and their future study can be also rec-
ommended for future research.
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